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Abstract 

Autophagy is a lysosome dependent cell survival mechanism and is central to the 

maintenance of organismal homeostasis in both physiological and pathological situations. 

Targeting autophagy in cancer therapy attracted considerable attention in the past as stress-

induced autophagy has been demonstrated to contribute to both drug resistance and malignant 

progression and recently interest in this area has re-emerged. Unlocking the therapeutic 

potential of autophagy modulation could be a valuable strategy for designing innovative tools 

for cancer treatment. Microtubule-targeting agents (MTAs) are some of the most successful 

anti-cancer drugs used in the clinic to date. Scaling up our efforts to develop new anti-cancer 

agents, we rationally designed multifunctional agents 5a-l with improved potency and safety 

that combine tubulin depolymerising efficacy with autophagic flux inhibitory activity. 

Through a combination of computational, biological, biochemical, pharmacokinetic-safety, 

metabolic studies and SAR analyses we identified the hits 5i,k. These MTAs are 

characterised as potent pro-apoptotic agents and also demonstrate autophagy inhibition 

efficacy. To measure their efficacy at inhibiting autophagy, we investigated their effects on 

basal and starvation-mediated autophagic flux by quantifying the expression of LC3II/LC3I 
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and p62 proteins in oral squamous cell carcinoma and human leukaemia through western 

blotting and by immunofluorescence study of LC3 and LAMP1 in a cervical carcinoma cell 

line. Analogues 5i and 5k, endowed with pro-apoptotic activity on a range of hematological 

cancer cells (including ex-vivo chronic lymphocytic leukemia (CLL) cells) and several solid 

tumor cell lines, also behaved as late-stage autophagy inhibitors by impairing 

autophagosome-lysosome fusion. 

Keywords 

Autophagy, autophagy inhibitors, apoptosis, microtubule-targeting agents, cancer, ex vivo. 

 

1. Introduction 

Autophagy is a lysosome-dependent catabolic degradation process that controls eukaryotic 

cellular organelle and protein turnover to maintain cellular homeostasis. It is frequently 

stimulated in response to stress (e.g. chemotherapy exposure or nutrient deprivation) to offer 

an alternative metabolic fuel source for cell survival when regular energy-generating 

pathways are compromised [1]. Mechanistically, it includes several major steps including 

induction, nucleation, autophagolysosome formation, and degradation (Figure 1) [2–7].  

Over the last decade, stress-induced autophagy has been demonstrated to contribute to drug 

resistance and malignant progression in preclinical and clinical studies.[8] Furthermore, 

genetic knockdown or pharmacological impairment of autophagy has produced therapeutic 

benefits [9]. The signalling and regulatory pathways involved in autophagy induction have 

been characterised by several biomarkers and pharmacological targets (see Figure 1 for 

details) [10]. Often, due to the compensatory nature of these pathways,  autophagic flux is 

still maintained even when one specific regulatory pathway is targeted. Interestingly, all the 
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pathways leading to autophagy flux eventually converge on the lysosome. In the last decade, 

clinical research focused on the repositioning of lysosomotropic agents, such as the cheap 

antimalarials 1a,b (Figure 2). These antimalarial agents 1a,b are the foremost autophagy 

inhibitors in use despite toxicity and the high dose regimens required in clinical trials [8,11–

13]. These molecules have been recently used in combination with target-specific drugs to 

successfully treat cancers [14], even when all approved treatment options were exhausted. 

Furthermore, other trials recently demonstrated the benefits of combinations of 1b with other 

anti-cancer agents. Although the potency of these drugs is limited, clinicians found that these 

quinolines may enhance responsiveness and/or decrease resistance to anti-cancer agents 

through targeting specific cellular pathways such as MAP kinase pathways [14–16]. Taken 

together, these data highlight that targeting autophagy in cancer still holds promise and 

warrants further efforts to identify new autophagy inhibitors.  

Figure 1. Autophagy regulatory pathways link to microtubules and late-stage autophagy 
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inhibition by CQ and the new hits 5i and 5k. Akt, protein kinase B; AMPK, 5′‐adenosine 

monophosphate‐activated protein kinase; ATG, autophagy‐related genes; CQ, chloroquine; 

LC3, protein light chain 3; mTORC1, mammalian target of rapamycin complex 1; PDK1, 

pyruvate dehydrogenase kinase 1; p62, p62/sequestosome 1; PI3K, phosphoinositide 

3‐kinase; ULK, unc‐51 like autophagy‐activating kinase; VPS34, vacuolar protein sorting‐34 

complex.[7] 

 

The microtubule (MT) network, a major cytoskeletal component, is involved in several 

cellular signalling pathways and processes including apoptosis and autophagy [17–20]. 

Current understanding of the relationship between autophagy and MTs indicates the 

importance of MT dynamics, tubulin post-translational modifications, and MT motors in 

autophagic flux [21]. Although MTs are not involved in autophagolysosome formation, they 

may serve as local suppliers of early-stage autophagy proteins such as Beclin1 [22] and may 

orchestrate the signaling, trafficking, and motility of autophagosomes [18]. Indeed, MTs 

exert a critical role in mediating autophagic flux, and in lysosomal fusion [4]. They act as the 

main tracks through which the cellular vesicles move and are associated with key proteins of 

the autophagic machinery [5,6]. Indeed, tubulin from stable MTs may undergo post-

translational modifications like detyrosination and/or acetylation that may regulate the 

recruitment of molecular motors and MT-bound proteins. Acetylated tubulin (by recruiting 

dynein) drives and supports the dynein-mediated movements of the autophagosome and the 

eventual fusion of autophagosomes with the lysosomes. Because Histone Deacetylases 

(HDACs) control the acetylation status of tubulin, there is an additional level of crosstalk 

between epigenetics and autophagy. Thus, MT dynamics greatly influence autophagic 

processes. Microtubule-Targeting Agents (MTAs) represent one of the most effective anti-

cancer agents to date even though their clinical efficacy is often hampered by the acquisition 

of resistance. MTAs induce apoptotic cell death, through the involvement of different cellular 

MAP kinases ERK and JNK. The cytotoxic effect of the MT-stabiliser taxol (2) is partially 

dependent upon its ability to block autophagosome maturation [23] while the MT-destabiliser 
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colchicine (3, Figure 1) has been proposed to be administered at a clinically permissible dose 

along with autophagy inhibitors in lung cancer [24]. Furthermore, the novel colchicine 

analogue (4), as demonstrated in colon cancer cells, combines a microtubule depolymerising 

effect and autophagy induction [25]. Other tubulin-binding drugs, e.g., vinblastine, 

naphtharazin, and 2-methoxyestradiol may stimulate autophagy to contribute to the anti-

cancer activity [18,20]. Also, paclitaxel and nocodazole can efficiently stimulate and reduce 

the autophagosome clustering, respectively, under hypertonic stress in a DYNC/dynein-

dependent manner [26]. 

Figure 2. Autophagy inhibitors (1a,b) microtubule targeting agents (2-4), and title 

compounds (5a-l). 

 

We have been involved in the development of novel MTAs and in the past, we characterised 

several pro-apoptotic benzoxazepines with efficacy on a wide range of cancer cells.[27–29] 
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In particular, in 2013, we demonstrated how PBOX-6 was able to induce apoptosis in colon 

cancer cells and to activate autophagic flux as a survival mechanism. Blocking autophagy in 

the late stages by BAF-A1 was a valuable strategy to synergistically enhance the apoptotic 

potential of PBOX-6 [30]. The results highlighted that: i) prolonged exposure of cancer cells 

to PBOX-6, activated autophagy as a cytoprotective mechanism against PBOX compounds, 

reducing their efficacy, ii) the original benzoxazepines were not able to inhibit autophagic 

flux and iii) the use of autophagy inhibitors was able to reverse resistance of colon cancer 

cells to PBOXs. The benzoxazepine scaffold of PBOX was further investigated and, in 2019, 

we confirmed this class of molecules as novel MTAs that binds to the colchicine binding site 

of tubulin [31]. Based on these findings, in the present study, we embarked on the 

challenging task of developing multifunctional agents that combine tubulin depolymerising 

efficacy with autophagic flux inhibitory activity. To this end, we applied a hybridization 

strategy through the introduction of protonatable groups (aliphatic, as in CQ 1a, or 

heteroaromatic) into the pyrroloxazepine core and we developed the hybrids 5a-l (Figure 2, 

and Table 1) characterised by microtubule targeting pro-apoptotic efficacy and potent 

autophagy inhibition properties (5i, and 5k). The present manuscript focuses on the 

characterisation of the biological hybrid profile, in terms of microtubule targeting and 

autophagy inhibition, of the novel heterocycles (5a-l). A structure-activity relationship (SAR) 

analysis was also performed, and molecules were tested on a panel of cancer cells. The new 

pharmacological tools herein described (5) were characterized in a wide range of tumor cell 

lines, including those derived from both hematological (e.g. chronic lymphocytic leukemia 

(CLL), and solid tumors (e.g. oral squamous cell carcinoma (OSCC) and also in non-tumor 

cells to assess their toxicity profiles. In the panel, we included oral and haematological 

cancers since they belong to the leading type of malignancies worldwide with high incidence 

rates and mortality [32]. For both these tumor types, the currently available therapies (e.g., 
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chemotherapy, radiotherapy, immunotherapy, and stem cell transplantation) face numerous 

drawbacks such as high dose administration, development of drug resistance, and adverse 

side effects in clinical trials [33–35]. Ex vivo pro-apoptotic activity was ascertained for 

compounds 5g, 5i, 5k, 5l, which were characterised as promising pro-apoptotic agents in 

splenocytes obtained from the Eμ-TCL1 mouse model of CLL. In vitro metabolic stability, 

pharmacokinetic properties, and in vitro effects on the NF-κB transcription factor were 

evaluated for the best performing compounds. Additionally, we demonstrated the efficacy of 

the novel hybrids on modulating autophagic flux. These studies delivered crucial insight into 

the autophagic activity and the mechanism of action of the new pyrroloxazepines. These 

integrated and complementary studies contributed to the identification of hybrids 5i and 5k as 

autophagy inhibitors with a clear-cut pro-apoptotic activity in a range of cancerous cell lines.  

 

2. Results and discussion 

2.1. Chemistry 

The retrosynthetic scheme for the synthesis of the new anticancer agents 5a-l (Figure 2 and 

Table 1) is represented in Figure 3. The synthesis of the key cyclic ketones 6a-g was 

conceived by cyclization of the appropriate acids 7a-g, which could be obtained by treatment 

of the corresponding pyrrolylphenol derivatives 10a-g either by an alkylation pathway (7a-e) 

with an α-bromoester 8a,b (reacted with 10a-e) or by a Jocic-Reeve reaction pathway (7f,g) 

[36] with commercially available aldehydes 9a,b (reacted with 10f,g). 
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Figure 3. Retrosynthetic pathway of the key cyclic ketones 6a-g. 

 

The synthetic approach for the pyrrolyl-derivatives 10a-g is described in Schemes 1 and 2. 

Commercially available aminophen(naphth)oles 11a-c were converted to 10a,b,g[37–39] 

following a Clauson-Kaas protocol in the presence of aqueous acetic acid and 2,5-

dimethoxytetrahydrofuran (Scheme 1, A). Otherwise, a multistep approach was performed 

for the synthesis of 10c-f (Scheme 1, B and Scheme 2). 

 

Scheme 1. Synthesis of pyrrolyphenol intermediates 10a-d,ga 

Jo
urn

al 
Pre-

pro
of



10 
 

 

aReagents and conditions: (a) AcOH, 2,5-dimethoxytetrahydrofuran, 100 °C, 30 min, 50-

90%; (b) MsCl, dry TEA, dry DCM, 25 °C, 16 h, 88% (for 13a) and 78% (for 13b); (c) 

SnCl2, EtOH, 80 °C, 12 h, 70% for 14a, 78% for 14b; (d) KOH, MeOH, 70 °C, 2 h, 70% for 

10c, 82% for 10d. 

 

The nitrophenol 12a[40] and the 6-nitrobenzo[d][1,3]dioxol-5-ol 12b[41–43], obtained as 

previously reported, were used to synthesise the compounds 10c and 10d, respectively, in 

four steps. First, the phenol group in 12a,b was protected by using methanesulfonyl chloride 

(13a,b) and by a reduction operated with stannous chloride, the amino derivatives 14a,b were 

obtained. The anilines 14a,b underwent a Clauson-Kaas reaction to afford 15a,b followed by 

a mesyl deprotection to achieve compounds 10c,d. 

 

Scheme 2. Synthesis of pyrrolylphenol intermediates 10e,fa 
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aReagents and conditions: (a) PhCH2Br, K2CO3, dry DMF, 85 °C, 12 h, 100%; (b) piperazine 

(for 18) or N-methylpiperazine (for 24), Pd(OAc)2, (±)-BINAP, Cs2CO3, 1,4-dioxane, sealed 

tube, 100 °C, 12 h, 71%; (c) TEA, Ac2O, 25 °C, 12 h, 100%; (d) TFA, toluene, thioanisole, 

70 °C, 12 h, 85%; (e) Fe, CaCl2, EtOH/H2O, 90 °C, 30 min, 60% for 21 and 54% for 22; (f) 

2,5-dimethoxytetrahydrofuran, AcOH, H2O, 100 °C, 1 h, 50% for 10e or 2,5-

dimethoxytetrahydrofuran, 1,4-dioxane, 6N aq. HCl, (100 °C, 10 min, 88% for 23; (g) Pd/C, 

H2, MeOH, 25 °C, 2 h, 100% for 10f. 

 

In Scheme 2, the synthesis of pyrrolylphenols containing the piperazine moiety (10e,f) is 

reported. Benzylation of the 4-bromo-2-nitrophenol 16 afforded derivative 17 that was 

submitted to a Pd-catalysed Buchwald-Hartwig cross-coupling reaction in the presence of 

piperazine,[44] to obtain 18 which underwent acetylation (19), by reaction with acetic 

anhydride and triethylamine (TEA). The acetyl derivative 19 was deprotected with 

trifluoroacetic acid and thioanisole [45] to furnish the nitrophenol 20. The reduction of the 

nitrophenol 20, performed with iron and calcium chloride, furnished the corresponding amine 

21, which was subjected to a Clauson-Kaas protocol to synthesize compound 10e. For the 

synthesis of 10f, the nitro-compound 17 was reduced to amine 22, which was used in a 

Clauson-Kaas reaction protocol performed in hydrochloric acid and water medium [46] to 
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generate the pyrrolyl compound 23. This latter underwent, in the presence of N-

methylpiperazine, a Buchwald-Hartwig cross-coupling reaction to synthesize the intermediate 

24 that furnished compound 10f after removal of the benzyl group by catalytic 

hydrogenation. 

Scheme 3 reports the final steps of the synthesis of compounds (5a-l). Arylpyrrolylphenols 

10a-e were submitted to an alkylation reaction with the appropriate α-bromoesters 8a,b [38] 

either with potassium carbonate or sodium hydride to produce the ester intermediates 25a-e. 

These esters were hydrolyzed into the corresponding acids 7a-e in an alkaline medium. The 

acid intermediates 7f,g were obtained through a Jocic-Reeve-based straightforward approach 

recently developed by us [36]. The ketones 6a-g were obtained from the corresponding acids 

after treatment with phosphorus pentachloride towards an intramolecular Friedel-Crafts 

cyclization. The cyclization for 6a-e was performed by heating the in situ acyl chloride in dry 

DCM at reflux temperature. Conversely, the ketones 6f,g were synthesized by following the 

same approach but using dry DCE as solvent at 85 °C. The final compounds, 5a-d,f,j,l were 

synthesized by reacting the appropriate acyl chlorides with the enolate salt of the cyclic 

ketones 6a-d,f,g. Treatment of 5j with trifluoroacetic acid generated the compound 5k. 

Compound 5e was synthesized from 6e by reacting triethylamine, 4-dimethylamino pyridine, 

and acetic anhydride. Synthesis of the carbamate-based compounds, 5g-i was accomplished 

by activating the sodium enolates of 6f,g generated in situ into a carbonate system in the 

presence of 4-nitrophenyl chloroformate, that were successively reacted with the appropriate 

amines [47]. 

 

Scheme 3. Synthesis of the compounds 5a-l.a 

Jo
urn

al 
Pre-

pro
of



13 
 

 

aReagents and conditions: (a) 8a, K2CO3, dry DMF, 25 °C, 12 h, 80-92% for 25a-d or 8b, 

NaH, dry THF, 25 °C, 12 h, 100% for 25e; (b) NaOH, CHBr3, dry THF, 0 °C (1 h) to 25 °C 

(12 h), 39% for 7f, 37% for 7g; (c) 5% NaOH (aq), THF, MeOH, 25°C, 2 h, 93-98% for 7a-e; 

(d) PCl5, [Bmim]Br, dry DCM, reflux, 12 h, 60-90% for 6a-d or PCl5, dry DCM, reflux, 12 h, 

20% for 6e or PCl5, dry DCE, 85 °C, 12 h, 42% for 6f,g; (e) dry TEA, DMAP, Ac2O, dry 

DCM, 0 °C to 25 °C, 12 h, 30% for 5e; (f) NaHMDS, 4-nitrophenyl chloroformate, 

diethylamine (for 5g), or N,N-diethylpentane-1,4-diamine (for 5h) or N-methylpiperazine (for 

5i) -78 °C (1 h) to 25 °C (4 h), 33% for 5g, 30% for 5h, and 56% for 5i; (g) KH, dry THF, 

dimethyl carbamoyl chloride, 25 °C, 12 h, 71% for 5a or KH, dry THF, AcCl, 25 °C, 12 h, 

38-50% for 5b-d or NaHMDS, CH3COCl, -78 °C (3 h) to 25 °C, (12 h), 23% for 5f or 

NaHMDS, 4-nitrophenyl choroformate, 4-(tert-butoxycarbonyl)piperazine-1-carboxylic acid, 

-78 °C (3 h) to 25 °C (12 h), 64% for 5j or NaHMDS, nicotinoyl chloride, -78 °C (3 h) to 25 

°C, (12 h), 31% for 5l; (h) 5j, TFA, dry DCM, 0 °C to 25 °C 30 min, 96% for 5k. 

 

2.2. Molecular Docking and SAR of the compounds 

To gain more information about the binding mode of the developed compounds (5a-l, Table 

1), a comprehensive SAR study was performed to investigate the behaviour of the novel 

series of molecules within the colchicine binding site of tubulin. A molecular docking 

calculation was performed employing Glide software implemented in the Maestro suite 

(Schrödinger Release 2015-4: Glide, Schrödinger, LLC, New York, NY, 2015) [48]. Starting 

from the PDB structure 6GJ4, a crystal structure of α/β tubulin in complex with compound 26 

and to assess the validity of our computational protocol, the crystallized compound was re-

docked into the protein binding site, showing a slight difference in its binding mode as 
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confirmed by the very low value of RMSD: 0.2744 (Figure S3). All the new compounds 

could be accommodated within the active site similar to compound 26 (Figure 4A) except for 

compounds 5e and 5f. For compound 5g, due to the combination of bulky substituents both in 

R1 and R2 position (Table 1), it was not possible to retrieve a proper accommodation within 

the binding site. For the other compounds, the same pattern of interaction was found. The 

main contacts established by this series of molecules are represented by: a cation-π stacking 

established between K352 and the pyrrole ring of the core scaffold, along with some 

hydrophobic interactions within the binding cavity with residues T179, A180 and V181 (α 

subunit), C241, L248, A250, L255, A316, I318 and K352 (β subunit) (Figures 4 and 5). 

Interestingly, all the compounds that hold a 5-quinoline substituent interacted, through water-

mediated contacts, with the backbone of G237 and C241 as well as with the sidechain of 

C241 (Figure 4). Specifically, 5a (Figure 4A), with dimethylamine as R2 substituent, 

establishes additional nonpolar contacts with A354 and Q247. An additional H-bond with 

K352 was detected with the oxygen atom of the carbonyl in most of the conformation of the 

two methyl chains, while the chlorine atom provides additional contacts of minor relevance 

such as the hydrophobic interactions with the α-subunit amino acids T179, A180, and V181. 

Also in the presence of a methyl group (5b, Figure 4B) the compound accommodates 

similarly to 5a, except for the acetyl group of the ester moiety that lacks the polar contact 

with K352, due to the higher distance between the carbonyl and the lysine lateral chain. The 

benzodioxole and benzodioxine analogues 5c and 5d easily accommodate in the hydrophobic 

cavity of the binding site (Figure 4C, D) targeting, besides the same hydrophobic residues 

listed above, also T314 and A316. The compounds 5e,f with acetyl- or a methyl-piperazine in 

R1 displayed a different accommodation in the binding site. For 5e (Figure 4E) the tricyclic 

core turns to project the OCOMe toward the hydrophobic cavity and the acetylpiperazine 

towards the opening of the binding site. This allows 5e to reach the R221 belonging to the α-
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subunit by establishing double H-bonds. For compound 5f (Figure 4F) the substitution of the 

acetyl with a methyl group, exposes the piperazine moiety to the solvent and does not 

establish any relevant polar contact with the cavity residues. 

 

 

Figure 4. Complexes of compounds 5a-f (represented as sticks in different colours, panels A-

F respectively) with tubulin (α-tubulin is represented in pink cartoon, β-tubulin is represented 

in teal, PDB ID: 6GJ4) as found by molecular docking calculation.  
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Figure 5. Complexes of compound 26 panel A, and compounds 5h-l (represented as sticks in 

different colours, panels B-F respectively) with tubulin (α-tubulin is represented in pink 

cartoon, β-tubulin is represented in teal, PDB ID: 6GJ4) as found by molecular docking 

calculation.  

 

Interestingly, the introduction of a 5-quinolyl (compounds 5h-l, Table 1 and Figure 5) allows 

the formation of water-mediated H-bonds with G237, V238, and T240. The modification of 

the R2 lateral chain modified the pattern of interaction at the entrance of the binding site. In 

particular, 5h (Figure 5B), by the N,N-diethylaminopentan-2-yl carbamate chain can interact 
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through two H-bonds with Q247 (backbone) and K352 (side chain). In 5i (Figure 5C) the N-

methylpiperazine hampers the establishment of H-bonds, thus the compound is less solvent-

exposed and better accommodates within the binding cavity by targeting the hydrophobic 

residues L248 and A354. Moreover, the central region of the molecule is involved in a double 

π-π stacking with K352. The bulky lateral chain of compound 5j (Figure 5D) establishes an 

additional H-bond through the carbonyl oxygen with K352 along with the discussed 

hydrophobic contacts. The piperidine-containing analogue 5k (Figure 5E) mainly targets 

T179, A180 and V181 (α subunit), C241, L248, A250, L255, A316, I318, K352 and A354 (β 

subunit). The substitution of the piperidine with a pyridine-3-yl system (5l, Figure 5F) allows 

an H-bond with Q247 through the nitrogen atom of the pyridine, while maintaining the other 

contacts.  

 

2.3. Biological Assays  

The characterisation of the pro-apoptotic potential of the new hybrid title compounds 5a-l 

was measured in oral and esophageal squamous carcinoma cell lines, in promyelocytic 

leukaemia cells and in a cervical carcinoma cell line. Moreover, compounds were also tested 

in splenocytes from a Eμ-TCL1 mouse model of human CLL. As reference molecules, we 

used the heterocyclic compounds 26-29 (Table 1) previously identified as pro-apoptotic 

agents in multidrug-resistant leukaemic cancer cell lines [27,28]. We also performed an 

investigation to characterise the novel molecules as MTAs, since their design was based on 

the crystallographic data of 26 in complex with tubulin showing that its binding site (and that 

of the title compounds) partially overlap with that of colchicine [27]. The success of our 

hybridisation strategy was determined through the analysis of the effect of selected hybrid 

compounds (5h,i,k,l) on autophagic flux. Their profile was compared to precursors 26 and 

28, whose effect on autophagic processes was never investigated before. For selected hybrid 
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molecules we also investigated physico-chemical and preliminary pharmacokinetic 

properties, including toxicity. 

Table 1. Structural details and overall pro-apoptotic effects on the human promyelocytic 

leukaemia HL-60 cell line of title compounds (5a-l) and reference pro-apoptotic compounds 

(26-29). 

 

Cmpds 

 
X Y R1 R2 

48h incub time 

10 µM 

24h incub time 

10 µM 25 µM 

5a - - 2-Cl NMe2 NT ++ ++ 

5b - - 2-Me Me NT - ++ 

5c - - [1,3]dioxolo[2,3] Me NT ++ ++ 

5d - - [1,4]dioxino[2,3] Me NT ++ ++ 

5e - - 2-(4-acetylpiperazine) Me 
- 20μM 

+++ 50μM 
NT 

5f - - 
2-(4-

methylpiperazine) 
Me - NT 

5g - - 
2-(4-

methylpiperazine) 
NEt2 - NT 

5h N CH - 
 

+++ NT 

5i N CH - 
 

+++ NT 

5j N CH - 
 

+ NT 

5k N CH - 
 

+++ NT 

5l N CH - 
 

+++ NT 

26[49] N CH - Me +++ NT 

PBOX6

27[50] 
- - - NMe2 +++ NT 

PBOX15 
28[49] 

CH CH - Me +++ ++ NT 

29[49] CH N - Me +++ NT 

+++: ≥ 70%, very potent; ++: ≥ 50%, potent; +: ≥ 30%, poor; -: < 30%, poorly effective; NT: not 

tested. 

 

2.4. Determination of the pro-apoptotic potential of compounds 5a-l on haematological 

cancer cells  
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2.4.1. Cell-based assays of compounds 5a-l on HL-60 cell line 

As a primary screening approach, the pro-apoptotic potential of all the synthesised analogues 

was evaluated in the HL-60 cell line. For the first set of analogues (5a-e, Table 1) HL-60 

cells were incubated with two different concentrations of each compound for 24 h (5a-d) or 

48 h (5e). Quantification of the % apoptosis by flow cytometric analysis of propidium iodide-

stained cells (sub G0/G1) revealed that, in general, these analogues could somewhat 

challenge the profile of the compounds 27 and 28 (Table 1, and Figures S1 and S2 of the 

Supplementary Information (SI)) when tested at 10 and 25 μM for 24 h. Only compound 5e 

could induce apoptotic cell death above 75%, when tested at a concentration of 50 μM for 48 

h (Table 1, and Figure S2).  

 

With this data in mind, we decided to insert one or two basic moieties into the molecules thus 

generating the second set of compounds (5f-l, Table 1 and Figure 6). We measured the 

dissipation of the mitochondrial membrane potential in tetramethylrhodamine methyl ester 

(TMRM) loaded cells following treatment with the compounds 5f-l and reference 

compounds, 26 and 28 previously developed as pro-apoptotic agents [30] but ineffective as 

autophagic inhibitors. After treating HL-60 cells with a 10 µM concentration of each 

compound for 48 h (Table 1 and Figure 6), all the compounds, except for 5f,g, potently 

promoted apoptosis. This indicated a notable pro-apoptotic potential for the whole new series 

of structurally related analogues (5a-l). In general, this data provided evidence that the pro-

apoptotic efficacy of compounds 5a-l is greatly influenced by the nature and the position of 

the substituents in the polycyclic core scaffold (low potency analogues 5a,b and 5c,d). The 

presence of an acetylpiperazine (5e), as well as the presence of a piperazine system 

embedded with the fused benzo ring in the Ar2 portion (as in 5f,g), negatively influenced the 

pro-apoptotic activity.  

Jo
urn

al 
Pre-

pro
of



20 
 

The structural pro-apoptotic features of the hit 26 (a pro-apoptotic agent previously identified 

[30] were combined with the key moieties of 1a, applying a hybridisation concept to develop 

multifunctional tools. In this context, we pursued the synthesis of compounds bearing both 

aliphatic and heterocyclic basic moieties by hybridising the key pharmacophoric elements of 

1a. This approach initially resulted in compound 5h which demonstrated very promising pro-

apoptotic potential. As a next step, and in response to the results of our SAR study, we 

decided to remove the chiral centre present in the basic lateral chain on the right-end of our 

compounds thus generating analogues 5i-l. In these compounds, a piperazine, a piperidine 

and a pyridine system were inserted. All the compounds demonstrated excellent pro-apoptotic 

effects that challenged those of 26 and 28. Notably, in line with our expectations, the masking 

of the basic piperidine nitrogen (5j) was deleterious for the apoptotic effect. These results 

were used to select those for advancement as the most promising candidates for further 

testing.  

 

Figure 6. Flow cytometric analysis of mitochondrial membrane depolarisation in HL-60 cells 

treated with 5f-l compounds, compounds 26, 28 (10 μM) or DMSO (vehicle) for 48 h. Cells 

were treated with the indicated compounds and loaded with TMRM. The bar graph shows the 

percentage of apoptotic cells (TMRM low cells). Data are presented as mean values ± SD (n 

= 2). One way ANOVA ****p≤0.0001, ***p≤0.001 vs. Vehicle. 

 

2.4.2. Cell-based assays of selected compounds in ex-vivo CLL cells 

The most promising analogues were further tested in CLL cells. Interestingly, 5g, 5i, 5k, and 

5l were able to induce apoptosis in splenocytes obtained from the Eμ-TCL1 mouse model of 
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CLL characterised by an expansion of leukaemic B cells dependent, at least in part, on 

defective apoptosis. Of note, reference compounds, 26 and 28, were also effective in inducing 

apoptosis in these cells (Figure 7). 

 

Figure 7. Flow cytometric analysis of mitochondrial membrane depolarization in Eμ-TCL1 

splenocytes treated with 5f-l compounds, compounds 26, 28 (10 μM) or DMSO (vehicle) for 

48 h and loaded with TMRM. The bar graph shows the percentage of apoptotic cells (TMRM 

low cells). Data are presented as mean values ± SD (n = 3). One way ANOVA ****p≤0.0001 

vs. vehicle. 

 

2.5. Cell-based assays on solid tumour cell lines 

To explore and expand the potential applicability of these newly identified pro-apoptotic 

agents, the cytotoxic and pro-apoptotic potential of some analogues (5f, 5h, 5i, and 5k) was 

further investigated in various solid tumour cell lines such as oral and esophageal cancerous 

cell lines. 

2.5.1. Effect of selected compounds on oral squamous cell carcinoma (OSCC) cell lines 

The selected compounds 5f, 5h, 5i and 5k were tested on a panel of three different OSCC cell 

lines, SCC4, Ca9.22, and TR146. As a preliminary assessment, the AlamarBlue assay was 

performed to investigate the effect of compounds 5f, 5h, 5i, and 5k along with the reference 

compounds 26, 27 and 29 on cell viability in SCC4 cells for 48 h. IC50 values (defined as the 

concentration of the drug which reduces the cell viability by half) were calculated using 

Graphpad Prism to estimate the variation in cell sensitivity (Table 2). Interestingly, three 

Jo
urn

al 
Pre-

pro
of



22 
 

compounds (5h, 5i, 5k) and the reference one 29 were able to decrease the cell viability in a 

dose-dependent manner and exhibited IC50 values in the nanomolar range (908, 539, and 849 

nM, respectively), while no effect was detected after treatment with 5f. The three most 

promising analogues were further tested in the Ca9.22 (p53 mutated) and TR146 cell lines. 

Compound 5i stood out as an extremely potent cytotoxic agent for both the cell lines (Ca9.22, 

IC50 ~ 130 nM; TR146, IC50 ~ 880 nM, Table 2), while 5h and 5k were active in the 

micromolar range (5h: IC50: Ca9.22 ~ 2 μM, TR146 ~ 1.5 μM; 5k: IC50: Ca9.22 ~ 2 μM, 

TR146 ~ 4.5 μM, Table 2).  

 

Table 2. Reduction in OSCC cell viability by selected analogues and determination of IC50 

values 

Cmpds 
IC50 (μM)a 

SCC4 CA9.22 TR146 

26 0.22 ± 0.07 13.4 ± 0.09 NTb 

5h 0.91 ± 0.06 2 ± 0.5 1.5 ± 0.25 

5i 0.54 ± 0.15 0.13 ± 0.01 0.88 ± 0.06 

5k 0.85 ± 0.12 2 ± 0.2 4.5 ± 1.2 

27 0.16 ± 0.02 0.17 ± 0.01 NTb 

29 0.13 ± 0.01 NTb NTb 

aIC50 values were determined on SCC4, Ca9.22, and 

TR-146 cell lines; cells were treated with increasing 

concentrations (at least 8) of each compound for 48 h. 

Data represent the mean ± SD of at least three 

independent experiments; bNT not tested. 

 

Following these encouraging results, we decided to investigate the pro-apoptotic potential of 

selected compounds in SCC4 (Figure 8, A and B), Ca9.22 (Figure 8, C), and TR146 (Figure 

8, D) cell lines. Apoptosis induction was evaluated using the Annexin V/Propidium iodide 

(PI) dual staining assay, which can distinguish between the early and late-stage apoptosis. 

The cells were treated with the compounds at both 0.5 or 2 µM of concentrations for 48 h. 5h, 
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5i and 29 induced apoptosis in SCC4 cells at both concentrations, while no apoptosis was 

observed following the treatment with 5f at those concentrations (results not shown, Figure 

S1). 5k was not able to induce apoptosis at 0.5 μM concentration but produced a positive 

result following treatment of cells with 2 μM. In addition, the compounds were evaluated for 

their pro-apoptotic efficacy in Ca9.22 and TR146 cell lines at a concentration of 0.5 μM for 

48 h. As expected, 5i produced the best outcome. In general, all these results are in line with 

the results obtained from the AlamarBlue viability assay.  

 

Figure 8. (A) compound concentration of 0.5 μM and (B) compound concentration of 2 μM. 

Annexin V/PI assay of the compounds on the OSCC cell line, SCC4. Values represent the 

mean ± S.E.M of three independent experiments (n = 3). Statistical analysis was performed 

using an unpaired one-tailed student t-test to compare mean values between vehicle and 

treated cells ***p < 0.001, **p < 0.01. (C) Ca9.22 cells were seeded at a density of 30 X 104 

cells/mL and were left untreated (control) or treated with either vehicle (1% EtOH (v/v)) or 

500 nM of the compound for 48 h. (D) TR146 cells were seeded at a density of 30 X 104 

cells/mL and were treated with either vehicle control (1% EtOH (v/v)) or 500 nM of the 

compound for 48 h. After incubation cells were harvested and stained with Annexin V/ PI 

and were analyzed by flow cytometry using BD FACs Accuri software. 10,000 cells were 
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gated on vehicle-treated cells. Values represent the mean ± S.E.M of three independent 

experiments (n = 3). Statistical analysis was performed using a student t-test. **p = 0.001”.  

 

2.5.2. Effect of selected compounds on esophageal squamous cell carcinoma (ESCC) cell 

lines 

The selected compounds 5h, 5i, and 5k along with compound 26 were further characterised 

in KYSE-520 cells, a multidrug-resistant ESCC cell line. It has been reported that KYSE 520 

cells have elevated levels of expression of cyclooxygenase-2 (COX-2) [51], which might be 

responsible for playing a role in carcinogenesis, cancer progression, and multidrug resistance 

[52–54]. COX-2 has been shown to induce the expression of the multidrug resistance 1 gene 

encoding Pgp, via phosphorylation of c-Jun at Ser63/73, resulting in the efflux of 

chemotherapeutic agents in colorectal cancer [55,56]. An AlamarBlue assay was performed 

to investigate the effects of the compounds on cell viability of KYSE-520 (Table 3). All the 

compounds exhibited effects on viability in a time-dependent manner.  

 

Table 3. Cytotoxic activity, as IC50 (μM), of the selected analogues (26, 5h, 5i, and 5k) on 

the growth of KYSE-520 and EAC cell lines.  

Cmpds 

IC50 (μM)a 

KYSE-520 

48 h 

KYSE-520 

72 h 

OE-33 

72 h 

OE-19 

72 h 

FLO-1 

72 h 

MFD-1 

72 h 

SKGT4 

72 h 

26 n.db 138.30 ± 0.1 0.32 ± 0.08 0.73 ± 0.13 0.28 ± 0.08 1.09 ± 0.28 0.51 ± 0.12 

5h n.db 41.94 ± 0.06 1.38 ± 0.58 n.db n.db n.db n.db 

5i 3.60 ± 0.1 1.68 ± 0.04 0.40 ± 0.11 0.73 ± 0.16 0.40 ± 0.31 1.21 ± 0.38 0.55 ± 0.15 

5k 1.68 ± 0.1 0.89 ± 0.02 1.93 ± 0.50 n.db n.db n.db n.db 

aIC50 values were determined on KYSE-520, OE-33, OE-19, FLO-1, MFD-1, and SKGT4 cell 

lines; cells were treated with increasing concentrations (at least 8) of each compound for 72 h 

(72 h and 48 h in the case of KYSE-520 cell line). Data represent the mean ± SD of at least 

three independent experiments; bn.d. - not determined. 
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The compounds 26 and 5h were not able to affect the cell viability when incubated for 48 h 

even at 500 μM, but, when incubated for 72 h, displayed activity with IC50 values in the high 

μM range (138.30 and 41.94 μM, respectively, Table 3). Interestingly, both 5i and 5k were 

able to inhibit the cell growth within the two-time frames (IC50: 3.60 μM at 48 h, 1.68 μM at 

72 h and 1.68 μM at 48 h, 0.89 μM at 72 h, respectively) with 5k being the most active 

compound on KYSE-520 cells at 72 h.  

Driven by the promising cell viability results, the pro-apoptotic effects of the compounds 

were analysed, following treatment of cells at 3 and 10 μM for 72 h, by flow cytometric 

analysis of Annexin V/PI dual stained cells (Figure 9). All the compounds were able to 

induce apoptosis (from > 20% to < 60%) at both concentrations. 26, 5k and 5i displayed a 

concentration-dependent apoptosis induction profile in line with the results found from the 

AlamarBlue viability assay. 

 

 

Figure 9. Annexin V/PI assay for the compounds 26, 5h, 5i, and 5k on KYSE-520 cells at 3 

and 10 μM concentrations; incubation time 72 h.  

 

2.5.3. Effect of selected compounds on human esophageal adenocarcinoma (EAC) cell lines 

The compounds 26, 5h, 5i, and 5k were then characterised in a panel of EAC cell lines (Table 

3) [57–59]. As a first step, an MTT viability assay was performed to investigate the effects of 

the compounds on the viability of OE-33 cells at 72 h. As evidenced in Table 3, 26 and 5i 

were able to affect the cell growth in the nanomolar range with IC50 values of 296 nM and 
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391 nM, respectively. 5h and 5k displayed IC50 values of 1.40 μM and 1.32 μM, respectively. 

The best performing compound 5i, along with the reference compound 26, were then tested 

on additional EAC cell lines. Both the compounds exhibited an inhibitory effect on cell 

viability in the nanomolar concentration range in OE-19 (26 and 5i, IC50 = 730 nM), FLO-1 

(26, IC50 = 280 nM; 5i, IC50 = 400 nM) and SKGT4 cells (26, IC50 = 510 nM; 5i, IC50 = 550 

nM), and in the low micromolar range for MFD-1 cells (26, IC50 = 1.10 μM; 5i, IC50 = 1.20 

μM). 

2.6. Effect of selected compounds on tubulin dynamics  

Previous studies have confirmed that compounds 26-29 act as microtubule disrupting, 

colchicine-binding agents [49]. Tubulin polymerisation results in large structures 

(microtubules and microtubule bundles) that make the solution turbid, therefore turbidity is a 

good marker to monitor the tubulin assembly reaction. Therefore, we evaluated the 

microtubule depolymerising effects of the most potent pro-apoptotic agents active on a wide 

range of tumour cell lines (5h, 5i, and 5k). An assembly time-course experiment of 25 μM of 

tubulin at 37°C in the presence of 27.5 μM of the compounds was performed monitoring the 

absorbance at 350 nm (Figure 10).  

 

Figure 10. Time course of 25 μM tubulin polymerisation (GAB buffer) in the presence of 

DMSO (compound vehicle; blue line) or 27.5 μM of compounds 5h (black line), 5i (pink 
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line) or 5k (green line). 27.5 μM of Podophyllotoxin (red line) was used as a control 

destabiliser. 

 

Podophyllotoxin, a well-known colchicine site binding compound, was used as a positive 

control. As shown in Figure 10, at time 0 the temperature is raised from 4º to 37º degrees, in 

the absence of polymerization inhibitors the absorbance rapidly increases indicating the 

formation of microtubules, on the other hand the increase of absorbance is inhibited in the 

presence of all the compounds indicating that as podophyllotoxin they inhibit microtubule 

polymerization. Though the compound 5h is not as good as the other two compounds 

inhibiting polymerization, it still showcased a negative effect on the microtubule assembly. 

However, the lower decrease of absorbance observed in the presence of 5h could also be 

attributed to the formation of tubulin aggregates.  

2.6.1. Biochemical characterization of compound 5i 

Compound 5i was further biochemically characterised. Firstly, the evaluation of 

stoichiometry needed to inhibit the polymerisation dynamics  was determined (Figure 11A) 

(the y-axis of the plot represents the increase of absorbance of the solution upon 

polymerization as described in figure 10). As it can be seen 5 µM 5i  fully inhibited 20 µM 

tubulin assembly, indicating a substoychiometric mode of action, very similar to our 

previously characterised compounds [49]. Following on from this, we used fluorescence to 

characterise the binding of 5i to tubulin. We examined the intrinsic fluorescence of 5i and 

possible changes upon binding to tubulin. To do this, we carried out an UV/vis absorbance 

spectrum of 5i and noted the absorption in the 340-400 nm range (Figure 11B). We found 

that the excitation of 5i at 350 nm produced a fluorescence peak around 460 nm, which was 

greatly enhanced in the presence of 10 μM tubulin (Figure 11C). We took advantage of this 

feature (high fluorescence while bound to tubulin and weak fluorescence while free) to 
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investigate the binding site and binding constant of 5i to tubulin. To this end, we performed 

saturation experiments to obtain the binding site and binding constant and competition 

experiments using podophyllotoxin as the competitor. Surprisingly, podophyllotoxin was 

unable to displace 5i from tubulin (no decrease of fluorescence indicating release of the 

compound from tubulin was observed) (Figure 11D) even at molar ratios up to 250:1 (data 

not shown). This observation indicated that the 5i fluorescence observed upon interaction 

with tubulin is either due to binding to a different site from that of colchicine (the site where 

podophyllotoxin binds) or that the observed fluorescence arises from a non-specific 

interaction with the protein. To test this hypothesis, we performed a saturation experiment 

using increasing concentrations of cross-linked microtubules (MTX) instead of tubulin. Since 

the colchicine binding site is not accessible in the microtubule lattice, no increase of 

fluorescence upon interaction with tubulin should be observed [48]. Despite the binding site 

being occluded, an increment of 5i fluorescence was observed upon increasing MTX 

concentration (Figure 11E), indicating that most probably the compound binds microtubules 

non-specifically. To confirm this, we tested 5i binding to bovine serum albumin (BSA). 

Following non-specific binding to proteins, an increase in 5i fluorescence was observed with 

increasing concentrations of BSA (Figure 11F), precluding the determination of the binding 

constant and binding site of 5i utilising our biochemical approaches. At present, we cannot 

exclude specific binding to the colchicine site, but we also cannot discriminate between 

specific and non-specific binding. 
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Figure 11. (A) Stoichiometry of the tubulin depolymerization in the presence of 5i. A range 

of different concentrations of 5i up to 22 μM was added to 20 μM of tubulin in polymerizing 

conditions. Polymerization was carried out as described in the experimental conditions. 

Plotted values of Abs350 represent the last value obtained from the plateau phase from every 

polymerization curve. (B) Absorbance spectrum of 20 μM 5i. (C) Fluorescence emission 

spectrum of 10 μM 5i alone (dark line and inset) or in presence of 10 μM tubulin (blue line) 

(D) Competition assay between 5i and podophyllotoxin, a range of podophyllotoxin 

concentrations up to 10 μM was used to displace three different concentrations of 5i and 

tubulin (0.1 μM of both, blue symbols; 0.5 μM of both, white symbols; 1 μM of both, red 

symbols). 5i was excited at 350 nm and the fluorescence emission was recorded at 450 nm in 

a Varioskan (ThermoFisher) plate reader. (E) and (F) Saturation assays carried out in the 

presence of bovine serum albumine BSA (E) or cross-linked microtubules MTX (F). A fixed 

concentration of 1 μM was incubated with increasing amounts of the corresponding proteins. 

5i was excited at 350 nm and the fluorescence emission was recorded at 450 nm in a 

Varioskan (ThermoFisher) plate reader. 
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2.7. Toxicity evaluation  

The newly synthesised analogues, along with the compounds 26 or 28 were next 

characterised in a range of non-tumorous (e.g., murine fibroblast, human oral epithelial 

primary cells) and additional tumour cell lines. 

2.7.1. Effect of selected analogues on non-tumorous and additional tumour cell lines 

The effects of the compounds (5b-d, 5f-l) on mouse fibroblast non-cancerous NIH3T3 cells 

were investigated by measuring the percentage of viable cells at a concentration range of 0.1 

to 120 μM (Table 4). It has previously been reported that the IC50 values of 2, 3, 26, and 28 

against mouse fibroblast NIH3T3 are in the nanomolar range of 25 ± 3, 25 ± 4, 126 ± 4, and 

42 ± 9, respectively [49]. The new analogues 5b-d, exhibited a similar cytotoxic profile 

(IC50) with values in the low nanomolar concentration range, while the other three analogues 

required a relatively higher concentration range (5f ~ 45 μM; 5g ~ 5 μM) for the 50% 

inhibitory effect. On the other hand, all the analogues displayed higher IC50 values than those 

of compounds 26 and 28.  

Table 4. Cytotoxicity assessment and (EC50 µM) evaluation of the compounds on the growth 

of mouse fibroblast NIH3T3 cells and human oral epithelial primary cells. 

Cmpds 

EC50 (µM) 

NIH3T3 cells 
Human Primary Oral 

Epithelial Cellsa 

5b 0.3 NT 

5c 0.15 NT 

5d 0.1 NT 

5f 45 NT 

5g 5 NT 

5h 6 45 

5i 0.45 45 

5j 6 NT 

5k 0.6 45 

5l 6 NT 
aCell viability was measured by the Neutral Red Uptake (NRU) test; all compounds 

were tested at increasing concentrations ranging from 0.1 to 120 µM; SD, < 5%; 

NT, Not Tested.  
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Additionally, the cytotoxic effects of three selected compounds (5h, 5i, and 5k) were 

investigated on the growth of human primary oral epithelial cells. All the compounds 

produced promising results with  IC50 values of 45 μM. Of note, these three compounds were 

also tested on the keratinising buccal mucosa tumour cell line TR146, and they all produced 

considerably lower IC50 values in comparison with the primary cells of the buccal mucosa 

(Table 2, TR146: 5h = 1.5 μM, 30-fold; 5i = 0.88 μM, 51-fold; 5k = 4.5 μM, 10-fold), thus 

indicating quite a wide safety window. 

 

Table 5. Cytotoxicity assessment and IC50 (nM) value determination of the compounds on 

the growth of a non-small lung tumour cell line (A549), two ovarian tumour cell lines (A2780 

and A2780AD) and two cervical tumour cell lines (HeLa and HeLaβ3). 

Cmpd 

IC50 (nM)a 

A549 A2780 A2780AD R/S HeLa HeLaβ3 R/S 

Podophyllotoxin 12 ± 1 15 ± 2 20 ± 2 1.33 17 ± 1 14 ± 1 0.82 

5h 1380 ± 472 1031 ± 71 1213 ± 81 1.18 921 ± 265 661 ± 54 0.72 

5i 774 ± 251 600 ± 115 399 ± 50 0.67 469 ± 64 331 ± 104 0.71 

5k 6147 ± 305       

aIC50 values were determined utilizing the MTT assay on A549, A2780 and its P-gp 

overexpressing counterpart A2780AD, HeLa and HeLaβ3 cell lines (overexpressing the 

tubulin β3 isotype, which is related to a specific mechanism of resistance for some 

microtubule-targeting agents). Cells were treated with increasing concentrations of each 

compound for 48 h. Data represent the mean ± SD of three independent experiments. R/S is 

the ratio between a resistant or a mutated cell line.  

 

We also tested an additional panel of cell lines (ovarian and HeLa), some of them carrying 

general (i.e. Pgp overexpression) or specific (i.e. β3 tubulin isotype overexpression) 

mechanisms of resistance compared to their wild-type counterparts (Table 5). As observed 

from the IC50 values, the compounds are as potent as the reference ligand, podophyllotoxin, 

with compound 5i, deemed the most potent from this series. On the other hand, 5h, as well as 
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5i, can bypass the specific βIII tubulin resistance. Moreover, 5i is not a substrate of Pgp as 

the IC50 values obtained in the A2780 cell line was similar to those in the A2780AD cell line 

which over expresses this pump. We can therefore hypothesise that 5i is not affected by this 

mechanism of resistance in cancer cells. 

 

2.7.2. Mutagenic effects of the selected compounds  

As an additional profiling step, we determined the mutagenic effects of two of the best 

performing compounds (5i and 5k) in the Salmonella typhimurium strains, TA98 and TA100. 

The Ames test is performed to detect any potential mutagenicity risks at the early stages of 

drug development. Although the assay can be executed with/without the rat liver fraction, S9, 

the latter condition is a more in-depth analysis to assess the potential mutagenicity risks 

resulting from the metabolites of the compounds. Interestingly, after applying both the 

experimental conditions, no mutagenic effects were observed for both the compounds over 

the tested concentration range (0.3-60 μM).  
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Figure 12. Ames tests performed on S. Typhimurium TA98 and TA100 strains for 

compounds 5i and 5k. 
 

2.8. Autophagy studies of the selected compounds on SCC4, HL-60, and HeLa cell lines 
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To gain insights into the autophagy modulation profile exerted by the most potent pro-

apoptotic analogues, and due to a dynamic nature and complex mechanism of autophagy, we 

carried out a series of independent assays in different cell lines before drawing any 

conclusions. Autophagic flux is frequently monitored through the conversion of LC3I to 

LC3II by immunoblotting, accumulation of p62 and fluorescence microscopy [2,60]. We 

used different approaches to determine the autophagy inhibitory potential of our lead 

compounds in solid and haematological tumour cell lines.  

Furthermore, since 5i and 5k compounds were designed as MTAs, acetylated-tubulin levels 

were also measured, and the strongest reduction was observed with compound 5i. 

Interestingly, the acetylation of tubulin is required for autophagosome formation and is 

correlated to the movement with dynein before fusion with lysosomes [5]. Its reduction 

blocks the autophagosome/lysosome assembly, an early (and necessary) event in autophagic 

flux. 

Five compounds (5h, 5i, 5k, 26 and 29) were firstly tested on the OSCC cell line SCC4  to 

evaluate their activity as autophagy modulators (Figure 13). Their effects on both basal and 

starvation-induced autophagy were characterised. For starvation-induced autophagy, cells 

were treated with Earle’s Balanced Salts (EBSS) medium for 30 minutes before treating the 

cells with a 10 μM concentration of each compound [61]. 1a (CQ) at 10 μM was used as a 

positive control for autophagy inhibition and GAPDH served as a loading control [2,7,62]. 

Cells were treated for 3 h and the expression levels of LC3I/II were evaluated by Western 

Blot analysis. GAPDH served as the loading control. As expected, a significant increase in 

the LC3II/LC3I ratio was observed in cells treated with 1a (CQ) in the presence/absence of 

EBSS due to the inhibition of autophagic flux at the very late stage, thereby resulting in the 

block of LC3II turnover [60]. Interestingly, a significant increase in the LC3II/LC3I ratio was 

also observed in cells treated with the compounds 5k and 5i under basal conditions and a 
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further elevation was found under the starved conditions. This comparable profile of 1a (CQ) 

with 5i and 5k suggests the potent autophagy flux inhibitory nature of these two new 

analogues. However, compounds 26, 5h and 29 also elicited an increase in the levels of 

LC3II/LC3I in both basal and starved conditions but to a minor extent (Figure 13, B). 

Taken together these results suggest that the five compounds enhance the expression of 

LC3II protein in SCC4 cells, indicating that they exhibit autophagy modulatory properties. 

Moreover, a similar profile of autophagic protein expression in cells treated with the 

compounds 5k and 5i compared to 1a (CQ) indicate that these two novel compounds could 

behave as potent autophagic flux inhibitors. To further investigate the inhibition of the 

autophagic flux induced by 5i or 5k, SCC4 cells were then treated, under basal conditions, 

with both compounds at 10 µM for 24 h. As reported in Figure 13, 5i and 5k decrease Ulk1 

protein levels and induce Ulk1 phosphorylation on Ser757, thus supporting the conclusion 

that these compounds inhibit the autophagy process [63,64]. Furthermore, since ATG7 and 

ATG3 account for lipid modification of LC3, switching inactive LC3I to active LC3II, the 

upregulation of ATG7, accompanied with the increase in the ratio of LC3II/LC3I, is again 

suggestive of a block of the autophagic flux [65]. The p62 protein binds to ubiquitinated 

proteins, delivering them via membrane-bound LC3 to the phagophore for subsequent 

degradation, and then p62 is degraded through autolysosomes. Conventionally p62 

accumulation has been identified as a general marker of reduced autophagic flux. Noticeably, 

the levels of p62 are increased by treatment with 5i and 5k [66]. The block in autophagic flux 

is probably an early event, as suggested by the observed reduction of acetylation of tubulin 

(Figure 3, C). Tubulin acetylation increases both in labile and stable microtubules and it is 

required to allow the autophagy process [67]. Treatment with 5i and 5k induced a reduction 

of acetylated-tubulin levels, leading to the impairment of autophagy. This observation is also 

in line with the MT-destabilising effect of these compounds. 
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Figure 13. Immunoblot analysis of key proteins of the autophagic machinery in SCC4 cells 

to determine the autophagy modulatory activity of compounds 26, 5k, 5h, 5i, 29. (A) Cells 

were pre-incubated with or without EBSS (Earle’s Balanced Salts) medium for 30 min before 

adding the compounds (10 μM). CQ (10 μM) was used as a positive control for autophagy 

inhibition. Cells were harvested after 3 h and the expression levels of LC3I/II were assessed 

by Western Blot analysis. GAPDH served as the loading control. (B) Densitometric analysis 

of LC3I and LC3II bands was performed using ImageLab software and values represent the 

mean ± S.E.M. of four independent experiments. Statistical analysis was performed using an 

unpaired one-tailed t-test. **p ≤ 0.01, *p ≤ 0.05. (C) The expression level of autophagy-

related proteins in SCC4 cell line treated with 5i and 5k for 24 h. Densitometric analyses are 

reported as normalized ratio/CTRL (vehicle) values and were calculated with ImageLab 

software. 

 

To further expand the applicability of this new class of compounds, their ability to modulate 

autophagic flux was investigated in a representative leukaemic HL-60 cell line by comparing 

the amount of LC3II both in the presence and in absence of 1a (Figure 14) [66]. HL-60 cells 

were treated in full medium with the selected compounds (5h, 5i, 5k, 5l and 26 and 28) and 

accumulation of LC3II was measured by immunoblot. Treatment with the tested compounds 

resulted in an increase in LC3II compared to basal conditions, with higher levels observed 

when the compounds were used in combination with 1a. These data suggest that the tested 

compounds also induce the accumulation of autophagosomes in HL-60 cells. Accordingly, 
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levels of p62 were significantly increased in HL-60 cells treated with the test compounds 

compared with vehicle-treated cells confirming that these compounds are responsible for 

autophagosome accumulation. Since both the accumulation of p62 and LC3II occur when 

autophagy is inhibited,[60] these results further support that 5k and 5i likely act as potent 

autophagy inhibitors.  

 
Figure 14. Immunoblot analysis of LC3B-II (A) and p62 (B) levels in HL-60 cells treated 

with compounds 5h, 5i, 5k, 5l and reference compounds 26 and 28 (10 μM) or DMSO 

(vehicle), in presence or absence of 40 µM chloroquine (CQ) for 1 h and 45 min. Control 

immunoblot with an anti-actin antibody of the same filters are shown. The histograms show 

the quantification by densitometric analysis of LC3B-II and p62 amount relative to actin. 

Data are presented as mean values ± SD taking the vehicle sample as 1 (n = 4). Two way 

Anova and unpaired T-test * p ≤ 0.05, ** p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 

 

To unveil the detailed mechanistic effect of the two compounds 5i and 5k on autophagic flux, 

immunofluorescence assays were also performed under both the basal and stimulated 

autophagy conditions in human cervical carcinoma HeLa cells. 
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A lysotracker staining assay on living HeLa cells was performed to check the effect of the 

compounds on the lysosomal pH (Figure 15). Hela cells were treated with the two 

compounds (5i and 5k at 10 μM) or with known autophagy inhibitor, BafilomycinA1 

(BafA1, 300 nM) for 3 h and then incubated with 75 nM Lysotracker red. Cells were imaged 

with a spinning disc microscope equipped with a stage incubator (37 °C, 5% CO2). However, 

the two compounds did not markedly alter lysosomal pH and lysotracker staining is bright 

and visible in the treated cells. As expected, BafA1 treated cells did not show any punctate 

staining. 5k induced general cell morphological changes (roundish cells) that impair a clear 

visualisation of the lysotracker positive compartment while 5i treatment induced enlargement 

of the lysotracker positive compartment. 

 

 

Figure 15. Hela cells were treated with the two compounds (5i and 5k at 10 μM) or with 

BafA1 (300 nM) for 3 h and then incubated with 75 nM Lysotracker red, followed by 

capturing the image with a spinning disc microscope equipped with a stage incubator (37 °C, 

5% CO2). 
 

Following on from this, an immunofluorescence study on fixed HeLa cells was performed to 

measure the effect of the two compounds on autophagy and autophagosome-lysosome fusion. 

The cells, treated with 1 and 10 μM of 5k and 5i in the growth medium, displayed a clear 

increase in the number of autophagosomes compared to the untreated cells (Figure 16). 1 μM 
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of 5i and 5k inhibited the autophagosome-lysosome fusion as there was no colocalisation 

between LC3 and LAMP1. 10 μM of 5i and 5k inhibited autophagosome degradation (as 

Baf1 does) as there was colocalisation between LC3 and LAMP1.  

Cells treated with 5i in Hanks' Balanced Salt Solution (HBSS) displayed a clear increase in 

the number of autophagosomes compared to untreated cells both at 1 and at 10 μM (Figure 

17). At both the tested concentrations, 5i inhibited the autophagosome-lysosome fusion as 

there was no colocalisation between LC3 and LAMP1. Cells treated with 5k in HBSS 

displayed a clear increase in the number of autophagosomes compared to untreated cells only 

at 10 μM. Only at this concentration, 5k inhibits autophagosome-lysosome fusion as there is 

no colocalisation between LC3 and LAMP1. The combined treatment (HBSS+5k and 

HBSS+5i) at 10 μM highlight an impaired fusion between autophagosomes and lysosomes 

(colocalisation that, as expected, is present in BafA1 cells). Autophagy flux is apparently 

normal in cells treated with 1 μM of HBSS+5k but still impaired in cells treated with 

HBSS+5i at the same concentrations, suggesting a higher potency of 5i compared to 5k.  
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Figure 16. Hela cells were treated (A) in the growth medium with BafA1 (300 nM) (B) 5i 

(C) 5k at 1 and 10 μM for 3 h. Cells were then fixed in ice-cold methanol and processed for 

immunofluorescence with an anti-LC3 antibody (Novusbio 2220) to stain the 

autophagosomes and an anti-LAMP1 antibody (HybridomaBank H4A3) and imaged by laser 

scanning confocal microscopy (LSCM) 
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Figure 17. Hela cells were treated (A) in HBSS medium with BafA1 (300 nM) (B) 5i (C) 5k 

at 1 and 10 μM for 3 h. Cells were then fixed in ice-cold methanol and processed for 

immunofluorescence with an anti-LC3 antibody (Novusbio 2220) to stain the 

autophagosomes and an anti-LAMP1 antibody (HybridomaBank H4A3) and imaged by 

LSCM. 

 

Cells treated with 5i and 5k (10 μM) displayed a clear fragmentation of the Golgi complex 

(Figure 18). 10 μM of 5k induced cell rounding and general reassembly of the actin 
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cytoskeleton, whereas 5i induced an increase in actin stress fibres compared to untreated and 

BafA1-treated cells. Cells treated with 1 μM 5k showed normal morphology of the Golgi 

complex and the actin cytoskeleton, whereas 5i showed Golgi fragmentation and actin stress 

fibres. 

 

Figure 18. Hela cells were treated with the compounds 5i and 5k (at 10 μM and 1 μM) and 

with BafA1 (300nM) for 3 h in the growth medium. Cells were then fixed in 4% PFA and 

processed for immunofluorescence with an anti-GM130 antibody to stain the Golgi complex 

and an AF647-Phalloidin (LifeTechnologies) to stain the actin cytoskeleton and imaged by 

LSCM. 

 

 

In conclusion, both the compounds 5i and 5k were able to impair autophagy flux by blocking 

the autophagosome-lysosome fusion and behaved as late-stage autophagy inhibitors. 

2.9. Selected analogues inhibit Erk1/2 and NF-κB basal activation in the HL-60 cell line 

The aberrant activation of Ras/RAF/MEK/ERK (MAPK) and NF-κB signalling drive 

carcinogenesis by promoting survival, proliferation, migration and resistance to apoptosis and 
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chemotherapy of cancer cells [68,69]. Moreover, mounting evidence indicates that aberrant 

activation of these signalling pathways contributes to the high basal activity of autophagy 

found in cancer cells [69,70]. Accordingly, a combination of autophagy inhibitors with NF-

κB inhibitors or with MAPK inhibitors has emerged as a successful approach to overcome 

drug resistance, especially of RAS-mutated cancer where the treatment with MAPK 

inhibitors resulted in the further elevation of autophagic flux leading to drug tolerance 

[14,71]. 

 

 

Figure 19. Immunoblot analysis of phosphorylated NF-κB and phosphorylated Erk1/2 in HL-

60 cells treated with 5h, 5i, 5k, 5l and reference compounds 26 and 28 (10 μM) or DMSO 

(vehicle) for 2 h. Control immunoblot with anti-β-tubulin, anti-actin, anti-NFkB and anti-

ERK antibody are shown. The histograms show the quantification by densitometric analysis 

of the levels of phospho-NF-κB or phospho-Erk1/2 relative to β-tubulin. Data are presented 

as mean values ± SD (n = 2). One way Anova ** p ≤ 0.01 vs. vehicle. 

 

Since our data demonstrate that 5h, 5i, 5k, 5l and the two reference compounds 26 and 28 act 

as autophagy inhibitors and promote apoptosis in HL-60 cells, an N-ras mutated acute 
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myelocytic leukaemia cell line, we decided to address whether these compounds affect NF-

κB and Erk1/2 basal activation. Results showed (Figure 19) that all these compounds 

significantly reduced the constitutive phosphorylation of NF-κB when compared with the 

vehicle-treated sample. Interestingly, the two lead compounds, 5i and 5k, also efficiently 

abrogated Erk1/2 activation in HL-60 cells suggesting that, by targeting both autophagy and 

MAPK/NF-κB signalling, they could be effective against Ras-mutated cancer [70]. 

 

2.10. Physico-chemical and preliminary pharmacokinetic investigation of selected analogues 

We also sought to assess the drug-like properties of the selected analogues 5h, 5i, and 5k. 

The aqueous solubility at pH = 3 and pH = 7.4 and the chemical stability (at pH = 3) of the 

compounds were measured by HPLC methods (Table 6).  

 

Table 6. Solubility and chemical stability of the selected analogues. 

Cmpds 

Solubility (μM) 
Chemical 

stability (%) 
pH = 

3 

pH = 

7.4 

5h n.dc n.d n.d 

5i 204 n.d 91 

5k 271 n.d 97 

aSolubility at 24 h; bChemical stability at 36 h; 
cn.d, not determined, not quantifiable. 

 

As predicted, the presence of the basic amine system amended the solubility profile of the 

compounds in the acidic pH = 3, but none of the compounds was soluble at pH = 7.4. The 

solubility of 5h at t = 0 was 99 μM but it was not stable in pH = 3 after 24 h. This may be 

attributed to the presence of a carbamate on the lateral chain. Interestingly, despite bearing a 

carbamate moiety, 5i displayed a solubility of 204 μM at pH = 3 after 24 h and chemical 

stability of 91% at 36 h. 5k demonstrated the highest solubility among the three compounds 
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with a value of 271 μM at pH = 3 after 24 h. The chemical stability of 5k was almost 

quantitative (97% at 36 h). These results may be due to the presence of a secondary amine 

and ester moiety on the lateral chain that replaces the tertiary amine and the carbamate 

moieties of 5h and 5i. 

 

2.10.1. Preliminary in vitro metabolic studies on 5i and 5k 

We also performed some in vitro studies to assess the metabolic stability of 5i and 5k in 

human liver microsomal (HLM) preparations [72]. The plot of non-metabolised compound 

[natural logarithm of % of recovered compound (100% at time 0 min)] as a function of 

incubation time exhibited a monoexponential decay relationship for both the compounds 

(Figure 20). The apparent decay constant (k), half-life time (t½), and intrinsic clearance 

(CLint) are reported in Table 7. 

 

Table 7. Apparent decay constant (k), half-life time (t½), and intrinsic clearance (CLint) 

values of 5i and 5k. 

Cmpds k (min-1) t½ (min) CLint 

5i 0.022 30.8 55 

5k 0.0076 91.2 19 

 

The CLint values indicate that 5i is a preferred substrate for the xenobiotic metabolised 

system present in the HLM. On the contrary, 5k with a lower CLint value indicates higher 

metabolic stability than 5i. However, both the drugs can be categorised as medium clearance 

compounds.[73] Moreover, both compounds were not metabolised when incubated at 37 °C 

for 60 min with boiled microsomes or in presence of HLM but without the NADPH-GS. 
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Taken together these results clearly indicate that CYP(s) are responsible for the 5i and 5k 

metabolism. From in silico analysis with MetaSite, the hydroxylation of naphthalene moiety 

and the N-demethylation of N-methylpyperazine appear to be the two major CYP-dependent 

reactions towards 5i with a similar probability score. On the contrary, 5k seems to be 

metabolised only by the introduction of a hydroxyl moiety in the naphthalene system.  

In conclusion, the results suggest that both compounds possess favourable pharmacokinetic 

properties, at least concerning their interaction with the phase I enzyme system. 

 

Figure 20. The plot of non-metabolized compound [natural logarithm of % of recovered 

compound (100% at time 0 min)] as a function of incubation time expressing a 

monoexponential decay relationship for both the compounds. 

 

Conclusion 

In summary, we have developed and explored the biological properties of a promising new 

class of multifunctional anti-tumour agents (compounds 5a-l) endowed with both pro-

apoptotic and anti-autophagic properties. The structural modifications made to the small 

molecules developed here were performed by an amalgamation of key features of tricyclic 

pro-apoptotic compounds (26-29) with 1a. Using this approach, we sought to embed key anti-

autophagic features while retaining the pro-apoptotic activity of the parent compounds. We 

assessed the ability of the new compounds to inhibit tumour cell proliferation and to induce 

apoptosis in a wide variety of tumour cell lines, including multidrug-resistant cell lines. 
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Initial examination of their pro-apoptotic effects in HL-60 cells allowed the selection of the 

best candidates to be further tested in various OSCC cell lines with promising results. 

Mutagenic safety (Ames test), and selectivity tests also allowed us to define a safety window 

for the best hybrids of the series. Additionally, promising pharmacokinetic properties have 

been determined. Finally, selected compounds (5h, 5i and 5k) were investigated, along with 

reference compounds 26 and 28, for their effect on autophagic processes in SCC4, HL-60 and 

Hela cell lines. Quantification of LC3II/LC3I and p62 expression levels under both basal and 

starvation-induced conditions was evaluated using 1a as a positive control. This revealed the 

CQ-like inhibitory mode of action of the tested hybrids 5i and 5k on autophagy and, in line 

with their MT-destabilisation properties, we demonstrated that the observed inhibition of 

autophagic flux could be amplified by a decrease in the levels of acetylated tubulin. 

Furthermore, immunofluorescence analysis of LC3 and LAMP1 colocalization in HeLa cells 

suggested that both novel compounds behave as late-stage autophagy inhibitors by impairing 

autophagosome-lysosome fusion. It is worth noting that although the MT binding site 

partially overlaps with that of colchicine, the compounds behave differently from colchicine 

itself, being potent inhibitors of autophagy flux. The data confirm the therapeutic potential 

for the two compounds 5i and 5k, as novel anti-cancer agents which display both anti-

autophagic and potent pro-apoptotic properties. 

Experimental section 

 

General Remarks 

All chemicals and reagents were purchased from commercial sources and used without any 

further purification, unless otherwise specified. Reaction progress was monitored by thin-

layer chromatography (TLC), carried out on silica (60 F254) or alumina (60 F254, basic) gel 

plates with detection by UV and the products were purified by using either silica (60 M, 
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0.040-0.063 μm) or alumina (90, standardised) column chromatography. 1H and 13C NMR 

spectra were recorded in the indicated deuterated solvent on a Varian 300 MHz or a Bruker 

400 MHz spectrometer by using the residual signal of the deuterated solvent as internal 

standard. Splitting patterns are indicated by s (singlet), d (doublet), dd (doublet of doublets), t 

(triplet), q (quartet), m (multiplet), and br (broad); chemical shifts (δ) are described in parts 

per million (ppm) and coupling constants (J) in Hertz (Hz). ESI-MS spectra were performed 

by an Agilent 1100 Series LC/MSD spectrometer. HRESI-MS was carried out by a Thermo 

Finningan LCQ Deca XP Max ion-trap mass spectrometer equipped with Xcalibur software, 

operated in positive ion mode. Yields refer to purified products and are not optimised. All 

moisture-sensitive reactions were performed under nitrogen atmosphere using oven-dried 

glassware and freshly distilled anhydrous solvents.  

 

General procedure for the synthesis of compounds 13a-b. A solution of methanesulfonyl 

chloride (1.29 mmol) in dry DCM (10 mL) was added dropwise to a solution of 12a (1.00 

mmol) and dry TEA (1.50 mmol) in dry DCM (10 mL) at 0 °C. The reaction mixture was 

allowed to reach 25 °C and stirred for 16 h. The reaction mixture was diluted with DCM, 

washed with a saturated solution of NaHCO3 and brine, dried over anhydrous magnesium 

sulfate, filtered and concentrated under reduced pressure. The resulting residue was purified 

by silica gel column chromatography (EtOAc/petroleum ether 7:3) to provide the title 

compound. 

6-Nitrobenzo[d][1,3]dioxol-5-yl methanesulfonate (13a). According with the general 

procedure, 13a was obtained from 12a in 88% yield as a yellow solid. 1H NMR (300 MHz, 

CDCl3) δ: 7.56 (s, 1H), 6.99 (s, 1H), 6.18 (s, 2H), 3.36 (s, 3H). ESI-MS m/z 262 [M+H]+. 

7-Nitro-2,3-dihydrobenzo[b][1,4]dioxin-6-yl methanesulfonate (13b). According with the 

general procedure, 13b was obtained was obtained from 12b in 78% yield as a yellow solid. 
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1H NMR (300 MHz, CDCl3) δ: 7.71 (s, 1H), 7.04 (s, 1H), 4.41-4.32 (m, 4H), 3.35 (s, 3H). 

ESI-MS m/z 276 [M+H]+. 

General procedure for the synthesis of compounds 14a-b. A mixture of the nitro derivative 

13a-b (1.00 mmol) and tin (II) chloride (5.00 mmol) in ethanol (20 mL) was refluxed at 80 

°C under nitrogen pressure for 12 h. The reaction mixture was allowed to cool to 25 °C and 

poured into ice water. A saturated solution of NaHCO3 was added to the aqueous system to 

adjust the pH = 8, followed by the extraction with EtOAc (3 x 15 mL). The combined organic 

layers were washed with brine, dried over anhydrous sodium sulfate, filtered, and 

concentrated under reduced pressure. The residue was purified by silica gel column 

chromatography (petroleum ether/EtOAc 1:1) to afford the target compounds.  

6-Aminobenzo[d][1,3]dioxol-5-yl methanesulfonate (14a). According with the general 

procedure, 14a was obtained from 13a in 70% yield as a brown solid. 1H NMR (300 MHz, 

CDCl3) δ: 6.78 (s, 1H), 6.38 (s, 1H), 5.92 (s, 2H), 3.77 (brs, 2H), 3.18 (s, 3H). ESI-MS m/z 

232 [M+H]+. 

7-Amino-2,3-dihydrobenzo[b][1,4]dioxin-6-yl methanesulfonate (14b). According with the 

general procedure, 14b was obtained from 13b in 78% yield as a pale yellow solid. 1H NMR 

(300 MHz, CDCl3) δ: 6.80 (s, 1H), 6.36 (s, 1H), 4.26-4.18 (m, 4H), 3.68 (brs, 2H), 3.18 (s, 

3H). ESI-MS m/z 246 [M+H]+. 

General procedure for the synthesis of compounds 15a-b. A solution of 2,5-

dimethoxytetrahydrofuran (1.10 mmol) in acetic acid (10 mL) was added dropwise to a 

stirred solution of 14a-b (1.00 mmol) in acetic acid (20 mL), and the resulting solution was 

refluxed at 100 °C for 30 min. Acetic acid was evaporated and the residue was diluted with 

EtOAc. The organic layer was washed with a saturated solution of Na2CO3 and brine, dried 

over anhydrous sodium sulfate, filtered and concentrated under reduced pressure. The residue 

Jo
urn

al 
Pre-

pro
of



50 
 

was purified by a silica gel column chromatography (petroleum ether/EtOAc 3:7) to afford 

the target compounds. 

6-(1H-Pyrrol-1-yl)benzo[d][1,3]dioxol-5-yl methanesulfonate (15a). According with the 

general procedure, 15a was obtained from 14a in 60% yield as a white solid. 1H NMR (300 

MHz, CDCl3) δ: 6.95 (s, 1H), 6.91 (t, J = 2.1 Hz, 2H), 6.87 (s, 1H), 6.33 (t, J = 2.1 Hz, 2H), 

6.09 (s, 2H), 2.52 (s, 3H). ESI-MS m/z 282 [M+H]+. 

7-(1H-Pyrrol-1-yl)-2,3-dihydrobenzo[b][1,4]dioxin-6-yl methanesulfonate (15b). According 

with the general procedure, 15b was obtained from 14b in 60% yield as a white solid. 1H 

NMR (300 MHz, CDCl3) δ: 7.01 (s, 1H), 6.94 (s, 1H), 6.91 (t, J = 2.2 Hz, 2H), 6.33 (t, J = 

2.2 Hz, 2H), 4.32 (s, 4H), 2.52 (s, 3H). ESI-MS m/z 296 [M+H]+. 

General procedure for the synthesis of compounds 10c-d. A finely ground potassium 

hydroxide powder (3.00 mmol) was added into a solution of 15a-b (1.50 mmol) in methanol 

(10 mL) and the resulting mixture was refluxed for 2 h. The solvent was removed under 

reduced pressure and the residue was acidified with a solution of 2N HCl up to pH = 3. The 

aqueous layer was extracted with EtOAc (3 x 10 mL) and the combined organic layers were 

dried over anhydrous sodium sulfate, filtered, and concentrated under reduced pressure. The 

residue was purified by silica gel column chromatography (100% DCM) to obtain the target 

compounds. 

6-(1H-Pyrrol-1-yl)benzo[d][1,3]dioxol-5-ol (10c). According with the general procedure, 10c 

was obtained from 15a in 70% yield as a white solid. 1H NMR (300 MHz, CDCl3) δ: 6.79 (t, 

J = 2.2 Hz, 2H), 6.73 (s, 1H), 6.60 (s, 1H), 6.39 (t, J = 2.2 Hz, 2H), 5.98 (s, 2H), 4.99 (brs, 

1H). ESI-MS m/z 204 [M+H]+. 

7-(1H-Pyrrol-1-yl)-2,3-dihydrobenzo[b][1,4]dioxin-6-ol (10d). According with the general 

procedure, 10d was obtained from 15b in 82% yield as a white solid. 1H NMR (300 MHz, 
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CDCl3) δ: 6.82 (t, J = 2.1 Hz, 2H), 6.80 (s, 1H), 6.58 (s, 1H), 6.36 (t, J = 2.1 Hz, 2H), 5.11 

(brs, 1H), 4.30-4.21 (m, 4H). ESI-MS m/z 218 [M+H]+. 

2-(Benzyloxy)-4-bromo-1-nitrobenzene (17). To a solution of 16 (2.00 g, 9.22 mmol) in dry 

DMF (10 mL), potassium carbonate (1.91 g, 11.06 mmol) was added at 25 °C and the 

reaction mixture was stirred for 2 h. Then a solution of benzyl bromide (1.89 g, 11.06 mmol) 

in dry DMF (10 ml) was added and the reaction mixture was refluxed at 85 °C for 12 h. 

Water (20 mL) was added to dilute the reaction mixture, followed by the extraction with 

EtOAc (3 x 15 mL). The combined organic layers were washed with a saturated solution of 

NH4Cl, NaHCO3, and brine. The washed organic phase was dried over anhydrous sodium 

sulfate, filtered, and concentrated under reduced pressure. The title compound was obtained 

in quantitative yield as a yellow solid and it was used in the next step without any further 

purification. 1H NMR (300 MHz, CDCl3) δ: 7.95 (s, 1H), 7.56 (d, J = 8.8 Hz, 1H), 7.48-7.27 

(m, 5H), 7.00 (d, J = 8.9 Hz, 1H), 5.19 (s, 2H); ESI-MS m/z 385.6 [M+Br]-. 

General procedure for the synthesis of compounds 18, 24. Palladium(II) acetate (0.06 mmol) 

was added to a suspension of (±)-BINAP (0.09 mmol) in 1,4-dioxane (3 mL) in a sealed tube 

at 25 °C and the mixture was heated at 50 °C for 30 min. After that compound 17 (0.61 

mmol), the appropriate piperazine (1.83 mmol), and cesium carbonate (323 mg, 0.92 mmol) 

were added, sequentially, and the mixture was heated at 100 °C for 12 h. The reaction 

mixture was filtered over a pad of Celite®; the solvent was removed under reduced pressure, 

and the residue was dissolved in water, and extracted with EtOAc. The combined organic 

layers were dried over anhydrous sodium sulfate, filtered, and concentrated under reduced 

pressure. The residue was purified by an alumina gel column chromatography (petroleum 

ether/EtOAc 5:1) to afford the target compounds. 

1-(4-(Benzyloxy)-3-nitrophenyl)piperazine (18). According with general procedure, 18 was 

obtained from 17 in 71% yield as an orange solid. 1H NMR (400 MHz, CDCl3) δ: 7.43-7.24 
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(m, 6H), 7.05-6.99 (m, 2H), 5.14 (s, 2H), 3.07-2.98 (m, 8H), 1.66 (s, 1H); ESI-MS m/z 314.0 

[M+H]+. 

1-(4-(4-(Benzyloxy)-3-nitrophenyl)piperazin-1-yl)ethanone (19). TEA (45 μL, 0.320 mmol) 

was added to a solution of 18 (100 mg, 0.32 mmol) in acetic anhydride (2 mL) at 25 °C and 

the resulting mixture was stirred for 12 h. The solvent was removed under reduced pressure, 

and the residue was diluted with a saturated solution of NaHCO3 and extracted with DCM. 

The combined organic layers were dried over anhydrous sodium sulfate, filtered, and 

concentrated under reduced pressure to obtain the title compound in quantitative yield as an 

orange oil. 1H NMR (400 MHz, CDCl3) δ: 7.39-7.34 (m, 6H), 7.09-6.95 (m, 2H), 5.14 (s, 

2H), 3.79-3.67 (m, 2H), 3.65-3.52 (m, 2H), 3.14-2.97 (m, 4H), 2.11 (s, 3H); ESI-MS m/z 

356.0 [M+H]+, 377.9 [M+Na]+. 

1-(4-(4-Hydroxy-3-nitrophenyl)piperazin-1-yl)ethanone (20). Thioanisole (2.3 mL, 19.99 

mmol) was added dropwise to a solution of 19 (142 mg, 0.40 mmol) in TFA (3 mL) and 

toluene (3 mL) at 25 °C and the reaction mixture was refluexed at 70 °C for 12 h. The solvent 

was removed under reduced pressure and the residue was purified by silica gel column 

chromatography (petroleum ether/EtOAc 20:1) to afford the title compound in 85% yield as a 

red solid. 1H NMR (400 MHz, CDCl3) δ: 10.27 (s, 1H), 7.48 (d, J = 2.9 Hz, 1H), 7.28 (dd, J 

= 9.2, 2.9 Hz, 1H), 7.07 (d, J = 9.2 Hz, 1H), 3.80-3.72 (m, 2H), 3.65-3.56 (m, 2H), 3.13-3.01 

(m, 4H), 2.12 (s, 3H). Spectroscopic data are in agreement with those previosuly reported 

[74]. 

General procedure for the synthesis of compounds 21, 22. Iron powder (7.68 mmol) and 

calcium chloride (3.24 mmol) were added into a solution of nitro derivative (17,20) (1.21 

mmol) in ethanol:water (3:1, 18 mL) at 25 °C. The reaction mixture was refluxed at 90 °C for 

30 min. Then the solvent was removed under reduced pressure, the residue was dissolved in a 

saturated solution of NaHCO3, and extracted with EtOAc (3 x 10 mL). The combined organic 
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layers were filtered over a pad of Celite®, dried over anhydrous sodium sulfate, filtered, and 

concentrated under reduced pressure. The residue was purified by silica gel column 

chromatography (CHCl3/MeOH 20:1) to afford the target compounds. 

1-(4-(3-Amino-4-hydroxyphenyl)piperazin-1-yl)ethanone (21). According with general 

procedure, 21 was obtained from 20 in 60% yield as a red solid. 1H NMR (400 MHz, DMSO) 

δ: 8.39 (s, 1H), 6.47 (d, J = 8.4 Hz, 1H), 6.24 (d, J = 2.6 Hz, 1H), 5.98 (dd, J = 8.4, 2.6 Hz, 

1H), 4.39 (s, 2H), 3.55-3.43 (m, 4H), 2.90-2.72 (m, 4H), 1.98 (s, 3H); ESI-MS m/z 236 

[M+H]+, 258 [M+Na]+. 

2-(Benzyloxy)-5-bromoaniline (22). According with general procedure, 22 was obtained from 

17 in 54% yield as a yellow solid. 1H NMR (300 MHz, CDCl3) δ: 7.98 (d, J = 2.5 Hz, 1H), 

7.58 (dd, J = 8.9, 2.5 Hz, 1H), 7.46-7.29 (m, 5H), 7.00 (d, J = 9.0 Hz, 1H), 5.22 (s, 2H); ESI-

MS m/z 278 [M+H]+.  

1-(2-(Benzyloxy)-5-bromophenyl)-1H-pyrrole (23). To a solution of 22 (2.75 g, 9.89 mmol) 

in 1,4-dioxane (45 mL), 2,5-dimethoxytetrahydrofuran (1 mL, 9.89 mmol) and HCl (6 N, 3 

mL) were added and the resulting mixture was refluxed at 100 °C for 10 min. The reaction 

mixture was quenched with a saturated solution of NaHCO3 and the aqueous layer was 

extracted with EtOAc (3 x 20 mL). The combined organic layers were dried over anhydrous 

sodium sulfate, filtered, and concentrated under reduced pressure. The residue was purified 

by silica gel column chromatography (petroleum ether/EtOAc 10:1) to afford the title 

compound in 88% yield as a yellow solid. 1H NMR (300 MHz, CDCl3) δ: 7.45 (d, J = 2.4 Hz, 

1H), 7.39-7.28 (m, 6H), 7.02 (t, J = 2.2 Hz, 2H), 6.93 (d, J = 8.8 Hz, 1H), 6.31 (t, J = 2.1 Hz, 

2H), 5.06 (s, 2H); ESI-MS m/z 329.0 [M+H]+. 

1-(4-(Benzyloxy)-3-(1H-pyrrol-1-yl)phenyl)-4-methylpiperazine (24). According with general 

procedure, 24 was obtained from 23 in presence of N-methylpiperazine (1.83 mmol) in 71% 

yield as an orange oil. 1H NMR (300 MHz, CDCl3) δ: 7.39-7.26 (m, 5H), 7.11 (t, J = 2.2 Hz, 
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2H), 7.00 (s, 1H), 6.97 (d, J = 2.9 Hz, 1H), 6.81 (dd, J = 8.9, 3.0 Hz, 1H), 6.38 (t, J = 2.2 Hz, 

2H), 4.95 (s, 2H), 3.24-3.12 (m, 4H), 2.67-2.54 (m, 4H), 2.39 (s, 3H); ESI-MS m/z 348.0 

[M+H]+. 

1-(4-(4-Hydroxy-3-(1H-pyrrol-1-yl)phenyl)piperazin-1-yl)ethanone (10e). The title 

compound was obtained from 21 following the synthetic procedure described for 10a in 50% 

yield as a purple solid after purification by an alumina gel column chromatography 

(CHCl3/MeOH 50:1). 1H NMR (400 MHz, CDCl3) δ: 7.24 (s, 1H), 6.96 (t, J = 10.0 Hz, 1H), 

6.88 (d, J = 17.4 Hz, 3H), 6.37 (s, 2H), 5.18 (s, 1H), 3.77 (s, 2H), 3.62 (s, 2H), 3.18-2.95 (m, 

4H), 2.12 (s, 3H); ESI-MS m/z 286.0 [M+H]+, 308 [M+Na]+. 

4-(4-Methylpiperazin-1-yl)-2-(1H-pyrrol-1-yl)phenol (10f). To a solution of 24 (500 mg, 1.44 

mmol) in MeOH (41 mL), a catalytic amount of 10% Pd-C was added under nitrogen 

atmosphere followed by a careful replacement by hydrogen atmosphere, and the resulting 

reaction mixture was stirred at 25 °C for 2 h. The solvent was removed the residue was 

diluted with EtOAc, and the catalyst was filtered over a pad of Celite®. The title compound 

was obtained without any purification in quantitative yield as a red solid. 1H NMR (300 

MHz, MeOD) δ: 7.00 (t, 2H), 6.96-6.75 (m, 3H), 6.19 (t, 2H), 3.24-3.11 (m, 4H), 2.90 (t, J = 

5.0 Hz, 4H), 2.59-2.52 (m, 3H); ESI-MS m/z 258 [M+H]+. 

General procedure for the synthesis of compounds 25a-d. Potassium carbonate (1.50 mmol) 

was added to a solution of 10a-e (1.00 mmol) in dry DMF (20 mL) at 25 °C and stirred for 10 

min. A solution of 8a (1.20 mmol) in dry DMF (5 mL) was added dropwise and the reaction 

mixture was stirred at 25 °C for 12 h. The solvent was removed under reduced pressure and 

the residue was diluted with DCM. The organic layer was washed with brine, dried over 

anhydrous sodium sulfate, and concentrated under reduced pressure. The residue was purified 

by silica gel column chromatography (n-hexane/EtOAc 9:1) to afford the target compounds. 
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(±)-Methyl 2-(4-chloro-2-(1H-pyrrol-1-yl)phenoxy)-2-(naphthalen-1-yl)acetate (25a). 

According with general procedure, 25a was obtained starting form 10a as a pale-yellow oil in 

89% yield. 1H NMR (300 MHz, CDCl3) δ: 8.19 (d, J = 7.1 Hz, 1H), 7.90-7.84 (m, 2H), 7.61-

7.50 (m, 3H), 7.44 (t, J = 7.9 Hz, 1H), 7.33 (d, J = 2.6 Hz, 1H), 7.12-7.09 (m, 3H), 6.95 (d, J 

= 8.9 Hz, 1H), 6.34 (t, J = 2.4 Hz, 2H), 6.06 (s, 1H), 3.67 (s, 3H). ESI-MS m/z: 392 [M+H]+. 

(±)-Methyl 2-(4-methyl-2-(1H-pyrrol-1-yl)phenoxy)-2-(naphthalen-1-yl)acetate (25b). 

According with general procedure, 25b was obtained starting form 10b as a colorless oil in 

85% yield. 1H NMR (300 MHz, CDCl3) δ: 8.22 (d, J = 7.7 Hz, 1H), 7.87 (t, J = 8.7 Hz, 2H), 

7.62 (d, J = 7.1 Hz, 1H), 7.59-7.48 (m, 2H), 7.44 (t, J = 7.7 Hz, 1H), 7.15 (s, 1H), 7.11 (t, J = 

2.2 Hz, 2H), 6.94 (m, 2H), 6.32 (t, J = 2.2 Hz, 2H), 6.04 (s, 1H), 3.66 (s, 3H), 2.31 (s, 3H). 

ESI-MS m/z: 372 [M+H]+. 

(±)-Methyl 2-((6-(1H-pyrrol-1-yl)benzo[d][1,3]dioxol-5-yl)oxy)-2-(naphthalen-1-yl) acetate 

(25c). According with general procedure, 25c was obtained starting form 10c as colorless oil 

in 92% yield. 1H NMR (400 MHz, CDCl3) δ: 8.16 (d, J = 7.6 Hz, 1H), 7.85 (m, 2H), 7.55-

7.48 (m, 3H), 7.42 (m, 1H), 6.98 (t, J = 2.2 Hz, 2H), 6.81 (s, 1H), 6.63 (s, 1H), 6.30 (t, J = 2.2 

Hz, 2H), 5.94 (m, 2H), 5.69 (s, 1H), 3.63 (s, 3H). ESI-MS m/z: 402 [M+H]+. 

(±)-Methyl 2-((7-(1H-pyrrol-1-yl)-2,3-dihydrobenzo[b][1,4]dioxin-6-yl)oxy)-2-(naphthalen-

1-yl)acetate (25d). According with general procedure, 25d was obtained starting form 10d as 

a white solid in 80% yield. 1H NMR (300 MHz, CDCl3) δ: 8.17 (d, J = 8.0 Hz, 1H), 7.88-7.83 

(m, 2H), 7.59-7.41 (m, 4H), 7.02 (t, J = 2.1 Hz, 2H), 6.86 (s, 1H), 6.60 (s, 1H), 6.29 (t, J = 

2.2 Hz, 2H), 5.88 (s, 1H), 4.22 (s, 4H), 3.65 (s, 3H). ESI-MS m/z: 416 [M+H]+. 

(±)-Ethyl 2-(4-(4-acetylpiperazin-1-yl)-2-(1H-pyrrol-1-yl)phenoxy)-2-(naphthalen-1-

yl)acetate (25e). Sodium hydride (18 mg, 0.77 mmol) was added to a solution of 10e (200 

mg, 0.70 mmol) in dry THF (5 mL) at 25 °C and stirred for 1 h. A solution of 8b (226 mg, 

0.77 mmol) in dry THF (5 mL) was added dropwise and the reaction mixture was stirred for 
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another 12 h. The solvent was removed under reduced pressure; and the residue was 

dissolved in DCM and washed with brine, dried over anhydrous sodium sulfate, filtered, and 

concentrated under reduced pressure. The residue was purified by a silica gel column 

chromatography (CHCl3/MeOH 30:1) to afford the title compound in quantitative yield as a 

yellow oil. 1H NMR (400 MHz, CDCl3) δ: 8.19 (d, J = 8.1 Hz, 1H), 7.85-7.77 (m, 2H), 7.57 

(d, J = 7.0 Hz, 1H), 7.52-7.43 (m, 2H), 7.39 (t, J = 7.7 Hz, 1H), 7.09 (t, J = 2.0 Hz, 2H), 6.92 

(t, J = 8.3 Hz, 1H), 6.87 (d, J = 2.7 Hz, 1H), 6.65 (dd, J = 8.9, 2.7 Hz, 1H), 6.29 (t, J = 2.0 

Hz, 2H), 5.91 (s, 1H), 4.12-4.05 (m, 2H), 3.76-3.67 (m, 2H), 3.58-3.50 (m, 2H), 3.03 (dd, J = 

10.1, 5.3 Hz, 4H), 2.09 (s, 3H), 1.08 (t, J = 7.1 Hz, 3H). ESI-MS m/z: 498 [M+H]+. 

General procedure for the synthesis of compounds 7a-e. A solution of sodium hydroxide (5% 

aqueous, 10 mL) was added dropwise into a solution of 25a-e (1.00 mmol) in methanol (20 

mL) at 25 °C for 2 h. The solvent was removed under reduced pressure and the residue was 

diluted with water. A solution of HCl (4N) was added dropwise in order to adjust the pH to 3 

and the precipitate was extracted with EtOAc (3 x 10 mL). The combined organic layers were 

washed with brine, dried over anhydrous sodium sulfate, filtered, and concentrated under 

reduced pressure. The residue was purified by silica gel column chromatography (100% 

EtOAc) to afford the target compounds. 

(±)-2-(4-Chloro-2-(1H-pyrrol-1-yl)phenoxy)-2-(naphthalen-1-yl)acetic acid (7a). According 

with general procedure, 7a was obtained from 25a as a colorless solid in 95% yield. 1H NMR 

(300 MHz, CDCl3) δ: 8.18 (m, 1H), 7.90-7.84 (m, 2H), 7.61 (d, J = 7.2 Hz, 1H), 7.56-7.51 

(m, 2H), 7.43 (m, 1H), 7.33 (d, J = 2.6 Hz, 1H), 7.10-7.07 (m,3H), 6.93 (d, J = 8.8 Hz, 1H), 

6.34 (t, J = 2.2 Hz, 2H), 6.07 (s, 1H). ESI-MS m/z: 378 [M+H]+. 

(±)-2-(4-Methyl-2-(1H-pyrrol-1-yl)phenoxy)-2-(naphthalen-1-yl)acetic acid (7b). According 

with general procedure, 7b was obtained from 25b as a white solid in 93% yield. 1H NMR 

(300 MHz, CDCl3) δ 8.17 (d, J = 6.0 Hz, 1H), 7.87 (m, 2H), 7.61-7.49 (m, 3H), 7.43 (t, J = 
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7.7 Hz, 1H), 7.14 (s, 1H), 7.06 (t, J = 2.2 Hz, 2H), 6.94-6.85 (m, 2H), 6.33 (t, J = 2.1 Hz, 

2H), 6.04 (s, 1H), 2.29 (s, 3H). ESI-MS m/z: 356 [M-H]-. 

(±)-2-((6-(1H-Pyrrol-1-yl)benzo[d][1,3]dioxol-5-yl)oxy)-2-(naphthalen-1-yl)acetic acid (7c). 

According with general procedure, 7c was obtained from 25c as a white solid in 98% yield. 

1H NMR (300 MHz, CDCl3) δ: 8.11 (d, J = 7.8 Hz, 1H), 7.86 (m, 2H), 7.56-7.40 (m, 4H), 

6.94 (t, J = 2.2 Hz, 2H), 6.80 (s, 1H), 6.52 (s, 1H), 6.31 (t, J = 2.3 Hz, 2H), 5.93 (s, 2H), 5.68 

(s, 1H); ESI-MS m/z 388 [M+H]+. 

(±)-2-((7-(1H-Pyrrol-1-yl)-2,3-dihydrobenzo[b][1,4]dioxin-6-yl)oxy)-2-(naphthalen-1-

yl)acetic acid (7d). According with general procedure, 7d was obtained from 25d as a white 

solid in 98% yield. 1H NMR (300 MHz, CDCl3) δ: 8.17 (d, J = 8.0 Hz, 1H), 7.86 (m, 2H), 

7.61-7.42 (m, 4H), 6.98 (t, J = 2.1 Hz, 2H), 6.87 (s, 1H), 6.53 (s, 1H), 6.30 (t, J = 2.2 Hz, 

2H), 5.88 (s, 1H), 4.21 (s, 4H). ESI-MS m/z 402 [M+H]+. 

(±)-2-(4-(4-Acetylpiperazin-1-yl)-2-(1H-pyrrol-1-yl)phenoxy)-2-(naphthalen-1-yl)acetic acid 

(7e). According with general procedure, 7e was obtained from 25e as a brownish oil in 90% 

yield. 1H NMR (400 MHz, MeOD) δ: 8.24-8.17 (m, 1H), 7.82 (dd, J = 15.1, 6.0 Hz, 2H), 

7.52-7.41 (m, 3H), 7.36 (t, J = 7.6 Hz, 1H), 7.08-6.97 (m, 3H), 6.89 (d, J = 2.4 Hz, 1H), 6.74 

(d, J = 9.0 Hz, 1H), 6.18 (s, 2H), 5.92 (s, 1H), 3.65 (dd, J = 15.6, 10.8 Hz, 4H), 3.11-2.98 (m, 

4H), 2.09 (s, 3H). ESI-MS m/z 470 [M+H]+. 

General procedure for the synthesis of compounds 6a-d. A solution of the acid 7a-d (1.00 

mmol) in dry DCM (20 mL) was added to a suspension of phosphorus pentachloride (1.20 

mmol) and 1-butyl-3-methylimidazolium bromide (1.50 mmol) in dry DCM (50 mL) over a 

period of 2 h, and the reaction mixture was refluxed for 12 h. After cooling to room 

temperature, the reaction mixture was poured into crushed ice, basified with 10% NaOH 

solution, and extracted with DCM (3 x 10 mL). The combined organic layers were washed 

with brine, dried over anhydrous sodium sulfate, and concentrated under reduced pressure. 
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The residue was purified by silica gel column chromatography (100% DCM) and 

recrystallized (EtOAc/n-hexane) to afford the pure target compounds. 

(±)-2-Chloro-6-(naphthalen-1-yl)benzo[b]pyrrolo[1,2-d][1,4]oxazepin-7(6H)-one (6a). 

According with general procedure, 6a was obtained from 7a as a colorless solid in 60% yield. 

1H NMR (300 MHz, CDCl3) δ: 8.25 (d, J = 8.4 Hz, 1H), 7.89 (d, J = 8.0 Hz, 1H), 7.83 (d, J = 

8.1 Hz, 1H), 7.66-7.52 (m, 2H), 7.51 (dd, J = 4.0, 1.8 Hz, 1H), 7.40 (d, J = 2.5 Hz, 1H), 7.35-

7.28 (m, 2H), 7.17 (d, J =7.1 Hz, 1H), 6.89 (dd, J = 8.9, 2.4 Hz, 1H), 6.64 (d, J = 8.7 Hz, 1H), 

6.60 (dd, J = 4.0, 2.7 Hz, 1H), 6.34 (s, 1H). ESI-MS m/z 360 [M+H]+. 

(±)-2-Methyl-6-(naphthalen-1-yl)benzo[b]pyrrolo[1,2-d][1,4]oxazepin-7(6H)-one (6b). 

According with general procedure, 6b was obtained from 7b as a white solid in 62% yield. 1H 

NMR (300 MHz, CDCl3) δ: 8.25 (d, J = 9.1 Hz, 1H), 7.89 (d, J= 7.9 Hz, 1H), 7.83 (d, J= 8.1 

Hz, 1H), 7.64-7.52 (m, 2H), 7.46 (s, 1H), 7.38 (m, 1H), 7.34-7.22 (m, 3H), 6.79 (d, J = 8.2 

Hz, 1H), 6.68 (d, J = 8.3 Hz, 1H), 6.56 (m, 1H), 6.25 (s, 1H), 2.33 (s, 3H); 13C NMR (75 

MHz, CDCl3) δ: 190.1, 145.9, 135.6, 133.9, 133.6, 133.1, 132.0, 131.6, 129.9, 128.8, 127.9, 

127.5, 126.7, 126.6, 126.0, 124.9, 124.5, 123.5, 122.5, 121.2, 111.9, 88.3, 21.0. ESI-MS m/z 

340 [M+H]+. 

(±)-5-(Naphthalen-1-yl)-[1,3]dioxolo[4',5':4,5]benzo[1,2-b]pyrrolo[1,2-d][1,4]oxazepin-

4(5H)-one (6c). According with general procedure, 6c was obtained from 7c as a white solid 

in 90% yield. 1H NMR (300 MHz, CDCl3) δ: 8.21 (d, J = 8.2 Hz, 1H), 7.90 (d, J = 8.2 Hz, 

1H), 7.85 (d, J = 8.2 Hz, 1H), 7.63-7.52 (m, 2H), 7.42 (m, 1H), 7.33 (t, J = 7.6 Hz, 1H), 7.27-

7.23 (m, 2H), 6.88 (s, 1H), 6.55 (t, J = 2.7 Hz, 1H), 6.24 (s, 2H), 5.93 (d, J = 9.1 Hz, 2H); 13C 

NMR (75 MHz, CDCl3) δ: 189.9, 146.0, 145.1, 133.9, 133.5, 131.8, 131.6, 130.0, 128.9, 

127.6, 127.2, 126.8, 126.6 (2 C), 126.1, 124.9, 124.3, 120.8, 111.7, 104.5, 102.4, 102.0, 88.8. 

HRMS-ESI (m/z): [M+Na]+ calculated for [C23H15NO4Na]+ 392.0893, found 392.0885. 
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(±)-5-(Naphthalen-1-yl)-9,10-dihydro-[1,4]dioxino[2',3':4,5]benzo[1,2-b]pyrrolo[1,2-

d][1,4]oxazepin-4(5H)-one (6d). According with general procedure, 6d was obtained from 

7d as a white solid in 84% yield. 1H NMR (400 MHz, CDCl3) δ: 8.20 (d, J = 8.2 Hz, 1H), 

7.89 (d, J = 8.1 Hz, 1 H), 7.85 (d, J = 8.1 Hz, 1H), 7.61-7.51 (m, 2H), 7.42 (dd, J = 4.0, 1.7 

Hz, 1H), 7.35 (t, J = 7.6 Hz, 1H), 7.28 (m, 2H), 6.93 (s, 1H), 6.53 (t, J = 4.0 Hz, 1H), 6.39 (s, 

1H), 6.18 (s, 1H), 4.24-4.11 (m, 4H); 13C NMR (75 MHz, CDCl3) δ: 190.0, 142.4, 142.0, 

140.9, 133.9, 133.5, 132.2, 131.6, 129.9, 128.8, 127.6, 127.3, 126.7, 126.5, 126.0, 124.9, 

124.5, 120.8, 111.9, 111.7, 110.3, 89.1, 64.2 (2C). HRMS-ESI (m/z): [M+H]+ calculated for 

[C24H18NO4]
+ 384.1230, found 384.1236. 

(±)-2-(4-Acetylpiperazin-1-yl)-6-(naphthalen-1-yl)benzo[b]pyrrolo[1,2-d][1,4]oxazepin-

7(6H)-one (6e). Phosphorus pentachloride (7 mg, 0.03 mmol) was added to a solution of 7e 

(14 mg, 0.03 mmol) in dry DCE (4 mL) and the resulting mixture was refluxed for 12 h. 

After cooling to room temperature, the reaction mixture was quenched by a dropwise addition 

of saturated solution of NaHCO3 at 25 °C and the aqueous layer was extracted with DCM (3 

x 5 mL). The combined organic layers were dried over anhydrous sodium sulfate, filtered, 

and concentrated under reduced pressure. The residue was purified by silica gel column 

chromatography (CHCl3/MeOH 80:1) to afford the title compound in 20% yield as a yellow 

solid. 1H NMR (400 MHz, CDCl3) δ: 8.19 (d, J = 8.1 Hz, 1H), 7.83 (t, J = 9.5 Hz, 1H), 7.78 

(d, J = 8.0 Hz, 1H), 7.52 (dt, J = 14.6, 6.9 Hz, 2H), 7.41 (s, 1H), 7.35-7.14 (m, 3H), 6.87 (s, 

1H), 6.66 (s, 1H), 6.57-6.45 (m, 2H), 6.17 (s, 1H), 3.72 (s, 2H), 3.56 (s, 2H), 3.07 (s, 4H), 

2.10 (s, 3H). ESI (m/z): 452 [M+H]+ 

(±)-2-(4-Methylpiperazin-1-yl)-6-(naphthalen-1-yl)benzo[b]pyrrolo[1,2-d][1,4]oxazepin-

7(6H)-one (6f). Compound 7f [32] (25 mg, 0.06 mmol) was dissolved in dry DCE (10 mL) 

followed by the addition of phosphorus pentachloride (13 mg, 0.06 mmol). The reaction 

mixture was refluxed at 85 °C for 12 h then it was quenched by a dropwise addition of 
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saturated solution of NaHCO3 at 25 °C and the aqueous layer was extracted with DCM (3 x 5 

mL). The combined organic layers were dried over anhydrous sodium sulfate, filtered and 

concentrated under reduced pressure. The residue was purified by alumina column 

chromatography (petroleum ether/EtOAc 3:1) to afford the desired compound 6f in 42% yield 

as a yellow solid. 1H NMR (300 MHz, CDCl3) δ: 8.20 (d, J = 8.2 Hz, 1H), 8.06 (d, J = 13.9 

Hz, 1H), 7.91-7.69 (m, 2H), 7.57-7.16 (m, 6H), 6.88 (d, J = 2.8 Hz, 1H), 6.53 (m, 2H), 6.16 

(s, 1H), 3.16 (q, J = 5.0 Hz, 4H), 2.57 (t, J = 5.0 Hz, 4H), 2.35 (d, J = 1.2 Hz, 3H). 13C NMR 

(75 MHz, CDCl3) δ: 190.4, 149.2, 133.9, 133.8, 132.3, 131.6, 129.8, 129.7, 128.7, 128.2, 

127.5, 126.6, 126.3, 126.2, 125.9, 124.9, 124.6, 124.0, 121.0, 114.9, 111.8, 109.5, 54.9, 49.2, 

46.0; ESI-MS m/z 424.1 [M+H]+. 

General procedure for the synthesis of compounds 5a-d. A solution of ketones 6a-d (1.00 

mmol) in dry THF (2 mL) was added to a suspension of potassium hydride (30% wt 

dispersion in mineral oil, 0.147 g, 1.10 mmol) in dry THF (5 mL) at 25 °C and stirred for 1 h. 

After that appropriate acyl chloride (215 mg, 2.00 mmol) was slowly added and the resulting 

reaction mixture was stirred at 25 °C for another 12 h. The solvent was removed under 

reduced pressure and the residue was dissolved in EtOAc. The organic layer was washed with 

brine, dried over anhydrous sodium sulfate, filtered and concentrated under reduced pressure. 

The residue was purified by silica gel column chromatography (DCM/n-hexane 1:1) and 

recrystallized (EtOAc/n-hexane) to afford the target compounds. 

2-Chloro-6-(naphthalen-1-yl)benzo[b]pyrrolo[1,2-d][1,4]oxazepin-7-yl dimethylcarbamate 

(5a). According with general procedure, 5a was obtained by using dimethylcarbamoyl 

chloride from 6a as a colorless amorphous solid in 71% yield. 1H NMR (300 MHz, CDCl3) δ: 

8.13 (m, 1H), 7.91 (d, J = 8.0 Hz, 2H), 7.59-7.43 (m, 5H), 7.20 (s, 1H), 7.10 (d, J = 8.3 Hz, 

1H), 6.85 (d, J = 8.6 Hz, 1H), 6.48 (s, 2H), 2.76 (s, 3H), 2.65 (s, 3H); 13C NMR (75 MHz, 

CDCl3) δ: 154.1, 150.4, 145.9, 134.6, 134.1, 133.6, 131.4, 130.8, 130.7, 129.6, 128.2, 128.0, 
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127.4, 126.7, 126.5, 126.3, 126.1, 125.1, 123.6, 122.8, 121.4, 111.3, 110.4, 36.6, 36.1; 

HRMS-ESI (m/z): [M+Na]+ calculated for [C25H19ClN2O3Na]+ 453.0976, found 453.0963. 

2-Methyl-6-(naphthalen-1-yl)benzo[b]pyrrolo[1,2-d][1,4]oxazepin-7-yl acetate (5b). 

According with general procedure, 5b was obtained by using acetyl chloride from 6b as a 

white amorphous solid in 47% yield. 1H NMR (300 MHz, CDCl3) δ: 8.14-8.10 (m, 1H), 7.93-

7.89 (m, 2H), 7.57-7.43 (m, 4H), 7.26-7.23 (m, 2H), 6.94 (d, J = 8.5 Hz, 1H), 6.81 (d, J = 8.2 

Hz, 1H), 6.44 (m, 2H), 2.40 (s 3H), 1.87 (s, 3H); 13C NMR (75 MHz, CDCl3) δ: 168.9, 149.7, 

146.1, 135.7, 133.9, 133.7, 132.7, 131.3, 130.9, 129.6, 128.2, 127.6, 127.2, 127.1, 126.4, 

126.1, 125.1, 123.3, 122.2, 121.5, 110.6, 110.0, 21.0, 20.6; HRMS-ESI (m/z): [M+Na]+ 

calculated for [C25H19NO3Na]+ 404.1257, found 404.1250. 

5-(Naphthalen-1-yl)-[1,3]dioxolo[4',5':4,5]benzo[1,2-b]pyrrolo[1,2-d][1,4]oxazepin-4-yl 

acetate (5c). According with general procedure, 5c was obtained by using acetyl chloride 

from 6c as a off-white amorphous solid in 38% yield. 1H NMR (300 MHz, CDCl3) δ: 8.13-

8.09 (m, 1H), 7.93-7.90 (m, 2H), 7.57-7.43 (m, 4H), 7.15 (t, J = 2.3 Hz, 1H), 6.93 (s, 1H), 

6.45-6.41 (m, 3H), 6.00 (s, 2H), 1.89 (s, 3H); 13C NMR (75 MHz, CDCl3) δ: 168.9, 146.2, 

146.1, 146.0, 145.2, 134.2, 133.7, 131.2, 130.6, 129.7, 128.2, 127.2, 127.0, 126.9, 126.5, 

126.4, 126.2, 125.0, 121.6, 110.5, 109.6, 103.7, 103.1, 102.0, 20.6; HRMS-ESI (m/z): 

[M+H]+ calculated for [C25H18NO5]
+ 412.1179, found 412.1186. 

5-(Naphthalen-1-yl)-9,10-dihydro-[1,4]dioxino[2',3':4,5]benzo[1,2-b]pyrrolo[1,2-

d][1,4]oxazepin-4-yl acetate (5d). According with general procedure, 5d was obtained by 

using acetyl chloride from 6d as a off-white amorphous solid in 45% yield. 1H NMR (300 

MHz, CDCl3) δ: 8.13-8.11 (m, 1H), 7.91 (d, J= 8.1 Hz, 2H), 7.56-7.44 (m, 4H), 7.15 (t, J = 

2.4 Hz, 1H), 6.95 (s, 1H), 6.48 (s, 1H), 6.42 (d, J = 2.3 Hz, 2H), 4.28-4.22 (m, 4H), 1.86 (s, 

3H); 13C NMR (100 MHz, CDCl3) δ: 168.8, 146.0, 145.6, 141.8, 141.0, 133.9, 133.7, 131.2, 

130.9, 129.6, 128.1, 127.2, 127.0, 126.9, 126.4 (2C), 126.1, 125.0, 121.5, 110.9, 110.8, 110.4, 

Jo
urn

al 
Pre-

pro
of



62 
 

109.7, 64.3 (2C), 20.5; HRMS-ESI (m/z): [M+Na]+ calculated for [C26H19NO5Na]+ 448.1155, 

found 448.1143. 

2-(4-Acetylpiperazin-1-yl)-6-(naphthalen-1-yl)benzo[b]pyrrolo[1,2-d][1,4]oxazepin-7-yl 

acetate (5e). TEA (17 μL, 0.12 mmol), DMAP (4 mg, 0.03 mmol), and acetic anhydride (11 

μL, 0.12 mmol) were added sequentially to a solution of 6e (27 mg, 0.06 mmol) in dry DCM 

(2 mL) at 0 °C and ther resulting reaction was mixture stirred at 25 °C for 12 h. Then, a 

saturated solution of ammonium chloride was added and the reaction mixture was extracted 

with DCM (3 x 5 mL). The combined organic layers were dried over anhydrous sodium 

sulfate, filtered, and concentrated under reduced pressure. The residue was purified by a silica 

gel column chromatograpghy (100% CHCl3) to afford the title compound in 30% yield as a 

yellow amorphous solid. 1H NMR (400 MHz, CDCl3) δ: 8.06 (d, J = 8.5 Hz, 1H), 7.87 (d, J = 

7.7 Hz, 2H), 7.53-7.38 (m, 4H), 7.19 (s, 1H), 6.92 (s, 1H), 6.80 (d, J = 8.8 Hz, 1H), 6.66 (dd, 

J = 8.8, 2.4 Hz, 1H), 6.41 (s, 2H), 3.83-3.74 (m, 2H), 3.67-3.58 (m, 2H), 3.23-3.11 (m, 4H), 

2.13 (s, 3H), 1.83 (s, 3H). ESI-MS m/z 494.4 [M+H]+. 

2-(4-Methylpiperazin-1-yl)-6-(naphthalen-1-yl)benzo[b]pyrrolo[1,2-d][1,4]oxazepin-7-yl 

acetate (5f). To a solution of 6f (20 mg, 0.047 mmol) in dry THF (1 mL), sodium 

bis(trimethylsilyl)amide (1 M solution in THF, 142 µL, 0.142 mmol) was added dropwise 

with cooling at -78 °C and the resulting mixture was stirred for 45 min. After that, acetyl 

chloride (17 µL, 0.240 mmol) was added and the mixture was allowed to reach 25 °C and 

stirred for another 12 h. Subsequently, a saturated solution of NaHCO3 was added dropwise 

and the mixture was extracted with EtOAc. The combined organic layers were dried over 

anhydrous sodium sulfate, filtered, and concentrated under reduced pressure. The residue was 

purified by alumina column chromatography (n-hexane/EtOAc/DCM/MeOH 20:2:0.1:0.2) to 

afford the title compound in 23% yield as a brown amorphous solid. 1H NMR (300 MHz, 

CDCl3) δ: 8.13-8.01 (m, 1H), 7.88 (d, J = 7.9 Hz, 2H), 7.56-7.35 (m, 4H), 7.22 (t, J = 2.3 Hz, 
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1H), 6.91 (d, J = 2.8 Hz, 1H), 6.79 (d, J = 8.9 Hz, 1H), 6.67 (dd, J = 8.9, 2.8 Hz, 1H), 6.45-

6.35 (m, 2H), 3.22 (t, J = 5.1 Hz, 4H), 2.59 (t, J = 5.0 Hz, 4H), 2.36 (s, 3H), 1.84 (s, 3H); 13C 

NMR (75 MHz, CDCl3) δ: 168.9, 146.3, 133.8, 133.7, 133.6, 131.2, 130.8, 129.8, 129.7, 

129.6, 128.2, 127.5, 127.0, 126.4 (2C), 126.1, 125.0, 123.2, 123.1, 121.4, 111.6, 110.9, 110.2, 

54.0, 48.0, 29.7, 20.5. ESI-MS m/z 466.1 [M+H]+. HRMS-ESI (m/z): [M+H]+ calculated for 

[C29H28N3O3]
+ 466.2125 found 466.2121. 

2-(4-Methylpiperazin-1-yl)-6-(naphthalen-1-yl)benzo[b]pyrrolo[1,2-d][1,4]oxazepin-7-yl 

diethylcarbamate (5g). To a solution of 6f (10 mg, 0.02 mmol) in dry THF (1 mL), sodium 

bis(trimethylsilyl)amide (1 M solution in THF, 71 μL, 0.07 mmol) was added at -78 °C and 

the mixture was stirred for 30 min. A solution of 4-nitrophenyl chloroformate (24 mg, 0.12 

mmol) in dry THF (1 mL) was prepared at 0 °C in a separate flask and transferred slowly to 

the reaction mixture at -78 °C. Then the reaction mixture was allowed to reach 25 °C and 

stirred for another 3 h. Formation of the activated carbonate intermediate was confirmed by 

TLC on silica gel and ESI-MS m/z analysis (589.1 [M + H]+). After that, diethylamine (7 µL, 

0.07 mmol) and TEA (8 μL, 0.05 mmol) were added and the resulting mixture was stirred for 

another 1 h. After cooling at 0 °C, water was added slowly, and the mixture was rapidly 

extracted with EtOAc (3 x 5 mL). The combined organic layers were dried over anhydrous 

sodium sulfate, filtered, and concentrated under reduced pressure at 20 °C. The residue was 

purified by alumina column chromatography (petroleum ether/EtOAc 1:1) to afford the title 

compound in 33% yield as a yellow oil. 1H NMR (300 MHz, CDCl3) δ: 8.17-8.05 (m, 1H), 

7.91-7.80 (m, 2H), 7.60-7.35 (m, 4H), 7.20 (t, J = 2.3 Hz, 1H), 6.92 (d, J = 2.8 Hz, 1H), 6.81 

(d, J = 8.9 Hz, 1H), 6.66 (dd, J = 8.9, 2.9 Hz, 1H), 6.42 (d, J = 2.4 Hz, 2H), 3.21 (t, J = 5.0 

Hz, 4H), 3.08 (d, J = 7.2 Hz, 2H), 2.93 (d, J = 7.4 Hz, 2H), 2.60 (t, J = 5.0 Hz, 4H), 2.37 (s, 

3H), 0.88 (t, J = 7.4 Hz, 3H), 0.64 (t, J = 6.9 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ: 153.4, 

149.2, 146.2, 145.4, 134.3, 133.6, 133.5, 131.5, 131.4, 129.7, 129.2, 128.4, 128.0, 127.3, 
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126.7, 126.2, 125.9, 125.0, 122.6, 121.1, 114.5, 110.6, 109.6, 55.0, 49.4, 46.0, 42.0, 41.5, 

14.1, 13.6; ESI-MS m/z 523.2 [M+H]+. HRMS-ESI (m/z): [M+H]+ calculated for 

[C32H35N4O3]
+ 523.2704, found 523.2691. 

(±)-5-(Quinolin-5-yl)naphtho[2,3-b]pyrrolo[1,2-d][1,4]oxazepin-4-yl(5-

(diethylamino)pentan-2-yl) carbamate (5h). The title compound was obtained from 6g[32] by 

following the procedure described for the synthesis of 5g in presence of N,N-diethylpentane-

1,4-diamine. The crude was purified by using a silica gel column chromatography 

(EtOAc/MeOH/TEA 20:1:0.1) to obtain the title compound in 30% yield as a light green oil. 

1H NMR (300 MHz, CDCl3) δ: 8.93 (s, 1H), 8.53 (d, J = 8.4 Hz, 1H), 8.14 (d, J = 8.1 Hz, 

1H), 7.83 (s, 2H), 7.71-7.55 (m, 3H), 7.49-7.33 (m, 4H), 7.26 (d, J = 8.1 Hz, 1H), 6.50 (d, J = 

11.3 Hz, 2H), 6.07 (s, 1H), 3.46 (s, 1H), 2.34 (dd, J = 21.5, 15.4 Hz, 6H), 1.28 (d, J = 25.5 

Hz, 4H), 0.97-0.75 (m, 9H); 13C NMR (75 MHz, CDCl3) δ: 153.2, 150.7, 150.4, 148.3, 144.1, 

135.0, 132.6, 132.0, 131.2, 130.6, 128.7, 127.9, 127.7, 127.4, 127.1, 126.7, 126.2, 122.2, 

121.3, 120.8, 118.9, 111.1, 110.4, 52.4, 46.7, 46.2, 34.5, 22.4, 20.5, 10.7. ESI-MS m/z 561.6 

[M+H]+. HRMS-ESI (m/z): [M+H]+ calculated for [C35H37N4O3]
+ 561.2860, found 561.2845. 

5-(Quinolin-5-yl)naphtho[2,3-b]pyrrolo[1,2-d][1,4]oxazepin-4-yl 4-methylpiperazine-1-

carboxylate (5i). The title compound was obtained from 6g [32] by following the same 

procedure as described in the synthesis of 5g in presence of N-methylpiperazine. The crude 

was purified by using a silica gel column chromatography (DCM/MeOH 10:1) to obtain the 

title compound in 56% yield as a light green oil. 1H NMR (300 MHz, CDCl3) δ: 8.95 (d, J = 

3.8 Hz, 1H), 8.51 (d, J = 8.4 Hz, 1H), 8.17 (d, J = 8.3 Hz, 1H), 7.83 (d, J = 4.9 Hz, 2H), 7.75-

7.57 (m, 3H), 7.52-7.22 (m, 5H), 6.49 (t, J = 8.1 Hz, 2H), 3.24 (s, 4H), 2.15 (d, J = 5.9 Hz, 

4H), 1.87 (s, 3H); 13C NMR (75 MHz, CDCl3) δ: 152.5, 150.7, 150.5, 148.3, 143.9, 135.2, 

135.0, 132.5, 132.1, 131.3, 131.1, 130.8, 128.8, 127.8, 127.6, 127.4, 127.1, 126.7, 126.3, 
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126.2, 122.4, 121.3, 120.8, 118.9, 111.2, 110.6, 54.3, 45.9, 44.3, 43.8. ESI-MS m/z 503.3 

[M+H]+. HRMS-ESI (m/z): [M+H]+ calculated for [C31H27N4O3]
+ 503.2078, found 503.2070. 

1-tert-Butyl 4-(5-(quinolin-5-yl)naphtho[2,3-b]pyrrolo[1,2-d][1,4]oxazepin-4-yl) piperidine-

1,4-dicarboxylate (5j). To a solution of 6g [32] (20 mg, 0.05 mmol) in dry THF (1 mL), 

sodium bis(trimethylsilyl)amide (1 M solution in THF, 160 µL, 0.16 mmol) was added 

dropwise when cooling at -78 °C and stirred for 45 min. In a separate flask, thionyl chloride 

(58 μL, 0.78 mmol) was added dropwise to a solution of 4-(tert-butoxycarbonyl)piperazine-

1-carboxylic acid (40 mg, 0.39 mmol) in dry DCM (1 ml) at 0 °C and stirred at 25 °C for 10 

min; the formation of tert-butyl 4-(chlorocarbonyl)piperidine-1-carboxylate was confirmed 

by ESI-MS m/z analysis. The solvent from the later flask was removed under reduced 

pressure at 20 °C, the residue was solubilized in dry THF at 25 °C, and the solution was 

cooled to 0 °C. This cold solution was transferred dropwise to the former flask at -78 °C. The 

reaction mixture was stirred at 25 °C for 12 h. Subsequently a saturated solution of NaHCO3 

was added and the resulting mixture was extracted with EtOAc (3 x 5 mL). The combined 

organic layers were dried over anhydrous sodium sulfate, filtered, and concentrated under 

reduced pressure at 25 °C. The residue was purified by alumina column chromatography (n-

hexane/EtOAc/DCM/MeOH 20:2:0.1:0.2) to afford the title compound in 64% yield as a 

white amorphous solid. 1H NMR (300 MHz, CDCl3) δ: 8.97 (dd, J = 4.2, 1.7 Hz, 1H), 8.53-

8.39 (m, 1H), 8.22-8.09 (m, 1H), 7.86 (d, J = 5.8 Hz, 2H), 7.72-7.60 (m, 2H), 7.53-7.32 (m, 

6H), 6.51-6.35 (m, 2H), 3.72 (d, J = 23.0 Hz, 2H), 2.64 (t, J = 12.4 Hz, 2H), 2.35-2.17 (m, 

1H), 1.59 (s, 4H), 1.40 (s, 9H). 13C NMR (75 MHz, CDCl3) δ: 172.3, 154.5, 150.8, 148.4, 

134.8, 134.5, 132.5, 132.2, 131.31, 131.2, 130.8, 128.6, 127.7, 127.5, 127.2, 126.9, 126.7, 

126.4, 122.6, 121.5, 121.0, 119.1, 111.2, 110.6, 79.7, 42.8, 40.7, 28.4. ESI-MS m/z 588.0 

[M+H]+. HRMS-ESI (m/z): [M+H]+ calculated for [C36H34N3O5]
+ 588.2493, found 588.2481. 
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5-(Quinolin-5-yl)naphtho[2,3-b]pyrrolo[1,2-d][1,4]oxazepin-4-yl piperidine-4-carboxylate 

(5k). To a cold solution of compound 5j (20 mg, 0.003 mmol) in dry DCM (4 mL) at 0 °C, 

TFA (340 µL, 4.44 mmol) was added dropwise. The reaction mixture was stirred at 25 °C for 

30 min. Subsequently, a saturated solution of NaHCO3 was added dropwise at 0 °C and the 

resulting mixture was extracted with DCM (3 x 5 mL). The combined organic layers were 

dried over anhydrous sodium sulfate, filtered, and concentrated under reduced pressure at 25 

°C. The residue was purified by silica gel column chromatography (DCM/MeOH 10:1) to 

afford the title compound in 96% yield as a light brown amorphous solid. 1H NMR (300 

MHz, CD3OD) δ: 8.89 (dd, J = 4.3, 1.7 Hz, 1H), 8.48 (m, 1H), 8.12 (m, 1H), 8.01 (s, 1H), 

7.92 (d, J = 8.1 Hz, 1H), 7.77 (dd, J = 8.6, 7.1 Hz, 1H), 7.65 (d, J = 8.0 Hz, 1H), 7.59-7.36 

(m, 5H), 7.32 (s, 1H), 6.51-6.43 (m, 2H), 2.76 (m, 2H), 2.50-2.32 (m, 3H), 1.51 (dd, J = 13.4, 

3.6 Hz, 2H), 1.30-1.18 (m, 2H); 13C NMR (75 MHz, CDCl3) δ: 172.4, 150.8, 148.3, 144.0, 

134.9, 134.5, 132.5, 132.2, 131.3, 131.1, 130.9, 128.7, 127.7, 127.5, 127.2, 126.9, 126.7, 

126.4 (2C), 122.6, 121.5, 121.0, 119.1, 111.2, 110.7, 44.8, 40.5, 29.7, 27.9. ESI-MS m/z 

488.0 [M+H]+. HRMS-ESI (m/z): [M+H]+ calculated for [C31H26N3O3]
+ 488.1969, found 

488.1963. 

5-(Quinolin-5-yl)naphtho[2,3-b]pyrrolo[1,2-d][1,4]oxazepin-4-yl nicotinate (5l). The title 

compound was synthesized from 6g [32] by following the same procedure as described for 5f 

in the presence of nicotinoyl chloride. The residue was purified by an alumina column 

chromatography (n-hexane/EtOAc/DCM/MeOH 20:2:0.1:0.2) to afford the title compound in 

31% yield as a white amorphous solid. 1H NMR (300 MHz, CDCl3) δ: 9.02 (s, 1H), 8.96 (dd, 

J = 4.2, 1.7 Hz, 1H), 8.71 (dd, J = 4.9, 1.8 Hz, 1H), 8.59 (d, J = 8.6 Hz, 1H), 8.13-8.04 (m, 

2H), 7.88 (d, J = 7.9 Hz, 2H), 7.68-7.55 (m, 3H), 7.55-7.39 (m, 4H), 7.36-7.27 (m, 2H), 6.50 

(d, J = 2.4 Hz, 2H); 13C NMR (75 MHz, CDCl3) δ: 163.3, 154.1, 151.1, 150.7, 148.3, 144.6, 

137.4, 134.9, 134.7, 132.4, 132.2, 131.4, 131.2, 130.6, 129.7, 128.8, 127.6, 127.5, 127.2, 
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126.7, 126.6, 126.5 (2C), 124.6, 123.4, 122.8, 121.5, 121.0, 119.2, 111.3, 111.0. ESI-MS m/z 

482.1 [M+H]+. HRMS-ESI (m/z): [M+H]+ calculated for [C31H20N3O3]
+ 482.1499, found 

482.1487. 

 

Computational studies 

 

Molecular Docking. The crystal structure of tubulin in complex with one of our previously 

developed compounds 26 was downloaded from the Protein Data Bank (PDB ID: 6GJ4) and 

accurately prepared by means of Protein Preparation Wizard protocol implemented in 

Maestro suite (Maestro, version 10.1, Schrödinger, LLC, New York, NY, 2015) in order to 

obtain an appropriate starting complex for the subsequent computational analyses. Compound 

26 was extracted from the PDB crystal structure and prepared as the other compounds as 

following described [49]. The compounds used in the molecular docking calculation were 

drawn through the building panel in Maestro. The obtained molecules were treated by means 

of MacroModel (Schrödinger Release 2015-4: MacroModel, Schrödinger, LLC, New York, 

NY, 2015) for retrieving the lower energy conformers to use as input in molecular docking 

experiments. The calculation was performed using the Optimized Potentials for Liquid 

Simulations-all atom (OPLS-AA) force field 2005 and the Generalized-Born/Surface-Area 

(GB/SA) model to simulate the solvent effects. No cutoff for non-bonded interactions was 

used. Polak-Ribiere conjugate gradient (PRCG) method was employed with 2500 maximum 

iterations and 0.001 gradient convergence threshold for performing the molecular energy 

minimizations. MCMM (Monte Carlo Multiple Minimum) was employed as torsional 

sampling method for the conformational searches, performing automatic setup with 21 kJ/mol 

(5.02 kcal/mol) in the energy window for saving structure and 0.5 Å was used as cutoff 

distance for redundant conformers. The lower energies conformers were treated by LigPrep 
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application (Schrödinger Release 2015-4: LigPrep, Schrödinger, LLC, New York, NY, 2015), 

generating the most plausible ionization state at cellular pH value (7.4 ± 0.2). Once prepared 

the ligands and the protein, the compounds were docked employing the program Glide 

(Schrödinger Release 2015-4: Glide, Schrödinger, LLC, New York, NY, 2015) applying 

Glide standard precision (SP) scoring function to evaluate the affinity of the compounds 

through a visual inspection to retrieve compounds with an appropriate binding mode 

according to the key interactions found for the active 26. Energy grid was prepared using 

default value of protein atom scaling factor (1.0 Å) within a cubic box centered on the 

crystallized ligand 26. After grid generation the ligands were docked into the enzyme. The 

number of poses entered to post-docking minimization was set to 50. Glide SP score was 

evaluated.  

Biological Assays 

Cell Lines. SCC4 cells were purchased from Sigma-Aldrich. SCC4 cells were maintained in 

Dulbecco’s Modified Eagles (DMEM) GlutaMAXTM (Thermo Fisher Scientific; cat no. 

61965026) supplemented with 10% (v/v) Foetal Bovine Serum (FBS, Sigma-Aldrich; cat no. 

10270106) and 1% (v/v) penicillin-streptomycin (Sigma-Aldrich; cat no. 15140122). Earle's 

Balanced Salt Solution (EBSS) (Sigma-Aldrich; cat no. E2888) was stored at 4 °C and 

incubated at 37 °C for 2 h before the treatment.  

Ca9.22 gingival squamous cell carcinoma cells (Health Science Research Resources Bank, 

Osaka, Japan) were cultured in minimum essential media (MEM) with 10% (v/v) FBS, 

penicillin/streptomycin (100 U/mL penicillin, 0.1 mg/mL streptomycin) and L-glutamine (2 

mM). Cells were cultured at 37 oC, in a humidified atmosphere, containing 5% CO2. 
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TR146 keratinizing squamous cell carcinoma of buccal mucosal origin cells (HPA Cultures, 

UK) were cultured in high glucose Dulbecco Modified Eagle’s Medium (DMEM) with 10% 

(v/v) FBS and penicillin/streptomycin (100 U/mL penicillin, 0.1 mg/mL streptomycin). 

Esophageal squamous cell carcinoma cell line KYSE-520 was purchased from the Leibniz 

Institute DSMZ German Collection of Microorganisms and Cell Cultures GmbH 

(Braunschweig, Germany). Cells were grown in RPMI 1640 medium with 10% FBS (Gibco), 

2 mM L-glutamine (Gibco) and 100 units/mL penicillin-streptomycin (Gibco) at 37 oC, in a 

humidified atmosphere containing 5% CO2. 

Esophageal adenocarcinoma EAC cell lines were obtained from Public Health England. 

OE33, FLO-1, SKGT4, OE19 and MFD-1 were maintained in RPMI (ThermoFisher Cat. No 

11875093) supplemented with 10% FBS (ThermoFisher Cat. No 10500064), 1% sodium 

pyruvate (ThermoFisher Cat. No 11360070) and 1% penicillin/streptomycin (ThermoFisher 

Cat. No 15140122) at 37 °C in a humidified atmosphere containing 5% CO2. All lines were 

routinely examined for mycoplasma contamination. 

Human promyelocytic leukaemia cells HL-60 (CCL-240, American Type Culture Collection) 

were cultured in RPMI 1640 medium with 10% FBS (Gibco), 2 mM L-glutamine (Gibco) 

and 100 units/mL penicillin-streptomycin (Gibco) at 37 °C, in a humidified atmosphere 

containing 5% CO2. 

Leukemic Eμ-TCL1 cells were prepared from the spleen of Eμ-TCL1 mice using 70 micron 

cell strainer filters (Fisher Scientific) followed by red blood cell lysis using RBC lysis buffer 

(0.155 M NH4Cl, 1 mM KHCO3, 0.1 mM EDTA, pH 7.4). Cells were resuspended in RPMI 

1640 medium with 10% fetal bovine serum (FBS) (Gibco), 2 mM L-glutamine (Gibco) and 

100 units/ml penicillin-streptomycin (Gibco) at 37°C, in a humidified atmosphere containing 

5% CO2.  
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Mouse immortalised fibroblasts NIH3T3 were purchased from American Type Culture 

Collection. Cells were propagated in DMEM supplemented with 10% fetal calf serum, 1% L-

glutamine-penicillin-streptomycin solution, and 1% MEM non-essential amino acid solution, 

and incubated at 37 °C in a humidified atmosphere containing 5% CO2. 

Human oral epithelial primary cells were obtained by scraping the palate using sterile swabs. 

The swabs were then washed in PBS with 5% antibiotics (500 U/mL penicillin and 500 

μg/mL streptomycin) and centrifuged for 10 min at 800 g for cell washing and pelleting 

before plating them in a 24 multiwell plate at a density of 1.5x104 for each well. Cells were 

cultured without NIH3T3 feeder layer in DMEM-High glucose supplemented with 15% of 

calf serum, 1% antibiotic–antimycotic solution and maintained in a humid atmosphere with 

temperature at 37 °C and of 5% CO2, and used for cytotoxicity test after 24 h of incubation 

[75]. 

Human non-small lung cell carcinoma A549 cells were obtained from ATCC. Cells were 

propagated in RPMI 1640 supplemented with 10% fetal calf serum, 2 mM L-glutamine, 1 

mM Sodium Pyruvate, 40 μg/mL gentamicin, 100 UI/mL penicillin and 200 μg/mL 

streptomycin. Human cervix carcinoma HeLaS3 cells were obtained from ATCC, whereas its 

tubulin β3 overexepressing counterpart HeLaβ3 [76] was kindly gifted by Prof. Richard 

Ludueña. Cells were propagated in DMEM supplemented with 10% foetal calf serum, 2 mM 

L-glutamine, 1 mM sodium pyruvate, 40 μg/mL gentamicin, 100 UI/mL penicillin and 200 

μg/mL streptomycin. Human ovarian carcinoma A2780 and its P-gp overexpressing 

counterpart A2780AD[77] were a gift from Dr. Steven Williams (Fox Chase Cancer Center, 

Philadelphia, PA). Cells were propagated in RPMI 1640 supplemented with 10% foetal calf 

serum, 2 mM L-glutamine, 1 mM sodium pyruvate, 40 μg/mL gentamicin, 100 UI/mL 

penicillin and 200 μg/mL streptomycin. All these cell lines were incubated at 37 °C in a 

humidified atmosphere containing 5% CO2. 
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Cytotoxicity Assays 

Both NIH3T3 and human oral epithelial primary cells were suspended in complete medium at 

a density of 1.5 × 104/mL, seeded in a 24 well round multidish, and incubated at 37 °C in an 

atmosphere of 5% CO2. After 24 h of culture, the culture medium was removed, and the test 

samples were solubilized in DMSO. Then it was diluted with complete medium and added to 

each well in order to evaluate the cytotoxic effect of increasing concentrations of the 

compounds. Each concentration was tested in six replicates. Complete medium was used as 

negative control. Cell viability and proliferation was evaluated by Neutral Red uptake after 

24 h of incubation with both 3T3 and human oral epithelial primary cell as follows. First, the 

following solutions were prepared in order to determine the percentage of viable cells:  

1. Neutral Red (NR) stock solution: 0.33 g NR dye powder in 100 mL sterile H2O.  

2. NR medium: 1.0 mL NR stock solution + 99.0 routine culture medium pre-warmed to 

37 °C  

3. NR desorb solution: 1% glacial acetic acid solution + 50% ethanol + 49% H2O  

At the end of incubation, the routine culture medium was removed from each plate and the 

cells were carefully rinsed with 1 mL pre-warmed D-PBS 0.1 M. Plates were then gently 

blotted with paper towels. 1.0 mL NR medium was added to each dish and further incubated 

at 37 °C, 95% humidity, and 5% CO2 for 3 h. The cells were checked during incubation for 

NR crystal formation. After incubation, the NR medium was removed, and the cells were 

carefully rinsed with 1 mL pre-warmed D-PBS 0.1 M. PBS was decanted and blotted from 

the dishes and exactly 1 mL NR desorb solution was added to each sample. Plates were 

placed on a shaker for 20–45 min to extract NR from the cells and form a homogeneous 

solution. During this step the samples were covered to protect them from light. Five min after 
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removal from the shaker, absorbance was read at 540 nm with a UV/visible 

spectrophotometer (Varian Cary 1E). 

Cell viability assays 

Cell viability for A549, A2780, A2780AD, HeLa, HeLaβ3, OE33, FLO-1, SKGT4, OE19 

and MFD-1 was monitored by means of the MTT assay.[78] Briefly, cells were seeded at 

different concentrations depending on the cell line. After 24 h the tested compounds were 

added at different concentrations and podophyllotoxin was used again as the reference 

compound. MTT was added after 48 h incubation of cells with compounds. The MTT 

reaction was then stopped after 2 h and colorimetric changes were evaluated in an Appliskan 

(ThermoFisher) plate reader the following day. Data obtained were plotted in SigmaPlot 13.0 

(Systat Software, Inc) and were fitted to a four parameter logistic curve. 

Ames test 

The TA100 and TA98 strains of Salmonella typhimurium were utilized for mutagenicity 

assay in absence and presence of metabolic activation, i.e., with and without S9 fraction. The 

tester strains were selected because they are sensitive and detect a large proportion of known 

bacterial mutagens and are most commonly used routinely within the pharmaceutical 

industry.[79] The following specific positive controls were used, respectively, with and 

without S9 fraction: 2-nitrofluorene (2-NF) 2 µg/mL + 4-nitroquinoline-N-oxide (4-NQO) 

0.1 µg/mL, and 2-aminoanthracene (2-AA) 5 µg/mL. Approximately, 107 bacteria were 

exposed to 6 concentrations of each test sample ranging from 0.3 to 60 µM, as well as to 

positive and negative controls, for 90 min in medium containing sufficient histidine to 

support approximately two cell divisions. After 90 min, the exposed cultures were diluted in 

pH indicator medium lacking histidine, and aliquoted into 48 wells of a 384-well plate. 

Within two days, cells which had undergone the reversion to His grew into colonies. 
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Metabolism by the bacterial colonies reduced the pH of the medium, changing the color of 

that well which can be detected visually. The number of wells containing revertant colonies 

were counted for each dose and compared to a zero dose control. Each dose was tested in six 

replicates. The material was regarded mutagenic if the number of histidine revertant colonies 

was twice or more  than the spontaneous revertant colonies. 

Alamar blue viability assay 

For the IC50 determination on SCC4, Ca9.22 and TR146, cells were seeded in a 96-well plate 

at the density of 30 x 104 cells/well. After adhesion, cells were treated with a range of 

concentrations of the tested molecules and 1% EtOH as the vehicle for 48 h in triplicate. 

Afterwards, 10% (v/v) Alamar Blue reagent (Invitrogen) was added to each well and the 

plates were incubated for 3 h in 37 oC in the dark. Fluorescence levels were read on a 

SPECTRAMAX Gemini Microplate Spectrofluorometer (Molecular Devices) with excitation 

at 544 nm, and emission at 590 nm. The IC50 values were determined as means of three 

separate experiments.  

KYSE-520 cells were seeded in a 96-well plate at the density of 5 x 103 cells/well and 

allowed time to attach. Subsequently, cells were treated in triplicate with a range of 

concentrations of the tested molecules and 0.01% of DMSO as the vehicle for 72 h. To assess 

the cell viability after treatment, 10% (v/v) Alamar Blue reagent (Invitrogen) was added to 

each well and the plates were incubated for 3 h at 37 oC in the dark. SPECTRAMAX Gemini 

Microplate Spectrofluorometer (Molecular Devices) was used to read fluorescence at 544 nm 

excitation and 590 nm emission wavelengths. The IC50 values were determined as means of 

three separate experiments.  

Analysis of apoptosis by flow cytometry  
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The levels of apoptosis in SCC4, Ca9.22, TR146, and KYSE-520 cells with the tested 

compounds were detected by flow cytometric analysis of Annexin V/Propidium Iodide (PI)-

stained cells. This double staining contains annexin V – which is a protein having high 

affinity to phosphatidylserine expressed on the outer membrane of apoptotic cells, and PI – a 

nuclear acid dye that does not permeate intact membranes, therefore only staining cells with 

lower plasma membrane integrity, such as late apoptotic and dead cells. 

The SCC4 cell line was seeded at 150 x103 cells/well in 6 well plates. Cells were left for 24 h 

to adhere to the plate and then were treated with either vehicle (1% EtOH (v/v)) or with either 

0.5 or 2μM of the indicated compounds. After 48h, cells were harvested, and double stained 

with annexin V/PI. Cells were then analyzed by flow cytometry using BD FACS Accuri 

software. 10,000 single cells were gated on vehicle treated cells and the percentage of cells 

undergoing apoptosis was determined.  

Ca9.22 and TR146 cells were seeded at a density of 30 X 104 cells/mL and were left 

untreated (control) or treated with either vehicle (1% EtOH (v/v)) or 500 nM of compound 

for 48 h. After incubation cells were harvested and stained with Annexin V/Propidium Iodide 

(PI) and were analyzed by flow cytometry using BD FACs Accuri software. 10,000 cells 

were gated on vehicle treated cells.  

KYSE-520 cells were seeded at the density of 1.5 x 105 cells/ml and treated with 3 μM and 10 

μM of the tested compounds or 0.01% DMSO (v/v) as the vehicle control for 72 h. 

Subsequently, cells were harvested and stained with Annexin V-FITC (IQ Products) and 

Propidium Iodide (PI) (Invitrogen) and analyzed by flow cytometry using BD Accuri™ C6 

(BD Biosciences). 

The mitochondrial-dependent pro-apoptotic activity of the compounds was assessed by flow 

cytometry in HL-60 cells and Eμ-TCL1 splenocytes loaded with the fluorescent dye 
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Tetramethylrhodamine Methyl Ester (TMRM) (Sigma-Aldrich). Specifically, cells were 

plated 1x106 cells/ml in RPMI-1640 complete medium and treated for 48h with 10μM of the 

tested compounds. DMSO was used as control (0.1%). After treatment, 200.000 cells/sample 

were washed in RPMI w/o phenol red (Invitrogen srl) and loaded with TMRM (200 nM in 

RPMI w/o phenol red) for 20 min at 37°C. Samples were acquired on Guava Easy Cyte 

cytometer (Luminex Corp., Austin, TX, USA) and analyzed with FlowJo software (TreeStar 

Inc., Ashland, OR, USA). 

Microtubule polymerisation assay 

25 μM of tubulin in GAB buffer (10 mM NaPi pH 6.7, 30 % glycerol, 1 mM EGTA, 6 

mM MgCl2 and 1 mM GTP) was polymerized for nearly 2 h at 37 ºC in the presence of 

DMSO (vehicle), 27.5 μM of podophyllotoxin (a reference ligand for the colchicine site) or 

tested compounds (22 μM for each). Polymerization was monitored measuring the 

absorbance at 350 nm in a Multiskan (ThermoFisher) plate reader. 

The stoichiometry of the tubulin assembly inhibition by 5i was determined by 

turbidimetry, 20 μM tubulin in GAB buffer (10 mM NaPi pH 6.7, 30 % Glycerol, 1 mM 

EGTA, 6 mM MgCl2 and 1 mM GTP) was polymerized for nearly 2 h at 37 ºC in the 

presence of 5i ranging from 0 to 22 μM or 22 μM of podophyllotoxin. Polymerisation was 

monitored by measuring the absorbance at 350 nm in a Multiskan (ThermoFisher) plate 

reader. Data is presented as absorbance values from the plateau phase vs. 5i concentration 

values. 

Spectrophotometry of compound 5i 

Absorption spectrum of compound 20 μM 5i was obtained in absolute ethanol by 

spectroscopy (Merck), using a Thermo Scientific Evolution 201 UV-visible 
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spectrophotometer. The range of wavelengths characterised were from 240 to 550 nm. 

DMSO (Merck) was used as a blanck. Measurements were performed in duplicate. The 

Lambert-Beer equation was employed to transform absorbance into molar extinction 

coefficient and data were plotted in SigmaPlot 13.0 (Systat Software, Inc). 

Fluorescence assays for compound 5i 

Fluorescence emission of 10 μM compound 5i was characterised in a HoribaJobin Yvon 

Fluoromax-2 spectrofluorometer. Compound 5i was excited at 350 nm and its emission was 

recorded from 360 to 600 nm. Additionally, fluorescence emission of 10 μM of compound 5i 

was recorded in the presence of 10 μM of dimeric tubulin in 10 mM NaPi buffer pH 7.0, 0.1 

mM GTP, using the same conditions mentioned before. Data obtained were plotted using 

SigmaPlot 13.0 (Systat Software, Inc). 

Binding of 5i to the colchicine site was studied by a fluorescence displacement assay 

Increasing concentrations of Podophyllotoxin up to 10 μM were incubated with three 

different fixed concentrations of compound 5i and tubulin (0.1, 0.5 and 1 μM) in PEDTA 

buffer (NaPi 10 mM pH 7.0, 1 mM EDTA, 1.5 mM MgCl2, 0.1 mM GTP) for 30 min at 25 

ºC. Fluorescence measurements were performed in a Varioskan Flash plate reader 

(Thermoscientific) with excitation and emission wavelengths of 350 nm and 450 nm, 

respectively. Data were plotted using SigmaPlot 13.0 (Systat Software, Inc). 

Non-specific binding of 5i to MTX and BSA was studied by fluorescence.  

A fixed concentration of 1 μM of compound 5i was incubated for 20 min at 25 ºC with 

increasing concentrations of BSA or MTX in PEDTA buffer (NaPi 10 mM pH 7.0, 1 mM 

EDTA, 1.5 mM MgCl2, 0.1 mM GTP) up to 40 μM and 25 μM, respectively. Fluorescence 

measurements were performed in a Varioskan Flash plate reader (Thermoscientific) with 
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excitation and emission wavelengths of 350 nm and 450 nm, respectively. Data were plotted 

using SigmaPlot 13.0 (Systat Software, Inc). 

Western Blot 

Treated and untreated SCC4 cells were suspended in lysis buffer (50 mmol/L Tris-HCl, pH 

7.4, 150 mmol/L NaCl, 1% NP40, 10 mmol/L NaF, 1 mmol/L PMSF, and protease inhibitor 

cocktail) and the lysis reaction was carried out for 15 min at 4 °C. Samples were then 

centrifuged at 13,000 rpm for 30 min at 4 °C and protein concentration was quantified by 

Bradford assay (Bio-Rad). 50 μg of each sample were loaded on 10% and 15% of 

polyacrylamide gels and transferred on nitrocellulose membrane. HL-60 cells were plated 

1x106 cells/mL in RPMI-1640 complete medium incubated at 37 °C for 15 min and treated 

with 10 μM of the tested compounds in presence or absence of 40 μM chloroquine for 1 h 

and 45 min. DMSO (0.1%) was used as control. Cells were lysed in 1% (v/v) Triton X-100 in 

20 mM Tris-HCl (pH 8), 150 mM NaCl with Protease Inhibitor Cocktail Set III (Calbiochem 

Merck) and 0.2 mg/mL of Na orthovanadate. Post-nuclear supernatants were resolved by 

SDS-PAGE and transferred to the nitrocellulose membrane. Immunoreactive signals were 

detected with a horseradish peroxidase-conjugated secondary antibody (Bio-Rad or GE 

Healthcare). Used antibodies: p-ULK1 (Ser757) (Cell signaling Technology 6888S), ULK1 

(Cell signaling Technology 8054S), ATG7 (Cell signaling Technology- D12B11), 

SQSTM1/p62 (sc-28359), LC3 I/II (ab51520), LC3 (Cell SignalingTechnology 3868), LC3B 

(D11) XP (Cell SignalingTechnology), phospho-NF-kB p65 (Cell SignalingTechnology 

93H1), phospho-p44/42 MAPK (ERK1/2) (Cell Signaling Technology 9101) actin (Millipore 

clone C4), β-tubulin (Cell Signaling Technology D2N5G), Acetyl-tubulin (Sigma T7451) 

anti-ERK 2 (D-2- Santa Cruz Biotecnology),  anti-Actin (clone C4, Millipore), anti-NF-k 

Bp65 (clone D14E12, Cell Signaling Technology) and GAPDH (Cell signaling Technology 

D16H11), GAPDH (Calbiochem, 6C5). All the antibodies were probed according to the 
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manufacturer’s protocol instructions. Semi-quantitative analysis was performed using ImageJ 

software. Western blotting was conducted as previously described.[80]  

Evaluation of Lysosomal pH by Lysotracker staining. 

HeLa cells (ATCC CCL-2 ) were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM; Thermo Fisher Scientific–Gibco) supplemented with 10% FBS (Thermo Fisher 

Scientific–Gibco), 2 mM L-glutamine, and penicillin/streptomycin (100 U/mL) (Thermo 

Fisher Scientific–Gibco). Cells were seeded in 1.5 glass-bottomed 60 mm culture dish 

(MatTek) and grown to subconfluence and then left untreated or treated with 5i (10 mM) or 

5k (10 mM) or bafilomycin A1 (300 nM) for 3 h. Cells were then incubated for 30 min with 

75 nM LysoTracker™ Red DND-99 (Invitrogen, #L7528). Cells were then washed three 

times with Phenol red-free DMEM and imaged with a Nikon Eclipse Ti Spinning disc 

microscope equipped with a stage incubator and with a 63X 1,4NA oil-immersion objective. 

Evaluation of lysosomal pH by means of Lysotracker localization and intensity was 

performed with the NIS AR software (Nikon). 

Immunofluorescence analysis of the effect of 5i and 5k on autophagosome-lysosome 

fusion and on Golgi and actin cytoskeleton morphology. 

Hela cells were grown on coverlips to subconfluence and left untreated (growth medium), 

amino acid starved (Hank Balanced Salt Solution with Ca2+ and Mg2+, HBSS-Gibco) or 

treated with BafA1 (300 nM), 5i or 5k at 1 and 10 μM for 3 h either in growth medium or 

HBSS. Cells were then fixed in ice cold methanol for 5 min at -20 C and processed for 

immunofluorescence as follows. Cells were incubated for 30 min in 

Permeabilisation/blocking buffer (0.05% saponin, 0.5% BSA, and 50 mM NH4Cl in PBS 1X) 

and then incubated for 1 h with anti-LC3 (Novusbio, #2220) to label the autophagosomes and 

anti-LAMP1 (HybridomaBank, #H4A3) primary antibodies diluted in blocking buffer. 
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Coverlisps were then washed three times with PBS 1X and incubated for 30 min with 

AlexaFluor-conjugated species matched secondary antibodies (Invitrogen) diluted 1:400 in 

blocking buffer. Cells were washed three times in PBS1X, once in water, mounted with 

Mowiol and imaged by Zeiss LSM800 laser scanning confocal microscope equipped with 

63X 1,4NA oil immersion objective. For the analysis of Golgi and actin cytoskeleton 

morphology Hela cells were grown on coverlips to subconfluence and left untreated (growth 

medium) or treated with BafA1 (300 nM), 5i or 5k at 1 and 10 μM for 3 h. Cells were then 

fixed with 4% PFA in PBS1X and incubated for 30 min in Permeabilisation/blocking buffer 

and then incubated for 1h with anti-GM130 (BD, #610823) diluted in blocking buffer to label 

the Golgi complex. Coverlisps were then washed three times with PBS 1X and incubated for 

30 min with AlexaFluor-conjugated species matched secondary antibody and with 

AlexaFluor-Phalloidin (Invitrogen) to label actin diluted 1:400 in blocking buffer. Cells were 

washed three times in PBS1X, once in water, mounted with Mowiol and imaged by Zeiss 

LSM800 laser scanning confocal microscope equipped with 63X 1,4NA oil immersion 

objective. 

HPLC analysis 

A stock solution of 10 mM concentration in DMSO for each tested compound was prepared. 

From the stock solution, three separate samples of 250 mM concentration and a final volume 

of 1 ml were prepared by dissolving the 25 μL of the stock solution and 975 μL of: i) the 

standard solution; ii) the test solutions at pH = 3.0; iii) and the test solutions pH = 7.4. The 

standard solution was prepared by diluting the stock solution in PBS-buffer solution 

(MeCN/water, 3:2). The test solution at pH = 3 was prepared by the diluting the stock 

solution in 50 mM acetic acid. The test solution at pH = 7.4 was prepared by diluting the 

stock solution in 50 mM aqueous PBS-buffer. These three suspension/solutions were sealed 

and left under orbital shaking to achieve “pseudothermodynamic equilibrium” at 25 °C for 24 
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h. After that the solutions were filtered off by using PTFE filters and successively diluted 

(1:2) with the respective solutions used to prepare the samples. The samples were analyzed 

by HPLC/UV/DAD, using UV detection at 254 nm for quantitation. Solubility of the samples 

was calculated by comparing the areas of the sample and that of the standard: 

 

S = solubility of the compound (mM); Asmp = UV area of the sample solution; FD = dilution 

factor (2); Cst = standard concentration (250 mM); Ast = UV area of the standard solution. 

 

Each of the reported solubility value is the average of three independent analyses. The same 

sample solutions were prepared to evaluate the chemical stability of the compounds at 25 °C 

for 36 h and were analyzed by HPLC/UV/DAD, by using UV detection at 254 nm for 

quantitation. The chemical stability, by comparing the area of the peak at T = 0 and the area 

of the peak at 36 h. A chemical stability percentage value was calculated by following this 

method at pH = 3 and pH = 7.4 for each compound by applying the following formula: 

 

Ac24 = area of the sample after 24 h at 25 °C; AcT0 = area of the sample at T = 0. 

 

Each of the reported solubility and chemical stability value is the average of three 

independent analyses. 

Analysis of in vitro metabolic stability in human liver microsomes 

5h and 5j, dissolved in MeCN/DMSO 3:1, was incubated separately at 5 μM (final 

concentration in 100 mM phosphate buffer, pH 7.4) with 0.4 mg/mL HLM protein in a final 

volume 250 μL. The enzymatic reactions were initiated by addition of a NADPH-
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regenerating system (NADPH-GS) consisting of 2 mM β-NADPH, 10 mM glucose-6-

phosphate, 0.4 U/mL glucose-6-phosphate dehydrogenase. Reactions were terminated at 

regular time intervals (overall range 0-60 min) by adding a double volume of cold MeCN as 

previously reported.[81] HPLC analysis was performed on Agilent 1100 Series liquid 

chromatography system (Agilent Technologies, Palo Alto, CA, USA) equipped with a EC 

150/4.6 nucleosil 100-3 C18 (Macherey-Nagel, Duren, Germany) and coupling with UV-VIS 

detector, setting at λ = 254 nm. Analysis was carried out using gradient elution of a binary 

solution; eluent A was MeCN with 0.1% TFA, while eluent B was an aqueous solution of 

TFA (0.1%). The analysis started at 10% A that rapidly increased up to 100% in 15 min and 

finally remaining at 100% A until 5 min. The analysis was performed at flow rate of 1 

mL/min and injection volume was 20 µL. The intrinsic clearance (CLint) was calculated by 

the equation: 

 

where, k is the rate constant for the depletion of substrate (expressed in min-1), V is the 

volume of incubation in μL and P is the amount of microsomal proteins.  

 

where k is the rate constant for the depletion of substrate, V is the volume of incubation in μL 

and P is the amount of microsomal proteins in the incubation medium in mg.[81] 
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Figure S1. Effects of compound 5a-d on HL-60 cell line to determine % Sub G1 for 24 h at a 

concentration of 10 (gray) and 25 (black) μM. 

Figure S2. Flow cytometric analysis of PI-stained apoptotic HL-60 cells (percent of cells in 

sub G0/G1) following treatment with the indicated concentrations of either 5e or the reference 

compound 26 for 48 h. Vehicle was 1% EtOH v/v.  

Figure S3. Superposition of the complexes of compound 26 (crystal structure 6GJ4) 

represented in green sticks, and the docked posed obtained by the re-docking procedure 

(yellow sticks) with tubulin (α-tubulin in magenta cartoon, β-tubulin in light teal) following 

our in silico protocol. 
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ABBREVIATIONS 

2-AA, 2-aminoanthracene; 2-NF, 2-Nitrofluorene; BafA1, BafilomycinA1; BSA, bovin 

serum albumin; Clint, intrinsic clearance; CLL, chronic lymphocytic leukemia; COX-2, 

cyclooxygenase-2; DMEM, Dulbecco’s Modified Eagles Medium; EBSS, Earle’s Balanced 

Salts; FBS, Foetal Bovine Serum; GB/SA, Generalized-Born/Surface-Area; HBSS, Hanks' 

Balanced Salt Solution; HDACs, Histone Deacetylases; HLM, human liver microsome; 

LSCM, laser scanning confocal microscopy; MCMM, Monte Carlo Multiple Minimum; 

MEM, minimum essential media; MT, microtubule; MTAs, Microtubule-targeting agents; 

NR, Neutral Red; OPLS-AA, Optimized Potentials for Liquid Simulations-all atom; PDB, 

Protein Data Bank; PI, Propidium iodide; PRCG, Polak-Ribiere conjugate gradient ; SAR, 

structure-activity relationship; TEA, triethylamine; TLC, thin-layer chromatography; TMRM, 

tetramethylrhodamine methyl ester. 
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HIGHLIGHTS 

 

New microtubule targeting agents were synthesized by using a hybridization approach 

Compounds are characterized by potent proapoptotic and autophagy inhibition efficacy 

Autophagic flux inhibition was confirmed by the expression of LC3II/LC3I and p62 proteins 

5i and 5k are late-stage autophagy inhibitors impairing autophagosome-lysosome fusion 
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