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Abstract 

A small number of fluorinated 7-phenyl-pyrroloquinolinone (7-PPyQ) derivatives was 

synthesized in an attempt to improve the metabolic stability of 3N-ethyl-7-PPyQ and 3N-

benzoyl-7-PPyQ. The possible impacts of the fluorine-hydrogen isosterism on both biological 

activity and metabolic stability were evaluated. Introduction of a fluorine atom in the 2 or 3 

position of the 7-phenyl ring yielded the 7-PPyQ derivatives 12, 13 and 15, which showed 

potent cytotoxicity (low micromolar and sub-nanomolar GI50s) both in human leukemic and 

solid tumor cell lines. None of them induced significant cell death in quiescent and 
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proliferating human lymphocytes. Moreover, 12, 13 and 15 exhibited remarkable cytotoxic 

activity in the multidrug-resistant cell line CEMVbl100, suggesting that they are not substrates 

for P-glycoprotein. All compounds inhibited tubulin assembly and the binding of 

[3H]colchicine to tubulin, with the best activity occurring with compound 15. Mechanistic 

studies carried out on compound 12 indicated that it caused (a) a strong G2/M arrest; (b) 

apoptosis in a time- and concentration-dependent manner; (c) a significant production of ROS 

(in good agreement with the observed mitochondrial depolarization); (d) caspase-3 and poly 

(ADP-ribose) polymerase activation; and (e) a decrease in the expression of anti-apoptotic 

proteins. In vivo experiments in a murine syngeneic tumor model demonstrated that 

compounds 12 and 15 significantly reduced tumor mass at doses four times lower than that 

required for the reference compound combretastatin A-4 phosphate. Neither monofluorination 

of the 7-phenyl ring of 3N-ethyl-7-PPyQ nor replacement of the benzoyl function of 3N-

benzoyl-7-PPyQ with a 2-fluorobenzoyl moiety led to any improvement in the metabolic 

stability.  

 

Keywords. Anti-tubulin, fluoro-phenylpyrroloquinolinone, apoptosis, molecular docking, 

structure-activity relationships, metabolic stability 

 

1. Introduction 

The introduction of fluorine atoms in organic molecule drug candidates has become a 

common practice in modern small-molecule drug discovery. Indeed, the presence of the small 

and highly electronegative fluorine is capable of modulating various molecular properties, 

including pharmacological potency, physicochemical features and pharmacokinetics [1]. In 

particular, replacement of hydrogen with fluorine in a compound subject to cytochrome P450 
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(CYP)-catalyzed oxidative metabolism has been frequently successful in decreasing the rate 

of metabolic elimination of a chemical entity, thereby improving its oral bioavailability and 

prolonging its in vivo half-life [2]. Furthermore, the substitution of fluorine in place of 

hydrogen has become an approach commonly used by the medicinal chemist in an attempt to 

improve the binding affinity of a bioactive compound to a target protein and thus, 

conceivably, to increase its potency and target selectivity [3-6]. 

Tricycle phenylpyrroloquinolinones (PPyQs) are a class of compounds that have shown 

interesting in vitro and in vivo antiproliferative properties acting as tubulin polymerization 

inhibitors by binding at the colchicine site in β-tubulin. In particular, 7-PPyQs have shown 

very high affinity for the colchicine site and high potency in inhibiting tubulin polymerization 

comparable to that of reference compounds, such as combretastatin A-4 (CA-4)[7-11]. 

Structural optimization efforts produced highly anti-tumorigenic PPyQs that showed 

nanomolar and subnanomolar GI50s towards a broad spectrum of human tumor cell lines, with 

induction of tumor cell death by an apoptotic mechanism. These compounds also overcome 

resistance to taxol and vincristine, have limited cytotoxicity in non-tumor cell lines and act 

synergistically with conventional chemotherapeutic agents in inhibiting leukemic cell 

proliferation [10]. Among the synthesized compounds, 3N-ethyl-7-PPyQ (20) [9] and 3N-

benzoyl-7-PPyQ (21) [11], as representative of 3N-alkyl and 3N-acyl analogues of 7-PPyQs, 

respectively (Figure 1), had shown the best antiproliferative profile in their respective series. 

In agreement with tubulin polymerization inhibition assay data, docking simulations with 

compounds 20 and 21 into tubulin suggested that they have a high affinity for the colchicine 

site (as shown for compound 21 in Figure 1) and that their binding mode is compatible with a  

competitive mechanism of action [11].  
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Figure 1. Molecular docking simulation of compound 21 in the colchicine site of β-tubulin 

and structures of 7-PPyQs 20 and 21. 

 

Previous in vitro studies in human liver microsomes (HLMs) demonstrated that the amide 3N-

benzoyl-7-PPyQ (21) is quite stable to metabolism by NADPH-dependent enzymes (i.e., CYPs 

and flavin monooxygenases, [6]), but it was, however, susceptible to slow microsomal 

hydrolysis to 3N-unsubstituted 7-PPyQ [10]. In contrast, 3N-ethyl-7-PPyQ (20) was relatively 

unstable when incubated with NADPH-supplemented HLMs (0.5 mg of protein/mL), with 

less than 70% compound remaining after a 30-min incubation at 37°C (Di Paolo, unpublished 

data). Based on these findings, and in order to possibly improve the metabolic stability and 

anticancer properties of 7-PPyQs, we recently synthesized a small library of untargeted 

monofluoro-phenyl derivatives of compounds 20 and 21. In particular, based on data from a 

metabolite profiling experiment indicating conversion of 20 to oxygenated metabolites by 

HLMs (see Results section), and, being aware that aromatic carbon oxygenation is a quite 

common CYP-catalyzed reaction [6] a fluorine atom was introduced in the ortho, meta or 

para position of the 7-phenyl ring of compound 20 giving compounds 12-14. Moreover, in an 

attempt to further improve the stability of amide 21 to hydrolytic metabolism, we replaced its 

benzoyl function with a 2-fluorobenzoyl moiety, thus obtaining compound 19. Finally, to get 

more insight into the possible impact of fluorination on the biological properties of PPyQs, 

 

docking pose of compound 21  

 

3N-ethyl-7-PPyQ 20 
 

3N-benzoyl-7-PPyQ 21 
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our library was completed with the PPyQ derivatives 15 and 18.  Since fluorination might 

influence both therapeutic efficacy and target affinity [5], we evaluated the synthesized 

fluorinated PPyQs both in vitro and in vivo by biological assays aimed at characterizing their 

anticancer properties. Furthermore, molecular modelling studies and metabolic stability 

experiments were performed with compounds 12-15 and 19. The results of these 

investigations are presented and discussed in this paper.  

 

2. Results and discussion 

 

2.1 Chemistry 

The 4-step method leading to 7-PPyQ compounds was previously described [8] (Scheme 1). 

First, commercially available 5-nitroindole was subjected to an N-alkylation and acylation 

reactions using appropriate halogenated compounds to obtain the nitroindole derivatives 1-3. 

Compound 1 was obtained using ethyl bromide in anhydrous DMF in the presence of NaH at 

room temperature, while for compounds 2 and 3, a reaction with benzoyl chloride or 2-F 

benzoyl chloride, respectively, in presence of DMAP and pyridine at room temperature for 24 

h, was preferred. The 2-fluorobenzoyl chloride (17) was prepared by reacting 2-fluorobenzoic 

acid with SOCl2 at reflux. The catalytic reduction (Pd/C 10%, H2 at atmospheric pressure, 

ethyl acetate) of intermediate 1 and (Pt/C, H2 at atmospheric pressure, ethyl acetate) of 

intermediates 2 and 3 gave the corresponding aminoindoles 4-6 in almost quantitative yields. 

Compound 4 was reacted with commercial ethyl-2-, -3- and -4-fluoro benzoyl acetate and 

compound 5 with ethyl-3-fluoro-benzoyl acetate, whereas compound 6 with ethyl benzoyl 

acetate. All the reactions were carried out in absolute ethanol at reflux in the presence of a 

catalytic amount of acetic acid, yielding the acrylate derivatives as crude material 7-11. These 

were purified by silica gel column chromatography before being submitted to thermal 

cyclization in boiling diphenyl ether (250 °C) to obtain the final products 12-15 in good 
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yields. Compound 11 cyclized but with loss of the 2-fluoro-benzoyl moiety, giving the known 

7-PPyQ 16.[7] For this reason, in order to obtain the 3N-2-fluorobenzoyl 7-PPQ, compound 

16 was directly reacted with 2-fluorobenzoyl chloride 17 in DMF in the presence of NaH, 

obtaining two products: the main reaction product was identified as the isomeric ester 18 

(78%), and the desired 3-amide compound 19 was obtained in lower yield (22%).  

 

Scheme 1. a) Br-ethane, NaH 60%, DMF, 50°C, 6h, 99% (1); benzoyl chloride, pyridine, 

DMAP, rt, 24h, 54% (2), or 2-F-benzoyl chloride, pyridine, DMAP, rt, 24h, 62% (3) b) H2, 

Pd/C 10%, EtOAc, 50 °C, 12h, 98% (4) or H2, Pt/C 15%, EtOAc, rt, 2 h, 84% (5, 6); c) ethyl 

(2-fluorobenzoyl) acetate (7), ethyl (3-fluorobenzoyl) acetate (8, 10), ethyl (4-fluorobenzoyl) 

acetate (9), ethyl benzoyl acetate (11),  absolute ethanol, CH3COOH cat, drierite, refluxing, 

24-48 h, 35-70%; d) diphenyl ether, 250 °C, 15 min, 27-56%; e) SOCl2, DCM, 80 °C, 

refluxing, 2 h, 80%.  
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2.2 Biological evaluation 

 

2.2.1 Metabolic pattern of compound 20 in human liver microsomes 

An exploratory in vitro drug metabolism experiment was conducted to get preliminary 

information on the possible metabolic fate of the known compound 20 (Figure 1) in humans. 

The HPLC trace of compound 20 incubated with NADPH-supplemented HLMs demonstrated 

three major new fluorescence peaks (Figure 2), which were undetectable when NADPH, an 

essential cofactor for both CYP- and flavin monooxygenase-mediated oxidations [6], was 

omitted from the incubation mixture (not shown). Compound 20 constituted a peak eluting at 

12.9 min, while the three compound 20 metabolites (M1-M3) eluted at 11.2, 12.3 and 14.7 

min, respectively; the retention time of M1 corresponded exactly to that of authentic 3N-

unsubstituted 7-PPyQ (scheme 1, compound 16), a recently identified metabolite arising from 

hydrolysis of 3N-benzoyl-7-PPyQ (compound 21) catalyzed by HLMs [11]. Fractions 

corresponding to the M1-M3 and compound 20 peaks were collected and subjected to positive 

ion ESI-mass spectrometry analysis. As expected, the mass spectrum of peak M1 was 

compatible with that of authentic 7-PPyQ 16 and showed a prominent protonated molecule 

ion, [M+H]+, at m/z 261.0996. These findings demonstrated that compound 20 underwent 

oxidative N-demethylation catalyzed by a human liver microsomal enzyme(s) to form 7-

PPyQ. The material in peak M2 showed a [M+H]+ at m/z 277.0930, which was 12.0419 Da 

lower than that of protonated parent compound 20 (measured m/z = 289.1349). This finding 

suggested the loss of C2H4 and the introduction of an oxygen atom into the parent molecule, 

i.e., deethylation and oxygenation of compound 20. Finally, the mass spectrum scan of the 

most prominent chromatographic peak, M3, showed a [M+H]+ ion at m/z 305.1273, which 
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was 15.9924 Da higher than that of 20, suggesting that an oxygen atom has been introduced 

into the parent drug (oxygenation of compound 20).  

 

Figure 2. HPLC separation of compound 20 and its human liver microsomal metabolites M1-

M3. HLMs (0.25 mg/mL) were incubated with 10 µM compound 20 and NADPH (1 mM) at 

37 °C for 60 min. The sample was processed and analyzed by HPLC-fluorescence as 

described in Materials and Methods. A peak of unmodified compound 20 and three major 

peaks corresponding to metabolites M1-M3 are present. All metabolite peaks were absent 

when NADPH was omitted from the reaction mixture. The reported m/z values were obtained 

from ESI-mass spectra of collected peaks and refer to [M+H]+ ions. 

 

2.2.2 Metabolic stability of compounds 12-15 and 19-21 in human liver microsomes  

The metabolic stability in HLMs of fluorinated 7-PPyQs 12-14 was compared with that of 

their non-fluorinated counterpart, compound 20. Like 20, compounds 12-14 were quite stable 

when incubated with HLMs in phosphate buffer (pH 7.4) or phosphate buffer only, but time-

dependently disappeared when both microsomes and NADPH were contained in the mixture 
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(Figure 3). In particular, the depletion half-lives in mixtures containing HLMs and NADPH 

were 11.4, 11.8, 10.6 and 17.3 min for 12, 13, 14 and 20, respectively. Therefore, introduction 

of fluorine in the ortho, meta or para position of the 7-phenyl ring failed to decrease but 

instead slightly increased the metabolic lability of compound 20. These findings may suggest 

that the 7-phenyl ring of compound 20 is not a site of carbon oxygenation by a NADPH-

dependent enzyme(s) in HLMs. On the other hand, as stressed by Obach et al. [12], for 

compounds metabolized at multiple sites, as in the case of 20, fluorination at a single site may 

only result in a “metabolic switching”, with no decrease in the overall rate of metabolic 

elimination. Moreover, introduction of fluorine at a metabolically labile site can also 

unexpectedly increase the rate of metabolism by CYP enzymes, as observed for substitution 

of fluorine in place of hydrogen at the tolyl methyl group of celecoxib or at position 2 of 

ramelteon [12]. Proper interpretation of the results of this set of experiments thus requires a 

more in-depth metabolic profiling (i.e., identification of the metabolic “hot spots”) of 

compound 20. 
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Figure 3. Assessment of metabolic stability of 12, 13, 14 and 20 in human liver microsomal 

incubations. Each compound (10 µM) was incubated at 37 °C with HLMs (0.5 mg/mL; -∆-), 

HLMs plus 1 mM NADPH (-■-), or buffer only (0.1 M KH2PO4, pH 7.4; -□-). Incubation 

time points were 0, 2, 5, 15 and 30 min (“HLMs”), or 0 and 30 min (“HLMs plus NADPH” 

and “buffer only”). The data are expressed as percentage of parent compound remaining at 

each time compared with time 0 min and represent the mean ± SD of n = 3 independent 

determinations. Error bars smaller than the symbols are not shown.  

 

Subsequent experiments examined the impact of quercetin, a potent inhibitor of various 

human drug-metabolizing CYP enzymes, including CYP1A2, CYP2C9, CYP2D6 and 

CYP3A4 [13-15] on the metabolic stability of compounds 12-14 and 20 in NADPH 

supplemented-HLMs. As shown in Figure 4, metabolic depletion of all the investigated 7-

PPyQ derivatives was significantly inhibited by 100 µM quercetin. These findings indicate 

the involvement of one or more human liver microsomal CYPs in the metabolism of 

compounds 12-14 and 20. 
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Figure 4. Effect of the CYP inhibitor quercetin on depletion of 12, 13, 14 and 20 in NADPH-

supplemented human liver microsomal incubations. Each compound (10 µM) was incubated 

with HLMs (1 mg/mL) and NADPH (1 mM) at 37 °C for 0 and 15 min, both in the absence 

and in the presence of 100 µM quercetin. Each bar represents the percentage (mean ± SD; n = 

3) of compound remaining at 15 min, compared with time 0 min. *P<0.05; **P<0.01; 

*** P<0.001 

 

A last set of drug metabolism experiments compared the metabolic stability in HLMs of the 

monofluorinated 7-PPyQs 15 and 19 with that of their non-fluorinated counterpart 3N-

benzoyl-7-PPyQ (21), an amide compound known to be quite stable to NADPH-dependent 

metabolism, despite being susceptible to slow hydrolysis catalyzed by HLMs [12]. As shown 

in Figure 5, for all the tested compounds, a 60-min incubation with HLMs (1 mg of 

protein/mL) resulted in a modest decline (~ 20%) in the level of compound remaining, 

regardless of the presence of NADPH in the incubation mixture. Thus, fluorine substitution at 

the meta position of the 7-phenyl ring or the ortho position of the benzoyl moiety did not 

modulate the metabolic stability of compound 21. 
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Fig. 5. Assessment of metabolic stability of 15, 19 and 21 in human liver microsomal incubations. 

Each compound (10 µM) was incubated at 37 °C with HLMs (1 mg/mL), HLMs plus 1 mM NADPH, 

or buffer only (0.1 M KH2PO4, pH 7.4) for 0 or 60 min. Each bar represents the percentage (mean ± 

SD; n = 3) of compound remaining at 60 min, compared with time 0 min. 

 

 

2.2.3 In vitro antiproliferative activity of compounds 12-15, 18 and 19 

Evaluation of antiproliferative activities of 12-15, 18 and 19 was performed with the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay [16] against a panel of 

11 human tumor cell lines (DND41, Jurkat, HL-60, RS4;11, MCF-7, MDA-MB-231, MDA-
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0

25

50

75

100

HLMs

NADPH

-

-

+

-

+

+

21
 r

em
ai

ni
ng

 a
t 

60
 m

in
(%

)

0

25

50

75

100

HLMs

NADPH

-

-

+

-

+

+

19
 r

em
ai

ni
ng

 a
t 

60
 m

in
(%

)

0

25

50

75

100

HLMs

NADPH

-

-

+

-

+

+

15
 r

em
ai

ni
ng

 a
t 

60
 m

in
(%

)



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 

 

13 

 

by 50%, are presented in Table 1. From the cytotoxicity data reported in Table 1, we can 

make some observations on fluoro-derivatives 12-15, 18 and 19 in comparison with the parent 

compounds 20 and 21 lacking the fluorine and previously evaluated, as well as on the 

substitution pattern of the fluorine atom in the 7-PPyQ structure. The N-ethyl compounds 12 

and 13 have the fluorine atom in the ortho and meta position, respectively, and they are the 

most cytotoxic compounds, with nano and sub-nanomolar concentrations. These compounds 

are comparable with the reference compound 20.  Analog 14, having the fluorine in the para 

position, is less active with micromolar or high nanomolar GI50s. Between the two N-benzoyl 

compounds 15 and 19, the derivative 15 with a fluorine in position 3 of the side phenyl is 

much more cytotoxic than derivative 19 with a fluorine in the ortho position of the benzoyl 

side chain. Finally, among all the fluoro-derivatives, compound 18, which is unsubstituted at 

the pyrrolic N and with a fluoro-benzoyl ester in position 9, is the least active. We note that 

the benzoyl fluoro-derivatives 15 and 19 are less cytotoxic than the reference compound 21. 

In conclusion, based on the antiproliferative data shown in Table 1, the preferred substitution 

sites for a fluorine atom are the meta and ortho positions of the side phenyl ring, as in 

compounds 12, 13 and 15. 
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Table 1. In vitro cell growth inhibitory effects of compounds 12-15, 18-21. 

 

aGI50= compound concentration required to inhibit tumor cell proliferation by 50%. Data are presented as the mean ± SE from the dose-response 
curves of at least three independent experiments. N.d. not determined. 

.

GI50 
a(nM) 

Cd DND-41 Jurkat HL-60 RS4;11 MCF-7 
MDA-MB-

231 
MDA-MB-

468 
HeLa A375 A2058 HT-29 

12 0.26±0.088 0.19±0.01 0.17±0.07 0.09±0.005 246.6±12.0 164±43.7 22.3±2.2 1.2±0.1 15.5±1.5 4.8±0.2 1.1±0.2 

13 0.13±0.020 0.11±0.02 0.08±0.002 0.07±0.006 52.7±10.7 69±6.0 15.0±1.1 0.7±0.05 11.4±2.0 3.5±0.4 0.9±0.1 

14 476.7±128.1 333.5±12.1 1440±42.4 293.3±61.7 51.3±9.9 206±8.3 43.0±12.6 340±18.4 69.8±5.9 1180±90.7 447±12.0 

15 10.2±0.160 32.4±2.2 15.1±0.090 56±12 103±50 454±48 871±60 13.3±0.9 n.d. n.d. 402±37 

18 2425±425 323.5±29.1 2307±77 696.7±72.6 3464±231.5 5591±500.4 1318±68.4 501±34.4 2553±139.6 1493±127 216±17.1 

19 240.0±15.3 53.7±20.2 276.0±20.9 119.7±25.4 1082±24.9 3031±340.4 70±15.7 9.3±1.1 332±13.6 322±12.5 26.6±2.0 

20 nd 0.5±0.2 0.5±0.02 2±0.3 40±10 nd nd 11±8 nd Nd 32±1.2 

21 nd 16±0.6 2±0.8 0.3±0.0001 0.2±0.0.1 nd nd 0.2±0.0.4 nd Nd 0.1±0.1 
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2.2.4 Evaluation of cytotoxicity of compounds 12, 13, 15, 20 and 21 in human non-cancer 

cells  

To obtain a preliminary indication of the cytotoxic potential of these derivatives in normal 

human cells, three of the most active compounds (12, 13 and 15) along with compounds 20 

and 21 chosen for comparison as non-fluorinated compounds, were evaluated in vitro against 

peripheral blood lymphocytes (PBL) from healthy donors (Table 2). All compounds showed 

very low activity in quiescent lymphocytes (GI50>10 µM), while in the presence of the 

mitogenic stimulus phytohematoaglutinin (PHA), the GI50 values were slightly decreased but 

remained in the higher micromolar range. These values were almost 10000-30000 times 

higher than those observed against the lymphoblastic cell lines Jurkat, DND-41 and CEM 

(Tables 1 and 3). Thus, these compounds have only a modest inhibitory effect in primary 

lymphocytes, as previously observed for other antimitotic derivatives developed by our group 

[10].  

Table 2. Cytotoxicity of compounds 12, 13, 15, 20 and 21 for human peripheral blood 
lymphocytes (PBL) 

 

 

 

 

 

 

 

 

 

 

a Compound concentration required to inhibit cell growth by 50%. 
Values are the mean ± SEM for three separate experiments 
b PBL not stimulated with PHA. 

GI50 (µM) a 

Cd PBLresting
b PBLPHA

c 

12 28.0±2.3 15.2±6.9 

13 31.3±10.3 10.8±3.8 

15 45.6±6.3 17.6±3.9 

20 >100 7.6±0.06 

21 >100 2.7±1.3 
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c PBL stimulated with PHA. 

 

2.2.5 Effect of compounds12, 13, 15, 20 and 21 on multidrug resistant cells  

To investigate whether these derivatives are substrates of drug efflux pumps, compounds 12, 

13 and 15 were tested against the CEMVbl-100 cell line that is a multidrug-resistant line selected 

against vinblastine [17] and that overexpress P-glycoprotein (P-gp). This membrane protein 

acts as a drug efflux pump and exhibits resistance to a wide variety of structurally unrelated 

anticancer drugs and other compounds. As shown in Table 3, all the compounds exhibited 

cytotoxic activity in the CEMVbl100 cell line that was even higher than their activity against the 

parental line, indicating that these derivatives are not substrates for P-gp. 
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Table 3. Cytotoxicity of 12, 13, 15, 20 and 21 in multidrug resistant cell lines 

 

 

 

 

 

 

 

 

 

 

a Compound concentration required to reduce cell 
growth by 50%. Values are the mean ± SEM for three 
separate experiments. 

 

2.2.6 Inhibition of tubulin polymerization and colchicine binding 

To evaluate the antitubulin properties of the new compounds, we investigated their effects on 

the inhibition of tubulin polymerization and on the binding of [3H]colchicine to tubulin (Table 

4) [18, 19]. For comparison, CSA-4 was examined in contemporaneous experiments as a 

reference compound. Among the test compounds, 12, 13 and 15 strongly inhibited tubulin 

assembly with IC50 values below 1 µM (0.96, 0.84 and 0.38 µM, respectively), with 12 and 13 

slightly less active than CSA-4 (IC50=0.64 µM) and compound 15 more active than CSA-4. 

These results with tubulin correlate well with the growth inhibitory effects exhibited by these 

compounds, indicating that their antiproliferative activity derives from an interaction with 

tubulin. The other compounds also inhibited tubulin assembly, with IC50 values in the range 

of 1.3-3.7 µM. All compounds inhibited the binding of [3H]colchicine to tubulin, with the best 

 GI50 (nM) a 

Cd CEMwt CEMVbl100 

12 3.1±0.2 1.1±0.4 

13 2.2±0.3 0.8±0.3 

15 44±6 36±10 

20 14.0±0.4 4.0±0.4 

21 2.5±0.6 3.1±0.4 
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activity occurring with 12, 13 and 15, but none approached CSA-4 in its potency as an 

inhibitor of colchicine binding.  

Table 4. Inhibition of tubulin polymerization and colchicine binding by compounds 12-15 

and 19-21 

 

a  Inhibition of tubulin polymerization. Tubulin was at 10 µM. 

b  Inhibition of [3H]colchicine binding. Tubulin and colchicine were at 1 and 5 µM 
concentrations, respectively. 

c  Data taken from reference [10] 

d  Data taken from reference [11] 

 

Cd 
Inhibition of tubulin assembly 

IC50 (µM) ± SDa 
Inhibition of colchicine binding 

% Inhibition ± SDb 

   
12 0.96±0.08 77±3 

13 0.78±0.03 83±5 

14 3.7± 0.4 12±4 

15 0.38±0.03 70±0.8 

19 1.3±0.07 34±4 

CSA-4 0.64±0.1 100±2 

20c 0.57±0.02 73±0.7 

21d 0.89±0.04 70±0.20 

CSA-4c, d 1.2±0.1 98±0.7 
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2.2.7 Influence of test compound 12 on the cell cycle  

The effect of compound 12, taken as representative of a fluoro-PPyQ derivative, on cell cycle 

progression was examined by flow cytometry in two melanoma cell lines (A375 and A2380). 

After a 24 h treatment, 12, evaluated at the concentrations of 50 and 100 nM, induced a strong 

G2/M arrest at both concentrations in both cell lines (Figure 6, Panels A and B). A 

concomitant reduction of both the S and G1 phases was also observed.  In order to determine 

whether 12 was able to block cells at the mitotic phase (M), cells were stained with an 

immunofluorescent antibody to p-histone H3, a well-known mitotic marker [20], as well as 

PI, and analyzed by flow cytometry. As shown in Figure 6  (Panel C), HeLa cells arrested in 

M phase by treatment with 12 are readily distinguished from G2 cells by the higher level of p-

histone H3. In particular, treatment with 12 induced an increase in the percentage of mitotic 

cells from 1.5% observed in untreated cells to about 10% and 44 % with 50 and 100 nM 

concentrations, respectively. We also studied the association between 12-induced G2/M arrest 

and alterations in G2/M regulatory protein expression in HeLa cells. As shown in Figure 7 

compound 12 caused an increase in cyclin B1 expression after 24 and 48 h in a concentration-

dependent manner, indicating an activation of the mitotic checkpoint following drug 

exposure. 

This effect was confirmed by a reduction in the expression of phosphatase cdc25c at 24 h, 

followed by a disappearance in its expression at 48 h. This was associated with the 

appearance of slower migrating forms of phosphatase cdc25c indicating its phosphorylation. 

The phosphorylation of cdc25c directly stimulates its phosphatase activity, and this is 

necessary to activate cdc2/cyclin B on entry into mitosis [21, 22]. We also observed a 

decrease of the phosphorylated form of cdc2 kinase, in particular after the 48 h treatment. 
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Figure 6. Percentage of cells in each phase of the cell cycle in A375 (Panel A) and A2058 

(Panel B) cells treated with compound 12 at the indicated concentrations for 24 h. Cells were 

fixed and labeled with PI and analyzed by flow cytometry as described in the Experimental 

A 

B 

C 
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Section. Data are represented as mean of two independent experiments ± SEM. Panel C. 

Mitotic index evaluated in Hela cells with compound 12 after a 24 h treatment with 12 at the 

indicated concentrations. 

 

2.2.8 Compound 12 induces apoptosis in Hela cells  

To evaluate the mode of cell death induced by test compounds, we performed a bi-parametric 

cytofluorimetric analysis using propidium iodide (PI) and annexin-V-FITC, which stain DNA 

and phosphatidylserine (PS) residues, respectively [23, 24]. We used Hela cells to evaluate 

these effects of compound 12. As shown in Figure 8, the compound induced apoptosis in a 

time and concentration dependent manner, even at the lower concentration used (50 nM). 

 

Figure 7. Effect of compound 12 on cell cycle checkpoint proteins. HeLa cells were treated 

for 24 or 48 h with the indicated concentrations of 12. The cells were harvested and lysed for 

detection of the expression of the indicated protein by western blot analysis. To confirm equal 

protein loading, each membrane was stripped and reprobed with anti-γ-actin antibody.   
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2.2.9 Compound 12 induced mitochondrial depolarization and reactive oxygen species (ROS) 

production 

Mitochondria play an essential role in the propagation of apoptosis [25, 26]. It is well 

established that, at an early stage, apoptotic stimuli alter the mitochondrial transmembrane 

potential (∆ψmt). ∆ψmt was monitored by the fluorescence of the dye JC-1 [27]. HeLa cells 

treated with compound 12 (10-100 nM) showed a time-dependent increase in the percentage 

of cells with low ∆ψmt (Figure 9, Panel A). The depolarization of the mitochondrial membrane 

is associated with the appearance of annexin-V positivity in the treated cells when they are in 

an early apoptotic stage. In fact, the dissipation of ∆ψmt is characteristic of apoptosis and has 

been observed with both microtubule stabilizing and destabilizing agents, including other 7-

PPyQ derivatives, in different cell types [28-31]. It is well known that mitochondrial 

membrane depolarization is associated with mitochondrial production of ROS [32, 33]. 

Therefore, we investigated whether ROS production increased after treatment with the test 

compounds. We utilized the fluorescence indicator 2,7-dichlorodihydrofluorescein diacetate 

(H2-DCFDA)[33]. As shown in Figure 9 (Panel B) compound 12 induced significant 

production of ROS starting after 12-24 h of treatment at 100 nM, in good agreement with the 

mitochondrial depolarization described above. 
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Figure 8. Flow cytometric analysis of apoptotic cells after treatment of HeLa (Panels A and 

B) cells with compound 12 at the indicated concentrations after incubation for 24 (A) or 48 h (B). 

The cells were harvested and labeled with annexin-V-FITC and PI and analyzed by flow 

cytometry. Dual staining for annexin-V and with PI permits discrimination between live cells 

(annexin-V-/PI-), early apoptotic cells (annexin-V+/PI-), late apoptotic cells (annexin-V+/PI+) 

and necrotic cells (annexin-V-/PI+). Data are represented as mean±SEM of three independent 

experiments. 
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Figure 9. Panel A. Assessment of mitochondrial membrane potential (∆ψmt) after treatment of 

HeLa cells with compound 12. Cells were treated with the indicated concentrations of 

compound for 6 , 12 , 24 and 48 h and then stained with the fluorescent probe JC-1 for 

analysis of mitochondrial potential. Cells were then analyzed by flow cytometry as described 

in the experimental section. Data are presented as mean±SEM of three independent 

experiments. Panel B. Assessment of ROS production after treatment of HeLa cells with 

compound 12. Cells were treated with the indicated concentrations of compound for 6, 12, 24, 

and 48 h and then stained with H2-DCFDA for the evaluation of ROS levels. Cells were then 

analyzed by flow cytometry as described in the experimental section. Data are represented as 

mean±SEM of three independent experiments. 

A 

B 
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2.2.10 Compound 12 induced caspase-3 and poly (ADP-Ribose) polymerase (PARP) 

activation and caused a decrease in the expression of anti-apoptotic proteins 

As shown in Figure 10, compound 12 in HeLa cells caused a concentration and time-

dependent increase of the cleaved fragment of caspase-3 and concomitantly the cleavage of 

PARP, confirming its pro-apoptotic activity. 

We also investigated the expression of anti-apoptotic proteins, such as Bcl-2 and Mcl-1. Bcl-2 

plays a major role in controlling apoptosis through the regulation of mitochondrial processes 

and the release of mitochondrial proapoptotic molecules that are important for the cell death 

pathway [35-37]. Our results (Figure 10) showed that the expression of the anti-apoptotic 

protein Bcl-2 was decreased starting after a 24 h treatment at both concentrations of 12 used 

(10 and 100 nM). The decrease in expression of Mcl-1 was even greater. 

Interestingly, as observed for other antimitotics, we observed after treatment with 12 a 

significant increase in the expression of the phosphohistone H2AX, a well-known marker of 

DNA damage. In this context, it is worthwhile noting that prolonged mitotic arrest may 

induce DNA damage that ultimately leads to apoptosis. 
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Figure 10. Western blot analysis of Bcl-2, Mcl-1 and PARP after treatment of HeLa cells 

with 12 at the indicated concentrations and for the indicated times. To confirm equal protein 

loading, each membrane was stripped and reprobed with anti-γ-actin antibody.   

 

2.2.11 Evaluation of the antitumor activity of compounds 12 and 15 in vivo. 

To determine the in vivo antitumor activity of 12 and 15, a syngeneic murine model was used 

[38], the BL6-B16 mouse melanoma cell line. Preliminary in vitro experiments were carried 

out to evaluate the cytotoxicity of these compounds in this cell line. The GI50 obtained after 

72 h was 10 ± 4 nM and 18 ± 6 nM, for 12 and 15, respectively.  

BL6-B16 cells were injected subcutaneously in syngeneic C57BL/6 mice. Once the tumor 

reached a measurable size (about 100 mm3), mice were randomly assigned to different 

experimental groups and treated intraperitoneally every other day with vehicle (DMSO) or 

one of the two compounds (at doses of 7.5 or 3.0 mg/kg) or with combretastatin A4 phosphate 

(CA4P) ((at 30 mg/kg) as a reference compound. 

As shown in Figure 11 (Panel A), both compounds 12 and 15 caused a similar and significant 

reduction in the growth of BL6-B16 melanoma cells at the dose of 7.5 mg/kg (60% for 12 and 
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58.4% for 15) in comparison with the vehicle-treated group. Also, at the dose of 3 mg/kg we 

observed a significant reduction of the tumor mass only for compound 12 (28.6%), whereas 

the result with compound 15 did not reach statistical significance (16.7%). Notably, treatment 

with the reference compound CA4P at 30 mg/kg caused only a small reduction in tumor 

volume (31.3 %) if compared with both doses of compound 12. From the safety/tolerability 

point of view, no significant variation in body weight occurred in animals treated with either 

12 and 15 at the higher concentration (Figure 11, panel C). 
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Figure 11. Inhibition of mouse allograft growth in vivo by compounds 12 and 15. Panel A: 

male C57BL/6 mice were injected subcutaneously at their dorsal region with 107 BL6-B16 

murine melanoma cells. Tumor-bearing mice were administered the vehicle, as control, or 7.5 and 

3.0 mg/kg of 12 and 15 or CA4P as reference compound at 30 mg/kg. Injections were given 

intraperitoneally on the days indicated by the arrows. Panel B: tumor weight registered at the end of 

the treatment. Panel C: body weight variation after treatment with CA-4P, 12 and 15. Data are 

presented as mean ± SEM of tumor volume at each time point for 5 animals per group. **p<0.01  vs. 

control.  

 

2.3 Molecular modelling 

Molecular docking studies were carried out to investigate the possible binding mode of the 

synthesized compounds with the aim of interpreting the biological data. Recently, we reported 

a study to identify the best docking protocol and the protein conformation most suitable to 

accommodate the 7-PPyQ scaffold [11]. Taking advantage of our previous findings, we 

docked derivatives: 12-15, 18 and 19. According with the previously reported 7-PPyQ 

C 
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derivatives, the most potent compounds occupy the colchicine site and establish a key 

hydrogen bond mediated by the 7-PPyQ scaffold with the polypeptide backbone with 

βVal236. In addition, the fused-ring system guarantees strong hydrophobic interactions with 

βLeu253, βAla314, and βIle368, while the aromatic substituents at position 7 establish 

hydrophobic interactions with residues βPhe167, βTyr200, and βLeu250. The substituents at 

the N-pyrrole are accommodated in the pocket formed by residues βLys350, βThr351, 

βAla314, βAla352, and βThr179. The introduction of the fluorine atom on the phenyl ring at 

position 7 seems not to affect the orientation of the ring; compounds 12, 13 and 14, 

respectively fluorinated at the ortho, meta and para position, present the same orientation as 

the reference compound 21 (Figure 1), in which the phenyl ring and the PyQ fused system are 

reciprocally orthogonal. Interestingly, when the fluorine atom is at the ortho or meta position, 

it is preferentially faced toward two distinct pocket regions: for compound 13 and 15 (meta) 

the fluorine points to residues βAsn165-βPhe167, while in 12 (ortho) it is oriented towards 

βCys299 and βLeu240. Also, in the case of fluorination of the phenyl ring at the N-pyrrole 3 

(compound 19), the binding mode is unchanged, and the fluorine atom faces toward βThr179.  

To further evaluate the geometric and energetic stability of these binding modes, all the 

docked conformations were subjected to three different MD simulations at the length of 10 ns 

each, and the RMSD as well as the MMGBSA were computed. As a reference, the non-

fluorinated compound 21 was included in similar calculations. The ligands 12-15, 19 and 21 

showed notable stability with a RMSD below 1 Å (Table SI 1). In addition, MMGBSA values 

also confirm the stability of the complexes, with values from -40.1 to -48.1 kcal/mol. 
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Figure 12. The energetically most favorable poses for all the compounds in Table 1. 

Molecular docking simulations using the protein conformation of the plinabulin complex 

(PDB ID: 5C8Y), with the carbon atoms of the synthetized compounds colored in yellow. The 

reference non-fluorinated compound 21 is rendered using pink for the carbon atoms. The 

residue atoms of the colchicine site are colored according to the subunit to which they belong: 

white for β-tubulin and magenta for α-tubulin. Hydrogen atoms are not shown. 

 

3. Conclusions 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 

 

31 

 

The monofluoro 7-PPyQ derivatives 12-14, and 19 were designed to improve the metabolic 

stability of the known parent compounds 20 and 21. To obtain more information on the 

possible impact of fluorination on the biological properties of this class of compounds, our 

library was completed with the monofluoro 7-PPyQs 15 and 18. Since fluorination might 

influence both therapeutic efficacy and target affinity [5], we evaluated the cytotoxicity of the 

newly synthesized compounds against various human tumor cell lines and their activities with 

tubulin (inhibition of assembly and of colchicine binding to tubulin). 

The fluorinated 7-PPyQ derivatives 12-15 and 19 retained high cytotoxicity, with compounds 

12, 13 and 15 at least as active as the parent compounds (GI50 values in the nano- or sub-

nanomolar range). The molecular target was confirmed, since most of the newly prepared 

compounds strongly inhibited tubulin polymerization, with 15 more inhibitory than the 

reference compound CSA-4 (IC50s of 0.38 and 0.64 µM, respectively), but CSA-4 was more 

potent than 15 as an inhibitor of colchicine binding. The 4-fluoro-phenyl derivative 14 was 

less potent than its isomeric 2- and 3-fluoro derivatives 12 and 13 in inhibiting tubulin 

assembly, and this data correlated with its lower in vitro cytotoxic activity (Table 1). Our 

docking studies suggested that the effect induced by the electron-rich fluorine in the 2-

position of 14 is unfavorable for optimal binding in the colchicine site as compared with the 

other two monofluoro analogues. In vitro experiments also showed that 12, 13 and 15 have 

only modest cytotoxic effects on primary lymphocytes, as previously observed for other 

antimitotic derivatives developed by our group [8-11]. This class of compounds is also active 

against the P-gp-expressing CEMVbl100 cell line. 

Compound 12, chosen as a representative of the fluoro-PPyQs, induced a strong G2/M cell 

cycle arrest in two human melanoma cell lines. In HeLa cells, compound 12 caused mitotic 

arrest and induced apoptosis in a time- and concentration-dependent manner, and triggered 

mitochondrial depolarization with significant production of ROS.  
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In accord with the cytotoxicity data summarized in Table 1, molecular docking studies 

suggested that the presence of a fluorine atom in different positions of the 7-PPyQ system 

does not significantly affect the binding mode of 12-15 and 19 into the colchicine site of 

tubulin. Furthermore, our results indicate the substitution of fluorine in place of hydrogen in 

the ortho, meta or para position of the 7-phenyl ring of compound 20 or in the 2-position of 

the benzoyl moiety of 21, did not lead to compounds with improved metabolic stability. 

Finally, the in vivo data showing that both 12 and 15 were effective in significantly slowing 

the growth of tumors derived from BL6-B16 melanoma cells are quite promising and suggest 

that these fluorinated 7-PPyQs deserve further investigation as potential anti-cancer drugs. 

 

4. Experimental section  

4.1 Chemistry 

Melting points were determined on a Buchi M-560 capillary melting point apparatus and are 

uncorrected. 1H and 13C NMR spectra were determined on Bruker 300 and 400 MHz 

spectrometers, with the solvents indicated; chemical shifts are reported in δ (ppm) downfield 

from tetramethylsilane as internal reference. Coupling constants are given in hertz. In the case 

of multiplets, chemical shifts were measured starting from the approximate centre. Integrals 

were satisfactorily in line with those expected based on compound structure. Mass spectra 

were obtained on a Mat 112 Varian Mat Bremen (70 eV) mass spectrometer and Applied 

Biosystems Mariner System 5220 LC/MS (nozzle potential 140 eV). Column flash 

chromatography was performed on Merck silica gel (250−400 mesh ASTM); chemical 

reactions were monitored by analytical thin-layer chromatography (TLC) on Merck silica gel 

60 F-254 glass plates. Microwave assisted reactions were performed on a CEM Discover® 

monomode reactor with a built-in infrared sensor assisted-temperature monitoring and 

automatic power control; all reactions were performed in closed devices under pressure 
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control. Solutions were concentrated on a rotary evaporator under reduced pressure. The 

purity of new tested compounds was checked by HPLC using the instrument HPLC VARIAN 

ProStar model 210, with detector DAD VARIAN ProStar 335. The analysis was performed 

with a flow of 1 mL/min, a C-18 column of dimensions 250 mm X 4.6 mm, a particle size of 

5 mm, and a loop of 10 mL. The detector was set at 300 nm. The mobile phase consisted of 

phase A (Milli-Q H2O, 18.0 MU, TFA 0.05%) and phase B (95% MeCN, 5% phase A). 

Gradient elution was performed as follows: 0 min, % B = 10; 0 and 20 min, % B = 90; 25 

min, % ; B = 90; 26 min, % B = 10; 31 min, % B = 10. 

Starting materials were purchased from Sigma-Aldrich and Alfa Aesar, and solvents were 

from Carlo Erba, Fluka and Lab-Scan. DMSO was made anhydrous by distillation under 

vacuum and stored on molecular sieves. 

 

4.1.1 1-Ethyl-5-nitro-1H-indole (1).  

Into a two-necked 100 mL round-bottomed flask, 0.666 g (27.75 mmol) of NaH, 60% 

dispersion in mineral oil, was placed and washed with toluene (3 × 10 mL). With stirring, a 

solution of commercial 5-nitroindole, 1,500 g (9.25 mmol) in 5 mL of anhydrous DMF was 

dropped into the flask, and the initial yellow color changed to red with the formation of H2 

gas. After 40 min at room temperature, the mixture was cooled to 0 °C, and 2.00 mL (26.61 

mmol, d=1.46 g/mL) of bromoethane was dropped into the flask, followed by 0.050 g of NaI. 

The reaction was monitored by TLC analysis (eluent toluene/n-hexane/ethyl acetate, 1:1:1). 

At the end of the reaction, 25 mL of water was added, and the solvent was evaporated under 

reduced pressure, leaving a residue, which was extracted with ethyl acetate (3 × 30 mL). The 

organic phase, washed with water, brine, and dried over anhydrous Na2SO4, was concentrated 

under vacuum giving 1.69 g of a yellow solid. Yield: 99%; Rf: 0.63 (toluene/n-hexane/ethyl 

acetate, 1:1:1); mp = 94 °C; 1H NMR (300 MHz, DMSO-d6): δ 7.74 (d, J = 2.1 Hz, 1H, H-4), 
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7.20 (dd, J = 9.0, 2.1 Hz, 1H, H-6), 6.87 (m, 2H, H-7 e H-3), 5.93 (d, J = 3.3 Hz, 1H, H-2), 

3.47 (q, J = 7.1 Hz, 2H, CH2), 0.55 (t, J = 7.1 Hz, 3H, CH3), ppm; HRMS (ESI-MS, 140 eV): 

m/z [M+H] + calculated for C10H11N2O2
+ , 191.2035; found, 191.1859. 

 

4.1.2 (5-Nitro-1H-indol-1-yl)(phenyl)methanone (2). 

Into a 50 mL round-bottomed flask, a solution of 5-nitroindole 0.500 g (3.08 mmol, 1 eq.) in 

20 mL of CH2Cl2 was treated with DMAP (0.692 g, 6.17 mmol, 2 eq.) and pyridine (0.500 

mL, 6.17 mmol, 2 eq.). The mixture was cooled to 0 °C, and a solution of benzoyl chloride in 

CH2Cl2 (0.716 mL, 6.17 mmol, 2 eq.) was dropped into the flask. The reaction mixture was 

stirred at room temperature for 24 h. The reaction was monitored by TLC analysis (eluent 

CH2Cl2/petroleum ether/EtOAc, 3:6,5:0,5). At the end, the reaction was quenched by adding a 

solution of HCl 0.5 M, and the aqueous phase was extracted with CH2Cl2 (3 x 50 mL). The 

combined organic extracts were dried over MgSO4, concentrated under vacuum, dissolved in 

a mixture of CH2Cl2/petroleum ether/EtOAc, 3:6.5:0.5 and filtered through SiO2 giving a 

pale-yellow solid (0.443 g, 1.67 mmol, 54%). Yield = 54%; Rf: 0.61 (eluent 

CH2Cl2/petroleum ether/EtOAc, 3:6,5:0,5); mp = 312 °C; 1H NMR (300 MHz, CDCl3) δ 8.53 

(d, J = 2.2 Hz, 1H, H-4), 8.49 (d, J = 9.1 Hz, 1H, H-7), 8.27 (dd, J = 9.1, 2.3 Hz, 1H, H-6), 

7.80 – 7.73 (m, 2H, H-2’ and H-6’), 7.67 (ddd, J = 6.6, 3.9, 1.4 Hz, 1H, H-4’), 7.57 (ddd, J = 

6.6, 4.5, 1.3 Hz, 2H, H-3’ and H-5’), 7.50 (d, J = 3.8 Hz, 1H, H-2), 6.77 (dd, J = 3.8, 0.5 Hz, 

1H, H-3) ppm; HRMS (ESI-MS, 140 eV): m/z [M+H] + calculated for C15H11N2O3
+ , 

267.0764; found, 267.0745. 

 

4.1.3 (2-fluorophenyl)(5-nitro-1H-indol-1-yl)methanone (3). 

Into a 50 mL round-bottomed flask, a solution of 5-nitroindole 0.500 g (3.08 mmol, 1 eq.) in 

20 mL of CH2Cl2 was treated with DMAP (0.692 g, 6.17 mmol, 2 eq.) and pyridine (0.500 
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mL, 6.17 mmol, 2 eq.). The mixture was cooled to 0 °C, and a solution of 2-fluoro-benzoyl 

chloride (17) in CH2Cl2 (0.978 g, 6.17 mmol, 2 eq.) was dropped into the flask. The reaction 

mixture was stirred at room temperature for 24 h. The reaction was monitored by TLC 

analysis (eluent CH2Cl2/petroleum ether/EtOAc, 3:6.5:0.5). At the end, the reaction was 

quenched by adding a solution of HCl 0.5 M and the aqueous phase was extracted with 

CH2Cl2 (3 x 50 mL). The combined organic extracts were dried over MgSO4, concentrated 

under vacuum, dissolved in a mixture of CH2Cl2/petroleum ether/EtOAc, 3:6.5:0.5 and 

filtered through SiO2 giving a yellow solid (0.543 g, 1.90 mmol, 62%). Yield = 62%; Rf: 0.61 

(eluent CH2Cl2/petroleum ether/EtOAc, 3:6.5:0.5); mp = 326 °C ; 1H NMR (300 MHz, 

CDCl3) δ 8.71 (dd, J = 2.0, 1.9 Hz, 1H), 8.24 (dd, J = 8.8, 1.9 Hz, 1H), 7.99 (m, J = 8.8, 0.5 

Hz, 1H), 7.82 (m, J = 8.7 Hz, 1H), 7.73 (m, J = 8.1, 1.5, Hz, 1H), 7.51 (m, J = 8.3, 7.4 Hz, 

1H), 7.44 (m, J = 8.3, 1.3 Hz, 1H), 7.32 (dd, J = 8.1, 7.4, 1H), 6.88 (m, J = 8.7, 2.0 Hz, 1H) 

ppm; HRMS (ESI-MS, 140 eV): m/z [M+H] + calculated for C15H10FN2O3
+ , 285.0670; found, 

285.0618. 

 

4.1.4 1-Ethyl-1H-indol-5-amine (4). 

Into a two-necked flask, previously dried in an oven, about 0.300 g of Pd/C 10% and 

approximately 50 mL of ethyl acetate were placed. After connecting the flask to an elastomer 

balloon containing hydrogen gas, the mixture was stirred at room temperature for 1 h in order 

to saturate the suspension of Pd/C with hydrogen. Then, 1.69 g (8.90 mmol) of compound 1 in 

15 mL of ethyl acetate was added dropwise to the suspension, and the mixture was stirred 

under hydrogen at atmospheric pressure and heated by means of an oil bath at 50-60 °C while 

monitoring the progress of the reaction by TLC analysis (ethyl acetate/toluene/n-hexane, 

1:1:1). At the end of the reaction, the mixture was filtered through a celite pad, and the 

solution was concentrated under vacuum to give 1.40 g of amine as a dark liquid. Yield: 
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98.2%; Rf: 0.28 (toluene/n-hexane/ethyl acetate, 1:1:1); 1H NMR (300 MHz, DMSO-d6): δ 

7.16 (m, 2H, H-3 e H-7), 6.69 (d, J = 2.28 Hz, 1H, H-4), 6.54 (dd, J = 8.5, 2.28 Hz, 1H, H-6), 

6.15 (d, J = 3.05 Hz, 1H, H-2), 4.48 (s br, 2H, NH2), 4.06 (q, J = 7.3 Hz, 2H, CH2), 1.55 (t, J = 

7.3 Hz, 3H, CH3) ppm; HRMS (ESI-MS, 140 eV): m/z [M+H] + calculated for C10H13N2
+, 

161.2231; found, 161.1593. 

 

4.1.5 (5-Amino-1H-indol-1-yl)(phenyl)methanone (5). 

Into a 50 mL round-bottomed flask, 1-benzoyl-5-nitroindole 0.443 g (1.67 mmol) was 

dissolved in 30 mL of EtOAc. Pt/C catalyst (65 mg, 15% p/p) was added under N2 

atmosphere, and then the mixture was treated with H2 for 75 min at room temperature. The 

catalyst was removed by filtration on a celite pad, and the solution was concentrated under 

vacuum. The product was purified by silica gel chromatographic column (eluent 

CH2Cl2/EtOAc, 9:1), yielding 0.331 g of a pure yellow solid. Yield = 84%; Rf: 0.43 (eluent 

CH2Cl2/EtOAc, 9:1); mp = 252 °C; 1H NMR (300 MHz, CDCl3) δ 8.12 (d, J = 8.7 Hz, 1H, H-

7), 7.66 – 7.58 (m, 2H, H-2’ and H-6’), 7.52 – 7.38 (m, 3H, H-3’, H-4’ and H-5’), 7.11 (d, J = 

3.7 Hz, 1H, H-2), 6.85 – 6.80 (m, 1H, H-3), 6.72 (dd, J = 8.7, 2.2 Hz, 1H, H-6), 6.38 (dd, J = 

3.7, 0.6 Hz, 1H, H-3), 3.06 (s, 2H, NH2) ppm; HRMS (ESI-MS, 140 eV): m/z [M+H] + 

calculated for C15H13N2O
+, 237.1022; found, 237.1043. 

 

4.1.6 (5-Amino-1H-indol-1-yl)(2-fluorophenyl)methanone (6). 

Into a 50 mL round-bottomed flask, 0.375 g of compound 3 (1.32 mmol) were dissolved in 25 

mL of EtOAc. Pt/C catalyst (60 mg, 15% p/p) was added under N2 atmosphere, and then the 

mixture was treated with H2 for 75 min at room temperature. The catalyst was removed by 

filtration on a celite pad, and the solution was concentrated under vacuum. The product was 

purified by silica gel chromatographic column (eluent CH2Cl2/EtOAc, 9:1), yielding 0.293 g 
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of a solid. Yield = 87%; Rf: 0.40 (eluent CH2Cl2/EtOAc, 9:1); mp = 265 °C; 1H NMR (300 

MHz, CDCl3) δ 7.84 (m, J = 8.1, 1.5 Hz, 1H), 7.56 (dd, J = 8.3, 7.4 Hz, 1H), 7.63 (dt, J = 8.2, 

0.5 Hz, 1H), 7.42 (m, J = 8.3, 1.4 Hz, 1H), 7.44 (m, J = 8.3, 0.4 Hz, 1H), 7.33 (dd, J = 8.1, 7.4 

Hz, 1H), 7.30 (m, J = 1.9, 0.4 Hz, 1H), 6.52 (m, J = 8.2, 2.0 Hz, 1H), 6.33 (dd, J = 8.3, 1.9 

Hz, 1H), 3.01 (s, 2H, NH2) ppm; HRMS (ESI-MS, 140 eV): m/z [M+H] + calculated for 

C15H12FN2O
+, 255.0928; found, 255.0912. 

 

4.1.7 General procedure for the synthesis of acrylate derivatives 7-11. As a typical procedure, 

the synthesis of acrylate derivative 7 is described in detail. In a 100 mL round-bottomed flask, 

0.700 g (4.37 mmol) of 3-ethyl aminoindole 4 were dissolved in 10 mL of absolute ethanol. 

0.5 mL of glacial acetic acid, 0.100 g of drierite and 1.84 g (8.74 mmol) of ethyl 3-(2-

fluorophenyl)-3-oxopropanoate dissolved in 2 mL of absolute ethanol were added to the 

solution. The mixture was refluxed for about 48 h, the reaction being monitored by TLC 

analysis (n-hexane/ethyl acetate, 1:1). At the end of the reaction, the mixture was cooled and 

filtered to remove the drierite; the resulting solution was evaporated to dryness under vacuum 

and the residue (2.47 g) purified by silica gel chromatography (d = 3 cm, l = 35 cm, 230−400 

mesh, eluent n-hexane/ethyl acetate, 1:1) to yield 1.01 g of a brown solid.  

(E,Z)-Ethyl 3-(1-ethyl-1H-indol-5-ylamino)-3-(2-fluorophenyl)acrylate (7).  

Yield: 63%; Rf: 0.47 (n-hexane/ethyl acetate, 1:1); mp = 419 °C; 1H NMR (400 MHz, 

DMSO-d6): δ 10.72 (s, 1H, NH), 7.58 (m, J = 7.84, 5.37, 1.35 Hz, 1H, H-6’), 7.44 (m, J = 

8.31, 7.41, 1.35 Hz, 1H, H-5’), 7.37 (d, J = 9.08 Hz, 1H, H-7), 7.30 (d, J = 3.15 Hz, 1H, H-2), 

7.23 (m, J = 7.84, 7.41, 1.38 Hz, 1H, H-4’), 6.95 (m, J = 8.29, 5.31, 1.57, 1H, H-3’), 6.94 (m, J 

= 2.08 Hz, 1H, H-4), 6.65 (dd, J = 8.71, 2.08 Hz, 1H, H-6), 6.27 (dd, J = 3.19, 0.69 Hz, 1H, 

H-3), 4.83 (s, 1H, CHCOOCH2CH3), 4.16 (q, J = 6.92 Hz, 2H, COOCH2CH3), 3.84 (q, J = 

7.64 Hz, 2H, NCH2CH3), 1.25 (t, J = 6.92 Hz, 3H, COOCH2CH3), 1.13 (t, J = 7.67 Hz, 3H, 
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NCH2CH3), ppm; HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated for C21H22FN2O2
+, 

353.1660; found, 353.1688. 

(E,Z)-Ethyl 3-(1-ethyl-1H-indol-5-ylamino)-3-(3-fluorophenyl)acrylate (8).  

Compound 8 was prepared as for compound 7 by reacting 1.84 g (8.74 mmol) of ethyl 3-(3-

fluorophenyl)-3-oxopropanoate with 0.700 g (4.37 mmol) of previously prepared compound 

4, yielding 2.76 g of crude product, which was purified by silica gel column chromatography 

(d = 3 cm, l = 35 cm, 230−400 mesh, eluent n-hexane/ethyl acetate, 1:1) to yield 1.07 g of a 

brown liquid. Yield: 67%; Rf: 0.47 (n-hexane/ethyl acetate, 1:1); 1H NMR (400 MHz, 

DMSO-d6): δ 10.68 (s, 1H, NH), 7.46 (m, J = 7.75, 1.52 Hz, 1H, H-6’), 7.44 (m, J = 8.21, 

7.73, 1H, H-5’), 7.37 (d, J = 9.08 Hz, 1H, H-7), 7.30 (d, J = 3.15 Hz, 1H, H-2), 7.19 (m, 1H, 

H-2’), 7.14 (m, 1H, H-4’), 6.94 (m, J = 2.08 Hz, 1H, H-4), 6.65 (dd, J = 8.71, 2.08 Hz, 1H, H-

6), 6.23 (dd, J = 3.19, 0.69 Hz, 1H, H-3), 4.89 (s, 1H, CHCOOCH2CH3), 4.12 (q, J = 6.92 Hz, 

2H, COOCH2CH3), 3.83 (q, J = 7.64 Hz, 2H, NCH2CH3), 1.25 (t, J = 6.92 Hz, 3H, 

COOCH2CH3), 1.18 (t, J = 7.67 Hz, 3H, NCH2CH3) ppm; HRMS (ESI-MS, 140 eV):  m/z 

[M+H] + calculated for C21H22FN2O2
+, 353.1660; found, 353.1645. 

(E,Z)-Ethyl 3-(1-ethyl-1H-indol-5-ylamino)-3-(4-fluorophenyl)acrylate (9). 

Compound 9 was prepared as for compound 7 by reacting 1.84 g (8.74 mmol) of ethyl 3-(4-

fluorophenyl)-3-oxopropanoate with 0.700 g (4.37 mmol) of previously prepared compound 

4, yielding 2.60 g of crude product, which was purified by silica gel column chromatography 

(d = 3 cm, l = 35 cm, 230−400 mesh, eluent n-hexane/ethyl acetate, 1:1) to yield 1.12 g of a 

yellow liquid. Yield: 70%; Rf: 0.69 (n-hexane/ethyl acetate, 1:1); 1H NMR (400 MHz, 

DMSO-d6): δ 10.44 (s, 1H, NH), 7.97 (m, J = 5.65, 3.27, 2H, H-2’ and H-6’), 7.44 (m, J = 

8.90, 3.25, 2.20 Hz, 2H, H-3’ and H-5’), 7.35 (d, J = 9.08 Hz, 1H, H-7), 7.29 (d, J = 3.15 Hz, 

1H, H-2), 6.98 (m, J = 2.08 Hz, 1H, H-4), 6.66 (dd, J = 8.71, 2.08 Hz, 1H, H-6), 6.28 (dd, J = 

3.19, 0.69 Hz, 1H, H-3), 4.85 (s, 1H, CHCOOCH2CH3), 4.14 (q, J = 6.92 Hz, 2H, 
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COOCH2CH3), 3.76 (q, J = 7.64 Hz, 2H, NCH2CH3), 1.24 (t, J = 6.92 Hz, 3H, COOCH2CH3), 

1.14 (t, J = 7.67 Hz, 3H, NCH2CH3) ppm; HRMS (ESI-MS, 140 eV): m/z [M+H] + calculated 

for C21H22FN2O2
+, 353.1660; found, 353.1656. 

(E,Z)-Ethyl-3-[(1-benzoylindol-5-ylamino]-3-(3-fluorophenyl)prop-2-enoate (10). 

Compound 10 was prepared as for compound 7 by reacting 0.660 mL (3.66 mmol) of ethyl 3-

(3-fluorophenyl)-3-oxopropanoate with 0.864 g (3.66 mmol) of previously prepared 

compound 5, yielding 1.85 g of crude product, which was purified by silica gel column 

chromatography (d = 3 cm, l = 35 cm, 230−400 mesh, eluent petroleum ether/acetone 85:15) 

to yield 0.540 g of a yellow solid. Yield: 35%; Rf: 0.69 (eluent petroleum ether/acetone 

85:15); mp = 396 °C; 1H NMR (300 MHz, DMSO) δ 10.23 (s, 1H, NH), 8.06 (d, J = 8.8 Hz, 

1H, H-7), 7.70 (m, 2H, H-2’’ and H-6’’), 7.65 (dt, J = 2.8, 2.0 Hz, 1H, H-4’), 7.60 – 7.52 (m, 

2H, H-3’’ and H-5’’), 7.40 – 7.31 (m, 1H, H-2’), 7.29 (d, J = 3.8 Hz, 1H, H-4), 7.24 – 7.15 (m, 

3H, H-4’’, H-5’ and H-6’), 7.07 (d, J = 2.1 Hz, 1H, H-2), 6.84 (dd, J = 8.8, 2.2 Hz, 1H, H-6), 

6.56 (d, J = 3.4 Hz, 1H, H-3), 5.00 (s, 1H, CHCOOCH2CH3), 4.15 (q, J = 7.1 Hz, 2H, 

COOCH2CH3), 1.24 (t, J = 7.1 Hz, 3H, COOCH2CH3) ppm; HRMS (ESI-MS, 140 eV): m/z 

[M+H] + calculated for C26H22FN2O3
+, 429.1605; found, 429.1612. 

(E,Z)-Ethyl-3-[(2-fluoro-1-benzoylindol-5-ylamino]-3-phenyl-prop-2-enoate (11). 

Compound 11 was prepared as for compound 7 by reacting 0.869 mL (5.11 mmol) of ethyl-

benzoyl-acetate with 0.866 g (3.41 mmol) of previously prepared compound 6, yielding 1.65 

g of crude product, which was purified by silica gel column chromatography (d = 3 cm, l = 35 

cm, 230−400 mesh, eluent petroleum ether/acetone 85:15) to yield 0.456 g of a yellow solid. 

Yield: 31%; Rf: 0.77 (eluent petroleum ether/acetone 90:10); mp = 409 °C; 1H NMR (300 

MHz, DMSO) δ 10.29 (s, 1H, NH), 8.01 (d, J = 8.1 Hz, 1H, H-7), 7.65 (m, 2H, H-2’ and H-

6’), 7.57 (dt, J = 2.8, 2.0 Hz, 1H, H-4’’), 7.60 – 7.58 (m, 2H, H-3’ and H-5’), 7.40 – 7.38 (m, 

1H, H-2’’), 7.28 (d, J = 3.2 Hz, 1H, H-4), 7.23 – 7.10 (m, 3H, H-4’, H-5’’ and H-6’’), 7.02 (d, J 
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= 2.1 Hz, 1H, H-2), 6.80 (dd, J = 8.8, 2.21 Hz, 1H, H-6), 6.66 (d, J = 3.3 Hz, 1H, H-3), 5.02 

(s, 1H, CHCOOCH2CH3), 4.12 (q, J = 7.0 Hz, 2H, COOCH2CH3), 1.26 (t, J = 7.0 Hz, 3H, 

COOCH2CH3) ppm; HRMS (ESI-MS, 140 eV): m/z [M+H] + calculated for C26H22FN2O3
+, 

429.1609; found, 429.1626. 

 

4.1.8 General procedure for the synthesis of phenylpyrroloquinolinones (12-15). 

As a typical procedure, the synthesis of the phenylpyrroloquinolinone derivative 12 is 

described in detail. In a two-necked round-bottomed flask, 7 mL of diphenyl ether was heated 

to boiling. 1.03 g (2.8 mmol) of acrylate derivative 7 was then added, and the resulting 

mixture was refluxed for 15 min. After cooling to room temperature, 20 mL of diethyl ether 

was added, and the mixture was left for 12 h. Then the separated precipitate was collected by 

filtration and washed many times with diethyl ether. The crude product (0.530 g) was purified 

by flash column chromatography (eluent chloroform/methanol, 9:1), obtaining 0.220 g of 

final pure compound. 

3-Ethyl-7-(2-fluorophenyl)-3H-pyrrolo[3,2-f]quinolin-9(6H)-one (12).  

Yield: 26%; Rf: 0.53 (light blue fluorescent spot, chloroform/methanol 9:1); mp = 301 °C; 1H 

NMR (400 MHz, DMSO-d6) δ 11.64 (s, 1H, NH), 7.93 (d, J = 9.06 Hz, 1H, H-4), 7.90 – 7.85 

(m, 2H, H-1 and H-6’), 7.69 – 7.51 (m, 4H, H-2, H-3’, H-5’ and H-5), 7.51 (m, 1H, H-4’), 6.39 

(s, 1H, H-8), 4.32 (q, J = 6.51 Hz, 2H, NCH2CH3), 1.41 (t, J = 6.51 Hz, 3H, NCH2CH3) ppm; 

13C NMR (101 MHz, DMSO-d6) δ 178.38 ppm (C-9), 154.54 (C-6), 141.98 (d, J=246.83 Hz, 

C-2’), 133.12 (d, J=21.52 Hz, C-1’), 132.26 (C-3a), 131.85 (C-7), 131.42 (C-5a), 130.75 (C-

2), 129.78 (d J=20.97 Hz, C-3’ and C-5’), 129.36 (d, J=3.24 Hz, C-4’), 128.90 (d, J=7.94 Hz, 

C-6’), 128.14 (C-9b), 118.46 (C-9a), 116.49 (C-4), 116.27 (C-5), 109.03 (C-8), 104.52 (C-1), 

41.38 (NCH2CH3), 16.74 (NCH2CH3) ppm; IR (KBr): ν= 3422.38 (NH), 3022 (aromatic C-

H), 2901.12 (aliphatic C-H), 1608.38 (C=O), 1509.10 (C=C), 1228.67 (C-F) cm-1; UV-Vis 
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(H2O): 273 nm (A = 0.473 mAU), 342 nm (A = 0.297 mAU); fluorescence (H2O): λexc = 342 

nm, λems = 484.02 nm; ESI-MS: m/z [M+H] ⁺ calculated for C19H16FN2O
+ , 307.1241; found, 

307.1287; RP-C18 HPLC: tR = 13.27 min, 95.07% 

3-Ethyl-7-(3-fluorophenyl)-3H-pyrrolo[3,2-f]quinolin-9(6H)-one (13). 

Compound 13 was prepared as described for compound 12 by reacting 1.07 g (2.92 mmol) of 

the appropriate phenyl-acrylate derivative 8 to yield 0.836 g of a raw solid, which was 

purified by flash column chromatography (eluent chloroform/methanol, 9:1) to yield 0.332 g 

of final compound. Yield: 37%; Rf: 0.53 (light blue fluorescent spot, chloroform/methanol, 

9:1); mp = 303 °C; 1H NMR (400 MHz, DMSO-d6) δ 8.00 (dd, J=9.35 Hz and J=0.70 Hz, 1H, 

H-4), 7.67 (dd, J=2.92 Hz and J=0.72 Hz, 1H, H-1), 7.59 (d, J=9.35 Hz, 1H, H-5), 7.57 (m, 

5H, H-2’, H-4’, H-5’, H-6’), 7.57 (m, 1H, H-2), 6.04 (s, 1H, H-8), 4.37 (q, J=7.20 Hz, 2H, 

NCH2CH3), 1.42 (t, J=7.20 Hz, 3H, NCH2CH3) ppm; 13C NMR (101MHz, DMSO-d6) δ: 

178.25 (C-9), 163.27 (d, J=247.72 Hz, C-3’), 137.97 (C-3a), 135.83 (C-5a), 131.92 (d, J=7.93 

Hz, C-1’), 131.43 (C-7), 129.69 (d, J= 3.14 Hz, C-4’), 128.61 (d, J=21.24 Hz, C-2’ and C-6’), 

124.36 (C-2 and C-9b), 123.85 (d, J=7.36 Hz, C-5’), 118.59 (C-9a), 116.42 (C-4), 113.78 (C-

8), 108.67 (C-5), 104.68 (C-1), 41.50 (NCH2CH3), 16.82 (NCH2CH3) ppm; IR (KBr): ν= 

3427.83 (NH), 3027 (aromatic C-H), 2928.07 (aliphatic C-H), 1602.79 (C=O), 1508.25 

(C=C), 1222.76 (C-F) cm-1; UV-Vis (H2O): 273 nm (A = 0.326 mAU), 344 nm (A = 0.202 

mAU); fluorescence (H2O): λexc = 344 nm, λems = 492.98 nm; ESI-MS: m/z [M+H] ⁺ calculated 

for C19H16FN2O
+ , 307.1241; found, 307.1264; RP-C18 HPLC: tR = 13.15 min, 96.25%. 

3-Ethyl-7-(4-fluorophenyl)-3H-pyrrolo[3,2-f]quinolin-9(6H)-one (14). 

Compound 14 was prepared as described for compound 12 by reacting 1.12 g (3.05 mmol) of 

the appropriate phenylacrylate derivative 9 to yield 0.340 g of a raw solid that was purified by 

flash column chromatography (eluent chloroform/methanol, 9:1) to yield 0.320 g of final 

compound. Yield: 39%; Rf: 0.59 (light blue fluorescent spot, chloroform/methanol, 9:1); mp = 
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308 °C; 1H NMR (400 MHz, DMSO-d6) δ 11.66 (s, 1H, NH), 7.93 (m, J = 5.46, 3.24 Hz, 2H, 

H-2’ and H-6’), 7.90 (d, J=8.96 Hz, 1H, H-4), 7.57 (d, J = 8.92 Hz, 1H, H-5), 7.52 (d, J = 2.66 

Hz, 1H, H-1), 7.50 (d, J = 2.82 Hz, 1H, H-2), 7.42 (m, J = 8.86, 3.19, 2.19 Hz, 2H, H-3’ and 

H-5’), 6.47 (s, 1H, H-8), 4.32 (q, J = 7.21 Hz, 2H, NCH2CH3), 1.41 (t, J = 7.22 Hz, 3H, 

NCH2CH3) ppm; 13C NMR (101 MHz, DMSO-d6) δ 178.69 (C-9), 163.97 (d, J=247.32 Hz, 

C-4’), 147.32 (C-7), 137.21 (C-5a), 131.91 (C-3a), 130.51 (d, J=8.63 Hz, C-2’ and C-6’), 

128.91 (C-2), 123.90 (C-9a and C-9b), 118.74 (d, J=2.31 Hz, C-1’), 116.73 (d, J=21.80 Hz, C-

3’ and C-5’), 116.33 (C-4), 113.13 (C-5), 109.02 (C-8), 104.59 (C-1), 41.43 (NCH2CH3), 

16.78 (NCH2CH3) ppm; IR (KBr): ν= 3422.31 (NH), 3078 (aliphatic C-H), 2930.57 (aliphatic 

C-H), 1609.22 (C=O), 1508.23 (C=C), 1220.20 cm-1 (C-F); UV-Vis (H2O): 269 nm (A = 

0.248 mAU), 352.97 nm (A = 0.165 mAU); fluorescence (H2O): λexc = 352.97 nm, λems = 

484.02 nm; HRMS (ESI-MS, 140 eV): m/z [M+H] + calculated for  C19H16FN2O
+ , 307.1241; 

found, 307.1272; RP-C18 HPLC: tR = 12.95 min, 97.05%. 

3-Benzoyl-7-(3-fluorophenyl)-6H-pyrrolo[3,2-f]quinolin-9-one (15).  

Compound 15 was prepared as described for compound 12 by reacting 0.150g (3.05 mmol) of 

the appropriate phenyl-acrylate derivative 10 to yield 0.080 g of final compound. Yield: 56%; 

Rf: 0.59 (light blue fluorescent spot, chloroform/methanol, 9:1); mp = 329 °C; 1H NMR (300 

MHz, DMSO) δ 6.51 (s, 1H, H-8), 7.43 (t, J = 8.5 Hz, 1H), 7.52 (d, J = 3.6 Hz, 1H), 7.68 – 

7.60 (m, 3H, H-3’, H-4’ and H-5’) 7.87 – 7.70 (m, 7H, H-2’, H-6’, ), 8.61 (d, J = 9.1 Hz, 1H, 

H-4), 11.90 (s, 1H, NH) ppm; 13C NMR (101 MHz, DMSO-d6) δ 179.80 (CO), 165.20 

(NCO), 163.04 (d, J=248.16 Hz, C-3’), 135.57 (C-3a), 135.12 (C-5a), 133.65 (C-7), 130.64 

(C-4’’), 130.12 (d, J=7.91 Hz, C-1’), 129.99 (d, J= 3.28 Hz, C-4’), 129.96 (C-3’’ and C-5’’), 

128.11 (d, J=21.24 Hz, C-2’ and C-6’), 127.64 (C-2’’ and C-6’’), 124.19 (C-2 and C-9b), 

124.02 (d, J=7.32 Hz, C-5’), 120.45 (C-4), 120.14 (C-9a), 117.02 (C-5), 110.41 (C-1), 107.03 
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(C-8) ppm; UV-Vis (H2O): 275 nm (A = 0.568 mAU); fluorescence (H2O): λexc = 275 nm, 

λems = 541 nm; HRMS (ESI-MS, 140 eV): m/z [M+H]+ calculated for  C24H16FN2O2
+ , 

383.1190; found, 383.1175; RP-C18 HPLC: tR = 20.50 min, 95.62%. 

 

4.1.8 2-Fluorobenzoyl chloride (17).  

2.0 g of 2-fluorobenzoic acid (14.27 mmol) was placed in a 50 mL round-bottomed flask, and 

7 mL of thionyl chloride was added. The mixture was refluxed at 80 °C for 2 h and 

concentrated under reduced pressure, and the residue was co-evaporated with toluene (10 mL) 

3 times to obtain 0.910 g of a yellow oil. The compound was used for the next step without 

further purification. Yield = 40%; 1H NMR signals were compatible with data reported in the 

literature. 

Synthesis of 7-phenyl-3H-pyrrolo[3,2-f]quinolin-9-yl 2-fluorobenzoate (18) and 3-(2-

fluorobenzoyl)-7-phenyl-6H-pyrrolo[3,2-f]quinolin-9-one (19). 

Into a two-necked 50 mL round-bottomed flask, 0.060 g (2.54 mmol, 3 eq.) of NaH, 60% 

dispersion in mineral oil, was placed and washed with toluene (3 x 10 mL). With stirring, a 

solution of 7-phenyl- 3H,6H-pyrrolo[3,2-f]quinolin-9-one (16), (prepared as previously 

reported in [7]), 0.220 g (0.85 mmol, 1 eq.) in 7 mL of anhydrous DMF, was dropped into the 

flask. After 40 min at room temperature, a solution of 2-fluorobenzoyl chloride, 0.40 g (2.54 

mmol, 3 eq.) in 2 mL dry DMF, was added, and the reaction mixture was stirred for 2 h. The 

reaction was monitored by TLC analysis (eluent chloroform/methanol, 9:1). At the end of the 

reaction, 25 mL of water was added, and the reaction mixture was extracted with EtOAc (3 x 

50 mL). The combined organic phases were washed with water and brine, dried over 

anhydrous Na2SO4 and concentrated under vacuum to yield a crude brown solid (1.44 g). This 

crude product was purified with flash column chromatography (chloroform/methanol, 9:1), 

yielding 0.236 g of compound 18 and 0.070 g of desired compound 19. Compound 18: yield 
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78%; Rf: 0.70 (light blue fluorescent spot, chloroform/methanol, 9:1); mp = 324 °C; 1H NMR 

(400 MHz, DMSO-d6) δ 11.90 (s, 1H, NH), 8.46 (t, J=6.86 Hz, 1H, H-4), 8.34 (m, 1H, H-6’’), 

8.17 (d, J=9.19 Hz, 1H, H-5), 8.02 (m, 2H, H-2’ and H-6’), 7.86 (d, J=3.21 Hz, 1H, H-2), 7.75 

- 7.85 (m, 3H, H-3’’, H-4’’ and H-5’’), 7.71 (m, 2H, H-3’ and H-5’), 7.70 (m, 1H, H-4’), 7.67 

(s, 1H, H-8), 7.42 (dd, J=2.99 Hz and J=0.65 Hz, 1H, H-1) ppm; 13C NMR (101 MHz, 

DMSO-d6) δ 176.63 (CO), 169.98 (C-9), 164.62 (d, J=245.27 Hz, C-2’’), 151.15 (C-7), 

138.72 (d, J=21.62 Hz, C-1’’), 137.87 (C-5a), 133.62 (d, J=7.82 Hz, C-4’’), 132.61 (C-1’), 

132.58 (C-3a), 132.12 (C-4’), 131.44 (d, J=7.47 Hz, C-6’’), 130.95 (C-2), 129.94 (d, J=2.61 

Hz, C-5’’), 129.83 (C-3’ and C-5’), 129.05 (C-2’ and C-6’), 120.68 (C-9b), 120.13 (C-4), 

118.24 (d, J=21.82 Hz, C-3’’), 114.10 (C-9a), 113.22 (C-5), 105.40 (C-1), 105.19 (C-8) ppm; 

IR (KBr): ν= 3301 cm-1 (NH), 3024.54 cm-1 (aromatic C-H), 2961.89 cm-1 (aliphatic C-H), 

1458.09 cm-1 (C=C), 1736.10cm-1 (COO), 1239.51cm-1 (C-F); UV-Vis (H2O): 269 nm (A = 

0.640), 376 nm (A = 0.393); fluorescence (H2O): λexc = 376 nm, λem = 473.93 nm; HRMS 

(ESI-MS, 140 eV): m/z [M+H]+ calculated for C24H16FN2O2
+, 383.119; found, 383.1261; RP-

C18 HPLC: tR = 15.44 min, 98 %; Compound 19: yield: 22%; Rf: 0.60 (light blue fluorescent 

spot, chloroform/methanol, 9:1); mp = 163°C; 1H NMR (400 MHz, DMSO-d6) δ 11.95 (m, 

1H, NH), 8.65 (d, J = 9.12 Hz, 1H, H-4), 7.87 (m, 2H, H-2’ and H-6’), 7.86 (m, 1H, H-5’’), 

7.82 (m, J = 2.95 Hz, 1H, H-2), 7.80 (m, J = 2.84 Hz, 1H, H-1), 7.74 (m, 1H, H-4’), 7.60 (m, 

2H, H-3’ and H-5’), 7.50 (d, J = 9.12 Hz, 1H, H-5), 7.46 (m, 1H, H-3’’), 7.39 (m, J = 1.60 Hz, 

1H, H-6’’), 7.26 (m, 1H, H-4’’), 6.45 (s, 1H, H-8) ppm; 13C NMR (101 MHz, DMSO-d6) δ 

178.50 (CO), 164.93 (NCO), 160.27 (C-7), 158.93 (d, J=249.32, C-2’’), 149.44 (C-5a), 140.27 

(d, J=22.78 Hz, C-1’’), 139.14 (C-3a), 135.17 (d, J=8.76 Hz, C-4’’), 134.48 (C-1), 134.24 (C-

4’), 132.34 (d, J=1.30 Hz, C-5’’), 130.71 (d, J=7.82 Hz, C-6’’), 129.52 (C-3’ and C-5’), 128.51 

(C-2), 127.94 (C-2’ and C-6’), 120.54 (C-9b), 120.54 (C-4), 119.84 (C-9a), 117.25 (d, J=23.04 
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Hz, C-3’’), 116,56 (C-5), 111.16 (C-1), 109.12 (C-8) ppm; IR (KBr): ν = 3430.03 cm-1 (NH), 

3067.39 cm-1 (aromatic C-H), 2964 cm-1 (aliphatic C-H), 1687 cm-1 (C=O), 1547 cm-1 (C=C), 

1351.18 cm-1 (C-F); UV-Vis (H2O): 280 nm (A = 0.989), 346.42 nm (A = 0.803); 

fluorescence (H2O): λecc=346.42 nm, λemm=500.00 nm; HRMS (ESI-MS, 140 eV): m/z 

[M+H] + calculated for C24H16FN2O2
+, 383.119; found, 383.1261; RP-C18 HPLC: tR = 15.24 

min, 96.5 %. 

 

4.2 Biological assays 

4.2.1 Cell growth conditions and antiproliferative assay 

Human T-cell leukemia (Jurkat, DND-41, and CEM), B-cell leukemia (RS4;11) and 

promyelocytic leukemia (HL-60) cells were grown in RPMI-1640 medium (Gibco, Milano, 

Italy). Human breast adenocarcinoma (MCF-7, MDA-MB-231, MDA-MB-468), cervix 

carcinoma (HeLa), melanoma (A375 and A2058) and colon adenocarcinoma (HT-29) cells 

were grown in DMEM medium (Gibco, Milano, Italy), all supplemented with 115 units/mL 

penicillin G (Gibco, Milano, Italy), 115 µg/mL streptomycin (Invitrogen, Milano, Italy), and 

10% fetal bovine serum (Invitrogen, Milano, Italy). Stock solutions (10 mM) of the different 

compounds were obtained by dissolving them in DMSO. Individual wells of a 96-well tissue 

culture microtiter plate were inoculated with 100 µL of complete medium containing 8 × 103 

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

the experiments. After medium removal, a 100 µL aliquot of fresh medium containing the test 

compound at varying concentrations was added to each well in triplicate and incubated at 37 

°C for 72 h. Cell viability was assayed by the MTT test as previously described [28]. The GI50 

was defined as the compound concentration required to inhibit cell proliferation by 50%.  
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CEMVbl-100 cells are a multidrug-resistant line selected against vinblastine and were a kind gift 

of Dr. G. Arancia (Istituto Superiore di Sanità, Rome, Italy). They were grown in RPMI-1640 

medium supplemented with 100 ng/mL of vinblastine. 

Peripheral blood lymphocytes (PBL) from healthy donors were obtained by separation on a 

Lymphoprep (Fresenius KABI Norge AS) gradient. After extensive washing, cells were 

resuspended (1.0 x 106 cells/mL) in RPMI-1640 with 10% fetal bovine serum and incubated 

overnight. For cytotoxicity evaluations in proliferating PBL cultures, non-adherent cells were 

resuspended at 5 x 105 cells/mL in growth medium containing 2.5 µg/mL PHA (Irvine 

Scientific). Different concentrations of the test compounds were added, and viability was 

determined 72 h later by the MTT test. For cytotoxicity evaluations in resting PBL cultures, 

non-adherent cells were resuspended (5 x 105 cells/mL) and treated for 72 h with the test 

compounds, as described above.  

 

4.2.2 Effects on tubulin polymerization and on colchicine binding to tubulin  

To evaluate the effect of the compounds on tubulin assembly in vitro [18], varying 

concentrations of compounds were preincubated with 10 µM bovine brain tubulin in 0.8 M 

monosodium glutamate (from a 2 M stock solution adjusted to pH 6.6 with HCl) for 15 min at 

30 ˚C and then cooled to 0 ˚C. After addition of 0.4 mM GTP (final concentration), the 

mixtures were transferred to 0 °C cuvettes in a recording spectrophotometer equipped with an 

electronic temperature controller and warmed to 30 °C. Tubulin assembly was followed 

turbidimetrically at 350 nm. The IC50 was defined as the compound concentration that 

inhibited the extent of assembly by 50% after a 20 min incubation. The ability of the test 

compounds to inhibit colchicine binding to tubulin was measured as described [18], with the 

reaction mixtures containing 1 µM tubulin, 5 µM [3H]colchicine and 5 µM test compound. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 

 

47 

 

 

4.2.3 Flow cytometric analysis of cell cycle distribution 

5 × 105 HeLa cells were treated with different concentrations of the test compounds for 24 h. 

After the incubation period, the cells were collected, centrifuged, and fixed with ice-cold 

ethanol (70%). The cells were then treated with lysis buffer containing RNase A and 0.1% 

Triton X-100 and stained with PI. Samples were analyzed on a Cytomic FC500 flow 

cytometer (Beckman Coulter). DNA histograms were analyzed using MultiCycle for 

Windows (Phoenix Flow Systems). 

4.2.4 Apoptosis assay 

Cell death was determined by flow cytometry of cells double stained with annexin V/FITC 

and PI. The Coulter Cytomics FC500 (Beckman Coulter) was used to measure the surface 

exposure of PS on apoptotic cells according to the manufacturer’s instructions (Annexin-V 

Fluos, Roche Diagnostics). 

 

4.2.5 Analysis of mitochondrial potential and ROS 

The mitochondrial membrane potential was measured with the lipophilic cation JC-1 

(Molecular Probes, Eugene, OR, USA), while the production of ROS was followed by flow 

cytometry using the fluorescent dye H2DCFDA (Molecular Probes), as previously described 

[30].  

 

4.2.6 Western blot analysis 
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HeLa cells were incubated in the presence of 12 and, after different times, were collected, 

centrifuged, and washed two times with ice cold phosphate buffered saline (PBS). The pellet 

was then resuspended in lysis buffer. After the cells were lysed on ice for 30 min, lysates were 

centrifuged at 15000 x g at 4 °C for 10 min. The protein concentration in the supernatant was 

determined using the BCA protein assay reagents (Pierce, Italy). Equal amounts of protein (10 

µg) were resolved using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) (Criterion Precast, BioRad, Italy) and transferred to a PVDF Hybond-P membrane 

(GE Healthcare). Membranes were blocked with a bovine serum albumin solution (5% in 

Tween PBS 1X), and the membranes were gently rotated overnight at 4 °C. Membranes were 

then incubated with primary antibodies against Bcl-2, PARP, caspase-3, H2AX, cdc25c, 

cyclin B, p-cdc2Tyr15, Mcl-1 (all from Cell Signaling) and β-actin (Sigma-Aldrich) for 2 h at 

room temperature. Membranes were next incubated with peroxidase labeled secondary 

antibodies for 60 min. All membranes were visualized using ECL Select (GE Healthcare), and 

images were acquired using an Uvitec-Alliance imaging system (Uvitec, Cambridge, UK). To 

ensure equal protein loading, each membrane was stripped and reprobed with anti-actin 

antibody. 

 

4.2.7 In vivo animal studies.  

Animal experiments were approved by our institutional animal ethics committee (OPBA, 

Organismo Preposto al Benessere degli Animali, Università degli Studi di Brescia, Italy) and 

were executed in accordance with national guidelines and regulations. Procedures involving 

animals and their care conformed with institutional guidelines that comply with national and 

international laws and policies (EEC Council Directive 86/609, OJ L 358, 12 December 1987) 

and with “ARRIVE” guidelines (Animals in Research Reporting In Vivo Experiments). Six- 

week old C57BL/6 mice (Envigo) were injected subcutaneously into the dorsolateral flank 
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with 2.5x105 BL6-B16 murine melanoma cells in 200 µL total volume of PBS. When tumors 

were palpable, animals were treated intraperitoneally every other day with different doses of 

test compounds dissolved in 50 µL of DMSO. Tumors were measured in two dimensions, and 

tumor volume was calculated according to the formula V=(D x d2)/2, where D and d are the 

major and minor perpendicular tumor diameters, respectively.  

 

4.3 In vitro drug metabolism studies 

4.3.1 Metabolite profiling of compound 20 in human liver microsomes. The incubation 

mixtures (final volume, 0.2 mL) contained 10 µM compound 20, 0.5 mg of protein/mL of 

pooled, mixed-gender, human liver microsomes (HLMs; catalog No. H0610, lot No. 120097; 

Xenotech LLC, Lenexa, USA), 1 mM NADPH (Santa Cruz Biotechnologies, Inc, Dallas, 

USA), and 0.1 M KH2PO4 (pH 7.4). The reaction was started following a 3-min thermal 

equilibration at 37°C by adding the microsomes, conducted at 37°C under aerobic conditions, 

and terminated after 60 min by adding 0.2 mL of ice-cold acetonitrile. Control incubations 

were conducted in the absence of NADPH. After protein removal by centrifugation at 20,000g 

for 10 min (4 °C), an aliquot of the supernatant was analyzed by HPLC with fluorescence 

detection, and major fluorescent peaks were collected manually and subjected to mass 

spectrometry as described below. 

 

4.3.2 Metabolic stability of compounds 12-15 and 19-21 in human liver microsomes.  

To compare the susceptibility of 12, 13, 14, 15, 19, 20 and 21 to liver microsomal oxidative 

metabolism, each test compound (final concentration, 10 µM) was incubated in a mixture 

(total volume, 0.2 mL) containing 0.1 M KH2PO4 (pH 7.4), 0.5 mg/mL (compounds 12-14 or 

20) or 1 mg/mL (compounds 15, 19 and 21) of pooled, mixed-gender HLMs (catalog No. 

H0610, lot No. 120097; Xenotech LLC), and 1 mM NADPH (Santa Cruz Biotechnologies, 
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Inc.). The reactions were started following a 3-min thermal equilibration at 37 °C by adding 

the microsomes and terminated by adding 0.2 mL of ice-cold acetonitrile after 0- or 60- 

(compounds 15, 19 and 21), or after 0-, 2-, 5-, 15-, or 30-min (compounds 12-14 and 20) 

incubations at 37 °C. These incubation conditions were established based on preliminary 

single-time point (60 min) experiments indicating significant depletion of compounds 12-14 

and 20, but not 15, 19 and 21, in incubation mixtures containing HLMs (0.5 mg/mL) and 

NADPH (1 mM). Zero- and 30-min control incubations were performed in the absence of 

NADPH, as well as in the absence of both HLMs and NADPH (buffer-only incubations). 

Samples were then centrifuged (4 °C) at 20,000 g for 10 min, and aliquots of the supernatants 

were analyzed for the disappearance of test compounds by HPLC with fluorescence detection, 

as described below. 

 

4.3.3 Chemical inhibition studies. To assess the role of CYP in liver microsomal metabolism 

of compounds 12-14 and 20, each test compound (10 µM) was incubated at 37(add space)°C 

for 0 and 15 min in 0.2 mL of 0.1 M KH2PO4 (pH 7.4) containing 0.5 mg/mL pooled, mixed-

gender HLMs (catalog No. H0610, lot. No. 0810472, Xenotech LLC), 1 mM NADPH (Santa 

Cruz Biotechnologies, Inc.), and the non-selective CYP inhibitor quercetin (100 µM; [13-

15]); the incubation protocol and sample preparation for HPLC analysis were the same as 

described above. Control incubations were carried out in the absence of quercetin.  

 

4.3.4 HPLC analysis. All chromatographic analyses were carried out using an HPLC system 

(Agilent Technologies Inc., formerly Hewlett-Packard Co, Palo Alto, USA) equipped with of 

a series 1200 degasser, a series 1100 quaternary pump, a series 1100 autosampler, a series 

1100 column oven, and a series 1200 fluorescence detector; data were collected and 

integrated using the Agilent ChemStation software. Chromatographic conditions were as 

follows: column, Agilent Zorbax SB C18 (4.6 x 75 mm, 3.5 µm; Agilent Technologies Inc.; 
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analysis of compounds 12-15, and 21), Symmetry Shield RP18 (4.6 x 150 mm, 5 µm; Waters 

Corp., Milford, USA; analysis of the metabolic stability of compound 20), or Symmetry C8 

(4.6 × 250 mm, 5 µm; Waters Corp.; metabolic profile analysis of compound 20); mobile 

phase, 0.1% formic acid in water (solvent A), and 0.1% formic acid in acetonitrile (solvent 

B); elution program, isocratic elution with 95% solvent A for 2 min, linear gradient from 5 to 

40% solvent B in 8 min, followed by a further linear gradient from 40 to 60% solvent B in 2 

min, and an isocratic elution with 60% solvent B for 7 min; post-run time, 5 min; flow rate, 

1.0 mL/min; injection volume, 50 µL; column temperature, 30 °C; detection, fluorescence 

(excitation wavelength, 344 nm; emission wavelength, 493 nm). Under the above conditions, 

the retention times were 11.6, 11.5, 11.5, 13.8, 13.4, and 13.5 min for 12, 13, 14, 15, 19, and 

21, respectively; the retention time  for compound 20 was 12.9 (Symmetry C8 column) or 

11.3 min (Symmetry Shield RP18 column)..  

 

4.3.5 Mass spectrometry. Collected HPLC peak fractions were subjected to electrospray 

ionization time-of-flight mass spectrometry (ESI-TOF-MS) performed on a Xevo G2-S QTof 

(Waters Corp.). The mass spectrometer operated under the following conditions: electrospray 

in positive ion mode (ES+); source temperature, 100 °C; desolvation gas temperature, 450 °C; 

capillary voltage, 2.0 kV; sampling cone voltage, 40 V. Data were collected by full scan mode 

(scan range of m/z, 50-2000) and evaluated by the MassLynx software (Waters Corp.). 

 

 4.3.6 Data analysis. Metabolic stability of each test compound, expressed as percent of 

compound remaining (mean ± SD; n = 3), was calculated by comparing the corresponding 

chromatographic peak area at each time point relative to that at time 0 min. The half-life of 

compounds 12-14 and 20 in NADPH-supplemented human liver microsomal incubations was 

calculated as t1/2 = 0.693/k, where k is the slope of the line obtained by linear regression of the 

natural logarithmic percentage (Ln %) of compound remaining versus incubation time (min). 
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Results of the chemical inhibition studies were analyzed by the Student’s t-test. 

 

4.4 Molecular modelling 

All the synthesized compounds in Table X were built and their partial charges calculated after 

semi-empirical (PM6) energy minimization using the MOE2018 software [39, 40]. The 

molecular docking studies are based on the protocol recently reported on this target [11] 

obtained by a benchmark of different protein/scoring protocols using DockBench 1.01 [41]. 

Each ligand was docked 20 times using GOLD using PLP [42] integrated in the virtual 

screening platform of DockBench. The docking protocol parameters were maintained in 

accordance with the benchmark study. The stability over the time of the poses was further 

evaluated by MD simulation in explicit solvent, running three different repetitions of 10 ns 

each using the ACEMD [43] MD engine coupled to the AMBER12 forcefield [44]. 

Geometrical stability was assessed by computing the mean RMSD over the three replicas 

repetitions. The energetic stability of the interaction was evaluated by computing protein-

ligand binding affinities by the MMGBSA method [45]. A detailed protocol including the 

preparation of the system for MD simulation and the parameters of the MD and the 

MMGBSA calculations was derived from the recently reported pipeline used in Grand 

Challenge 2 [46] organized by the Drug Design Data Resource Community 

(drugdesigndata.org), except for the length of the replicas, 10 ns instead 2 ns, and for the time 

step of 2 fs instead of 4 fs.  
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� A small number of fluoro-phenylpyrroloquinolinones was synthesized 
� 12, and 15 were the best anticancer compounds both in vitro and in vivo 
� 12, 13 and 15 did not induce significant cell death in normal human lymphocytes 
� 12, 13 and 15 overcame multidrug resistance 
� The 3-benzoyl derivatives 15 and 19 showed good metabolic stability in human liver 

microsomes 


