Accepted Manuscript =

EUROPEAN JOURNAL OF

Evaluating the effects of fluorine on biological properties and metabolic stability of
some antitubulin 3-substituted 7-phenyl-pyrroloquinolinones h

Roberta Bortolozzi, Davide Carta, Matteo Dal Pra, Giuseppe Antoniazzi, Elena 7,
Mattiuzzo, Mattia Sturlese, Veronica Di Paolo, Laura Calderan, Stefano Moro, Ernest 4

Hamel, Luigi Quintieri, Roberto Ronca, Giampietro Viola, Maria Grazia Ferlin
PIl: S0223-5234(19)30516-1

DOI: https://doi.org/10.1016/j.ejmech.2019.05.092

Reference: EJMECH 11402

To appearin:  European Journal of Medicinal Chemistry

Received Date: 28 March 2019
Revised Date: 31 May 2019
Accepted Date: 31 May 2019

Please cite this article as: R. Bortolozzi, D. Carta, M.D. Pra, G. Antoniazzi, E. Mattiuzzo, M. Sturlese,
V. Di Paolo, L. Calderan, S. Moro, E. Hamel, L. Quintieri, R. Ronca, G. Viola, M.G. Ferlin, Evaluating
the effects of fluorine on biological properties and metabolic stability of some antitubulin 3-substituted
7-phenyl-pyrroloquinolinones, European Journal of Medicinal Chemistry (2019), doi: https://
doi.org/10.1016/j.ejmech.2019.05.092.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.ejmech.2019.05.092
https://doi.org/10.1016/j.ejmech.2019.05.092
https://doi.org/10.1016/j.ejmech.2019.05.092

GRAPHYCAL ABSTRACT

Evaluating the effects of fluorine on biologicabperties and metabolic stability of
some antitubulin 3-substituted 7-phenyl-pyrroloalimones
Roberta BortolozzDavide Cart Matteo Dal Pra, Giuseppe Antoniazzi, Elena Mattiy Mattia Sturlese,

Veronica Di Paolo, Laura Calderan, Stefano Moroelst Hamel, Luigi Quintieri, Roberto Ronca,

Giampietro Viola, Maria Grazia Ferlin

L Metabolic

= F-PPyQs 12 and 15 exhibit IN VIVO _ stability
remarkable antiproliferative — 1R - .
activity, both in vitro and in vivo : E | I E
- J |
Ky £ |

= F-PPyQs have only a modest
inhibitory effect on viability in
primary lymphocytes

Tume wobume oo )

= F-PPyQs are not substrates for P-gp

15 COCgHs : .
19 0F-COCgHs -



Evaluating the effects of fluorine on biologicabperties and metabolic stability

of some antitubulin 3-substituted 7-phenyl-pyrralowplinones

Roberta BortolozZj Davide Carth Matteo Dal Pr§ Giuseppe Antoniazzi Elena Mattiuzzy Mattia
Sturlesé, Veronica Di Paoly Laura Calderdn Stefano Mord Ernest Hamé) Luigi Quintierf,

Roberto Ronch Giampietro Viold, Maria Grazia Ferlih

1. Department of Pharmaceutical and PharmacologicaeSees, University of Padova,
35131 Padova, Italy.

2. Department of Woman’s and Child’s Health, Universif Padova, Laboratory of
Oncohematology, 35128 Padova, Italy.

3. Screening Technologies Branch, Developmental Tleerags Program, Division of
Cancer Treatment and Diagnosis, Frederick Natioriaboratory for Cancer
Research, National Cancer Institute, National s of Health, Frederick,
Maryland 21702, USA.

4. Department of Molecular and Translational Medici@ncology and Immunology

Section, University of Brescia, 29881 Bresciaital

Abstract

A small number of fluorinated 7-phenyl-pyrroloquiimone (7-PPyQ) derivatives was
synthesized in an attempt to improve the metabstidility of IN-ethyl-7-PPyQ and I$-
benzoyl-7-PPyQ. The possible impacts of the flusiydrogen isosterism on both biological
activity and metabolic stability were evaluatedraduction of a fluorine atom in the 2 or 3
position of the 7-phenyl ring yielded the 7-PPyQiviives 12, 13 and 15, which showed
potent cytotoxicity (low micromolar and sub-nanoaroGkes) both in human leukemic and

solid tumor cell lines. None of them induced sigm@int cell death in quiescent and
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proliferating human lymphocytes. Moreovdg, 13 and 15 exhibited remarkable cytotoxic
activity in the multidrug-resistant cell line CERF®°, suggesting that they are not substrates
for P-glycoprotein. All compounds inhibited tubuliassembly and the binding of
[*H]colchicine to tubulin, with the best activity agecing with compoundl5. Mechanistic
studies carried out on compoudd indicated that it caused (a) a strong G2/M arrfst;
apoptosis in a time- and concentration-dependennsra(c) a significant production of ROS
(in good agreement with the observed mitochondtedolarization); (d) caspase-3 and poly
(ADP-ribose) polymerase activation; and (e) a deseein the expression of anti-apoptotic
proteins. h vivo experiments in a murine syngeneic tumor modemmonstrated that
compoundsl2 and15 significantly reduced tumor mass at doses fouesinower than that
required for the reference compound combretasfatinphosphate. Neither monofluorination
of the 7-phenyl ring of N-ethyl-7-PPyQ nor replacement of the benzoyl fuorctof 3\-
benzoyl-7-PPyQ with a 2-fluorobenzoyl moiety led aoy improvement in the metabolic

stability.

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

structure-activity relationships, metabolic staili

1. Introduction

The introduction of fluorine atoms in organic malkr drug candidates has become a
common practice in modern small-molecule drug discg. Indeed, the presence of the small
and highly electronegative fluorine is capable ajduating various molecular properties,
including pharmacological potency, physicochemieatures and pharmacokinetics [1]. In

particular, replacement of hydrogen with fluorimeai compound subject to cytochrome P450



(CYP)-catalyzed oxidative metabolism has been ®etly successful in decreasing the rate
of metabolic elimination of a chemical entity, telBy improving its oral bioavailability and
prolonging itsin vivo half-life [2]. Furthermore, the substitution ofufirine in place of
hydrogen has become an approach commonly usecehyéidicinal chemist in an attempt to
improve the binding affinity of a bioactive compaurio a target protein and thus,

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

Tricycle phenylpyrroloquinolinones (PPyQs) are assl of compounds that have shown
interestingin vitro andin vivo antiproliferative properties acting as tubulin ypokrization
inhibitors by binding at the colchicine site [atubulin. In particular, 7-PPyQs have shown
very high affinity for the colchicine site and higbtency in inhibiting tubulin polymerization
comparable to that of reference compounds, sucltoasbretastatin A-4 (CA-4)[7-11].
Structural optimization efforts produced highly iagnomorigenic PPyQs that showed
nanomolar and subnanomolarsgitowards a broad spectrum of human tumor cel}ingth
induction of tumor cell death by an apoptotic mextiam. These compounds also overcome
resistance to taxol and vincristine, have limitgtbtoxicity in non-tumor cell lines and act
synergistically with conventional chemotherapeusigents in inhibiting leukemic cell
proliferation [10]. Among the synthesized compoyn@s-ethyl-7-PPyQ 20) [9] and 3\-
benzoyl-7-PPyQ21) [11], as representative oNaalkyl and IN-acyl analogues of 7-PPyQs,
respectively (Figure 1), had shown the best aritiprative profile in their respective series.
In agreement with tubulin polymerization inhibitiassay data, docking simulations with
compound=20 and21 into tubulin suggested that they have a high ayfifor the colchicine
site (as shown for compour2d in Figure 1) and that their binding mode is conigatwith a

competitive mechanism of action [11].



docking pose of compourgi 3N-ethyl-7-PPyQ20 3N-benzoyl-7-PPyQ@1

Figure 1. Molecular docking simulation of compour2d in the colchicine site o-tubulin

and structures of 7-PPyQ6 and21.

Previoudn vitro studies in human liver microsomes (HLMs) demonsttdhat the amideN8
benzoyl7-PPyQ(21) is quite stable to metabolism by NADPH-dependsgrtymes (i.e., CYPs
and flavin monooxygenases, [6]), but it was, howewseisceptible to slow microsomal
hydrolysis to Bl-unsubstituted 7-PPyQ [10]. In contradi-8thyl-7-PPy(Q(20) was relatively
unstable when incubated with NADPH-supplemented KHL(A.5 mg of protein/mL), with
less than 70% compound remaining after a 30-miankaton at 37°C (Di Paolo, unpublished
data). Based on these findings, and in order tsiplysimprove the metabolic stability and
anticancer properties of 7-PPyQs, we recently sgiled a small library of untargeted
monofluoro-phenyl derivatives of compoun23 and21. In particular, based on data from a
metabolite profiling experiment indicating conversiof 20 to oxygenated metabolites by
HLMs (see Results section), and, being aware tt@nhatic carbon oxygenation is a quite
common CYP-catalyzed reaction [6] a fluorine atomswintroduced in thertho, metaor
para position of the 7-phenyl ring of compoufd giving compound42-14. Moreover, in an
attempt to further improve the stability of ami2eto hydrolytic metabolism, we replaced its
benzoyl function with a 2-fluorobenzoyl moiety, thabtaining compoun. Finally, to get

more insight into the possible impact of fluorimation the biological properties of PPyQs,



our library was completed with the PPyQ derivatit®sand 18. Since fluorination might
influence both therapeutic efficacy and targetndtfi [5], we evaluated the synthesized
fluorinated PPyQs botim vitro andin vivo by biological assays aimed at characterizing their
anticancer properties. Furthermore, molecular miogelstudies and metabolic stability
experiments were performed with compoundl2-15 and 19. The results of these

investigations are presented and discussed ip#mer.

2. Resultsand discussion

2.1 Chemistry

The 4-step method leading to 7-PPyQ compounds weasqusly described [8] (Scheme 1).
First, commercially available 5-nitroindole was mdbed to anN-alkylation and acylation
reactions using appropriate halogenated compoundbtain the nitroindole derivativds3.
Compoundl was obtained using ethyl bromide in anhydrous OMEhe presence of NaH at
room temperature, while for compoundsand 3, a reaction with benzoyl chloride or 2-F
benzoyl chloride, respectively, in presence of DM&RI pyridine at room temperature for 24
h, was preferred. The 2-fluorobenzoyl chlorid&)(was prepared by reacting 2-fluorobenzoic
acid with SOC] at reflux. The catalytic reduction (Pd/C 10%; & atmospheric pressure,
ethyl acetate) of intermediate and (Pt/C, H at atmospheric pressure, ethyl acetatk)
intermediate® and 3 gave the corresponding aminoindodes in almost quantitative yields.
Compound4 was reacted with commercial ethyl-2-, -3- and lubifo benzoyl acetate and
compound5 with ethyl-3-fluoro-benzoyl acetate, whereas commqub@ with ethyl benzoyl
acetate. All the reactions were carried out in Alisoethanol at reflux in the presence of a
catalytic amount of acetic acid, yielding the aatglderivatives as crude matefiall. These
were purified by silica gel column chromatographgfdse being submitted to thermal

cyclization in boiling diphenyl ether (250 °C) tdotain the final productd2-15 in good
5



yields. Compound.l cyclized but with loss of the 2-fluoro-benzoyl raty, giving the known
7-PPyQ16.[7] For this reason, in order to obtain thd-3-fluorobenzoyl 7-PPQ, compound
16 was directly reacted with 2-fluorobenzoyl chloritié in DMF in the presence of NaH,
obtaining two products: the main reaction produesvidentified as the isomeric ested

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

Scheme 1. a) Br-ethane, NaH 60%, DMF, 50°C, 6h, 99%; (benzoyl chloride, pyridine,
DMAP, rt, 24h, 54% %), or 2-F-benzoyl chloride, pyridine, DMAP, rt, 24H2% 3) b) H,,
Pd/C 10%, EtOAc, 50 °C, 12h, 98%) (r H,, Pt/C 15%, EtOAc, rt, 2 h, 849%.,(6); c) ethyl
(2-fluorobenzoyl) acetater), ethyl (3-fluorobenzoyl) acetat8,(10), ethyl (4-fluorobenzoyl)
acetate ), ethyl benzoyl acetatel), absolute ethanol, GBOOH cat, drierite, refluxing,
24-48 h, 35-70%; d) diphenyl ether, 250 °C, 15 n#ii;56%; e) SOG| DCM, 80 °C,
refluxing, 2 h, 80%.
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2.2 Biological evaluation

2.2.1Metabolic pattern of compourd in human liver microsomes

An exploratory m vitro drug metabolism experiment was conducted to getinpinary
information on the possible metabolic fate of tmewn compoun@0 (Figure 1) in humans.
The HPLC trace of compourid incubated with NADPH-supplemented HLMs demonsttate
three major new fluorescence peaks (Figure 2), lwhiere undetectable when NADPH, an
essential cofactor for both CYP- and flavin monagetyase-mediated oxidations [6], was
omitted from the incubation mixture (not shown).ngmund20 constituted a peak eluting at
12.9 min, while the three compou2@ metabolites (M1-M3) eluted at 11.2, 12.3 and 14.7
min, respectively; the retention time of M1 corresged exactly to that of authentitN-3
unsubstituted 7-PPyQ (scheme 1, compols)da recently identified metabolite arising from
hydrolysis of 3-benzoyl-7-PPyQ (compound 21) catalyzed by HLMs [11]. Fractions
corresponding to the M1-M3 and compoidpeaks were collected and subjected to positive
ion ESI-mass spectrometry analysis. As expected, nlass spectrum of peak M1 was
compatible with that of authentic 7-PPy® and showed a prominent protonated molecule
ion, [M+H]", at m/z 261.0996.These findings demonstrated that compo@fdunderwent
oxidative N-demethylation catalyzed by a human liver microsoeryme(s) to form 7-
PPyQ. The material in peak M2 showed a [M*ld} m/z 277.0930, which was 12.0419 Da
lower than that of protonated parent compo@Admeasuredn/z= 289.1349)This finding
suggested the loss obld, and the introduction of an oxygen atom into theepamolecule,
i.e., deethylation and oxygenation of compo@dd Finally, the mass spectrum scan of the

most prominent chromatographic peak, M3, showet-aH]" ion atm/z 305.1273, which



was 15.9924 Da higher than that2f suggesting that an oxygen atom has been introduced

into the parent drug (oxygenation of compo@l

LU]
20
compound 20
, miz 289.1349 M3
M2 m/z 305.1273
mJjz 277.0930
10
M1 |
mJiz 261.0996
51 \
0 ~ LA—L—A—J
2 4 6 8 10 12 14 16 18
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Figure 2. HPLC separation of compou20 and its human liver microsomal metabolit¢4&-
M3. HLMs (0.25 mg/mL) were incubated with 10 uM corapd 20 and NADPH (1 mM) at
37 °C for 60 min. The sample was processed andyzsdhlby HPLC-fluorescence as
described in Materials and Methods. A peak of unifiexi compound20 and three major
peaks corresponding to metabolites M1-M3 are ptesdh metabolite peaks were absent
when NADPH was omitted from the reaction mixturbeTeportedn/zvalues were obtained

from ESI-mass spectra of collected peaks and tefivi+H]" ions.

2.2.2 Metabolic stability of compouni®-15 and19-21 in human liver microsomes

The metabolic stability in HLMs of fluorinated 7-1ARs 12-14 was compared with that of
their non-fluorinated counterpart, compow2@ Like 20, compoundd2-14 were quite stable
when incubated with HLMs in phosphate buffer (pH)7r phosphate buffer only, but time-

dependently disappeared when both microsomes aridPAwere contained in the mixture



(Figure 3). In particular, the depletion half-lives mixtures containing HLMs and NADPH
were 11.4, 11.8, 10.6 and 17.3 min 1@ 13, 14 and?20, respectively. Therefore, introduction
of fluorine in theortho, metaor para position of the 7-phenyl ring failed to decreasg b
instead slightly increased the metabolic labilifycompound?20. These findings may suggest
that the 7-phenyl ring of compour® is not a site of carbon oxygenation by a NADPH-
dependent enzyme(s) in HLMs. On the other handstessed by Obach et al. [12], for
compounds metabolized at multiple sites, as ircése of0, fluorination at a single site may
only result in a “metabolic switching”, with no dease in the overall rate of metabolic
elimination. Moreover, introduction of fluorine a& metabolically labile site can also
unexpectedly increase the rate of metabolism by €¥B/mes, as observed for substitution
of fluorine in place of hydrogen at the tolyl metlgyyoup of celecoxib or at position 2 of
ramelteon [12]. Proper interpretation of the reswlt this set of experiments thus requires a
more in-depth metabolic profiling (i.e., identiftean of the metabolic “hot spots”) of

compound20.
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Figure 3. Assessment of metabolic stability I#, 13, 14 and20 in human liver microsomal
incubations. Each compound (10 uM) was incubateg¥ tC with HLMs (0.5 mg/mL;A-),
HLMs plus 1 mM NADPH (m-), or buffer only (0.1 M KHPQ,, pH 7.4; &-). Incubation
time points were 0, 2, 5, 15 and 30 min (“HLMs”),@and 30 min (“HLMs plus NADPH”
and “buffer only”). The data are expressed as meage of parent compound remaining at
each time compared with time 0 min and represemtntiean £ SD of n = 3 independent

determinations. Error bars smaller than the symasot shown.

Subsequent experiments examined the impact of guerca potent inhibitor of various
human drug-metabolizing CYP enzymes, including CAX®1CYP2C9, CYP2D6 and
CYP3A4 [13-15] on the metabolic stability of compaos 12-14 and 20 in NADPH
supplemented-HLMs. As shown in Figure metabolic depletion of all the investigated 7-
PPyQ derivatives was significantly inhibited by 108 quercetin. These findings indicate
the involvement of one or more human liver microabr@YPs in the metabolism of

compoundd2-14 and20.
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Figure 4. Effect of the CYP inhibitor quercetin on depletiof 12, 13, 14 and20 in NADPH-
supplemented human liver microsomal incubationshEmpound (10 uM) was incubated
with HLMs (1 mg/mL) and NADPH (1 mM) at 37 °C for@hd 15 min, both in the absence
and in the presence of 100 uM quercetin. Eachdgaesents the percentage (mean + SD; n =
3) of compound remaining at 15 min, compared withet 0 min. P<0.05; **P<0.01;

*** P<0.001

A last set of drug metabolism experiments compé#nedmetabolic stability in HLMs of the
monofluorinated 7-PPyQ45 and 19 with that of their non-fluorinated counterpartN3
benzoyl-7-PPyQ41), an amide compound known to be quite stable to NABRIRpendent
metabolism, despite being susceptible to slow Hydi®catalyzed by HLMs [12]. As shown
in Figure 5, for all the tested compounds, a 60-mmoubation with HLMs (1 mg of
protein/mL) resulted in a modest decline (~ 20%)the level of compound remaining,
regardless of the presence of NADPH in the incobatnixture. Thus, fluorine substitution at
the meta position of the 7-phenyl ring or thetho position of the benzoyl moiety did not

modulate the metabolic stability of compouwzid
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Fig. 5. Assessment of metabolic stability 6, 19 and 21 in human liver microsomal incubations.
Each compound (10 pM) was incubated at 37 °C witvbl (1 mg/mL), HLMs plus 1 mM NADPH,
or buffer only (0.1 M KHPQ,, pH 7.4) for 0 or 60 min. Each bar representspireentage (mean +

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

2.2.3 In vitro antiproliferative activitpf compoundd42-15, 18 and19

Evaluation of antiproliferative activities dP-15, 18 and 19 was performed with the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium brode (MTT) assay [16] against a panel of
11 human tumor cell lines (DND41, Jurkat, HL-60,4R4., MCF-7, MDA-MB-231, MDA-

MB-468, HelLa, A375, A2058, HT-29). &lvalues, the concentrations that inhibit cell gitowt
12



by 50%, are presented in Table 1. From the cytoityxdata reported in Table 1, we can
make some observations on fluoro-derivati¥245, 18 and19 in comparison with the parent
compounds20 and 21 lacking the fluorine and previously evaluated, vesll as on the
substitution pattern of the fluorine atom in th&PyQ structure. ThN-ethyl compound42
and 13 have the fluorine atom in th@tho andmetaposition, respectively, and they are the
most cytotoxic compounds, with nano and sub-nanamabncentrations. These compounds
are comparable with the reference compo2@d Analog14, having the fluorine in thpara
position, is less active with micromolar or higmoanolar Gigs. Between the twbl-benzoyl
compoundsl5 and 19, the derivativel5 with a fluorine in position 3 of the side phenyl is
much more cytotoxic than derivatii® with a fluorine in the ortho position of the begko
side chain. Finally, among all the fluoro-derivasy compound8, which is unsubstituted at
the pyrrolic N and with a fluoro-benzoyl ester iosgion 9, is the least active. We note that
the benzoyl fluoro-derivatives5 and 19 are less cytotoxic than the reference compdiind

In conclusion, based on the antiproliferative ddtawn in Table 1, the preferred substitution
sites for a fluorine atom are thmeta and ortho positions of the side phenyl ring, as in

compoundd?2, 13 and15.
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Table 1. In vitro cell growth inhibitory effects of compound®-15, 18-21.

Glso“(nM)
cd DND-41 Jurkat HL-60 RS4;11 MCF-7 MDgé'\l"B' MDZ\é’g’B' Hela A375 A2058 HT-29
12 0.26+0.088  0.19#0.01  0.174¢0.07  0.09+0.005 246.6¥12.  164+43.7 22.3+2.2 1.2+0.1 15.5+1.5 4.8+0.2 1.2+0.
13 0.13+0.020  0.11#0.02  0.08+0.002  0.07+0.006 52.7%10. 69+6.0 15.041.1 0.7+0.05 11.442.0 3.5+0.4 0.90.1
14  476.7+128.1 333.5#12.1 14404424  293.3+61.7 51B+9. 206+8.3 43.0+12.6 340+18.4 69.845.9 1180+90.7  +4271
15  10.2+0.160 32.4+22  15.1+0.090 56+12 103450 454+48  871+60 13.340.9 n.d. n.d. 402+37
18 2425+425  323.5#29.1  2307+77 696.7+72.6 3464+231.5 591%500.4 1318+68.4 501+34.4  2553+139.6 1493+127 6+21.1
19  240.0+15.3  53.7#20.2 276.0+20.9  119.7+25.4 1082%24. 3031+340.4 70+15.7 9.3+1.1 332+13.6 322+12.5 =2/ ()
20 nd 0.5+0.2 0.5+0.02 2+0.3 4010 nd nd 1148 nd Nd +132
21 nd 16+0.6 2+0.8 0.3+0.0001 0.240.0.1 nd nd 0.240.0. nd Nd 0.10.1

%Glso= compound concentration required to inhibit turoelt proliferation by 50%. Data are presented asniean + SE from the dose-response
curves of at least three independent experiments.nét determined.
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2.2.4 Evaluation of cytotoxicity of compountds 13, 15, 20 and 21 in human non-cancer

cells

To obtain a preliminary indication of the cytotoxpotential of these derivatives in normal
human cells, three of the most active compoud@s i3 and15) along with compound20
and21 chosen for comparison as non-fluorinated compouwvdse evaluateth vitro against
peripheral blood lymphocytes (PBL) from healthy dan(Table 2). All compounds showed
very low activity in quiescent lymphocytes (610 uM), while in the presence of the
mitogenic stimulus phytohematoaglutinin (PHA), Bk, values werelightly decreased but
remained in the higher micromolar range. These esalwere almost 10000-30000 times
higher than those observed against the lymphoblasti lines Jurkat, DND-41 and CEM
(Tables 1 and 3). Thus, these compouhdge only a modest inhibitory effect in primary
lymphocytes, as previously observed for other atdiiic derivatives developed by our group

[10].

Table 2. Cytotoxicity of compound42, 13, 15, 20 and21 for human peripheral blood
lymphocytes (PBL)

Glso(LM) ®
cd PBLyesting PBLppA
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 7.60.06
21 >100 2.741.3

& Compound concentration required to inhibit cellvgito by 50%.
Values are the mean £ SEM for three separate enpats

b PBL not stimulated with PHA.
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¢ PBL stimulated with PHA.

2.2.5 Effect of compountd 13, 15, 20 and21 on multidrug resistant cells

To investigate whether these derivatives are safestrof drug efflux pumps, compounti

13 and15 were tested against the CENE? cell line that is a multidrug-resistant line seéet
against vinblastine [17] and that overexpress Ragyotein (P-gp). This membrane protein
acts as a drug efflux pump and exhibits resistdance wide variety of structurally unrelated
anticancer drugs and other compounds. As showrabieT3, all the compounds exhibited
cytotoxic activity in the CEMP cell line that was even higher than their actiigainst the

parental line, indicating that these derivativesaot substrates for P-gp.
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Table 3. Cytotoxicity of 12, 13, 15, 20 and21 in multidrug resistant cell lines

Glso(nM) ?
Cd CEM"™ CEM""*
12 3.1#0.2 1.1+0.4
13 2.2+0.3 0.8+0.3
15 44+6 36x10
20 14.0+0.4 4.0+0.4
21 2.5+0.6 3.1+0.4

& 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 chicine binding

To evaluate the antitubulin properties of the n@mpounds, we investigated their effects on
the inhibition of tubulin polymerization and on thimding of PH]colchicine to tubulin (Table

4) [18, 19]. For comparison, CSA-4 was examinedcamtemporaneous experiments as a
reference compound. Among the test compouads13 and 15 strongly inhibited tubulin
assembly with Igyvaluesbelow 1 uM (0.96, 0.84 and 0.38 uM, respectiveiih 12 and13
slightly less active than CSA-4 (§60.64 uM) and compountb more active than CSA-4.
These results with tubulin correlate well with tpewth inhibitory effects exhibited by these
compounds, indicating that their antiproliferatigetivity derives from an interaction with
tubulin. The other compounds also inhibited tub@gsembly, with Ig values in the range

of 1.3-3.7 pM. All compounds inhibited the bindia[*H]colchicine to tubulin, with the best
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activity occurring with12, 13 and 15, but none approached CSA-4 in its potency as an

inhibitor of colchicine binding.

Table 4. Inhibition of tubulin polymerization and colchi& binding by compound&-15

and19-21
cd Inhibition of tubulin assembly  Inhibition of colchicine binding
ICs0 (UM) = SD? % Inhibition+ SD°
12 0.96+0.08 723
13 0.78+0.03 835
14 3.7£t04 1244
15 0.38+0.03 70+0.8
19 1.3t0.07 344
CSA-4 0.64+0.1 10@2
20° 0.570.02 730.7
21¢ 0.89+0.04 7@0.20
CSA-4>¢ 1.2¢0.1 980.7

a Inhibition of tubulin polymerization. Tubulin wat 10 uM.

b Inhibition of PH]colchicine binding. Tubulin and colchicine wertelaand 5 pM
concentrations, respectively.

c Data taken from reference [10]

d Data taken from reference [11]
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2.2.7 Influence of test compoui?ion the cell cycle

The effect of compountil2, taken as representative of a fluoro-PPyQ derivatuecell cycle
progression was examined by flow cytometry in twelanoma cell lines (A375 and A2380).
After a 24 h treatmeni,2, evaluated at the concentrations of 50 and 100 ntyded a strong
G2/M arrest at both concentrations in both celledin(Figure 6, Panels A and B). A
concomitant reduction of both the S and G1 phasesalso observed. In order to determine
whether12 was able to block cells at the mitotic phase,(®Blls were stained with an
immunofluorescent antibody to p-histone H3, a welbwn mitotic marker [20], as well as
Pl, and analyzed by flow cytometry. As shown indkg6 (Panel C), HelLa cells arrested in
M phase by treatment witt? are readily distinguished from G2 cells by thehleiglevel of p-
histone H3. In particulatreatment withl2 induced an increase in the percentage of mitotic
cells from 1.5% observed in untreated cells to &d®@% and 44 % with 50 and 100 nM
concentrations, respectively. We also studied #se@ation betweei?-induced G2/M arrest
and alterations in G2/M regulatory protein expressn Hela cells. As shown in Figure 7
compoundl2 caused an increase in cyclin B1 expression aftan2i448 h in a concentration-
dependent manner, indicating an activation of thiotia checkpoint following drug

exposure.

This effect was confirmed by a reduction in the regpion of phosphatase cdc25c at 24 h,
followed by a disappearance in its expression ath48This was associated with the
appearance of slower migrating forms of phosphatds25c indicating its phosphorylation.
The phosphorylation of cdc25c directly stimulatés phosphatase activity, and this is
necessary to activate cdc2/cyclin B on entry intiosis [21, 22]. We also observed a

decrease of the phosphorylated form of cdc2 kinasgarticular after the 48 h treatment.
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Figure 6. Percentage of cells in each phase of the cell apck375 (Panel A) and A2058
(Panel B) cells treated with compoui?l at the indicated concentrations for 24 h. Cellsewe

fixed and labeled with Pl and analyzed by flow cy&try as described in the Experimental
20



Section. Data are represented as mean of two indepe experiments £+ SEM. Panel C.
Mitotic index evaluated in Hela cells with compoutlafter a 24 h treatment witt? at the

indicated concentrations.

2.2.8 Compound?2 induces apoptosis in Hela cells

To evaluate the mode of cell death induced bydestpounds, we performed a bi-parametric
cytofluorimetric analysis using propidium iodideBnd annexin-V-FITC, which stain DNA
and phosphatidylserine (PS) residues, respectj2dy 24]. We used Hela cells to evaluate
these effects of compourk®. As shown in Figure 8, the compound induced amiptm a

time and concentration dependent manner, everedbwer concentration used (50 nM).

nM

- p-cdc25C

- cdc25C

= gae2, [(Y15)

- Cyclin B

- Actin

Figure 7. Effect of compoundl2 on cell cycle checkpoint proteins. HeLa cells wieeated
for 24 or 48 h with the indicated concentrationd2fThe cells were harvested and lysed for
detection of the expression of the indicated proksi western blot analysis. To confirm equal

protein loading, each membrane was stripped andlbed with antiy-actin antibody.
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2.2.9 Compound? induced mitochondrial depolarization and reactosy/gen species (ROS)

production

Mitochondria play an essential role in the propagatof apoptosis [25, 26]. It is well
established that, at an early stage, apoptoticusitiaiter the mitochondrial transmembrane
potential APm). Abme was monitored by the fluorescence of the dye J€7]. Hela cells
treated with compound2 (10-100 nM) showed a time-dependent increasearp#drcentage
of cells with lowAy: (Figure 9, Panel Alhe depolarization of the mitochondrial membrane
is associated with the appearance of annexin-Mipitgiin the treated cells when they are in
an early apoptotic stage. In fact, the dissipatibAy . is characteristic of apoptosis and has
been observed with both microtubule stabilizing dedtabilizing agents, including other 7-
PPyQ derivatives, in different cell types [28-31f.is well known that mitochondrial
membrane depolarization is associated with mitodhah production of ROS [32, 33].
Therefore, we investigated whether ROS productiamelased after treatment with the test
compounds. We utilized the fluorescence indicat@rdichlorodihydrofluorescein diacetate
(H2-DCFDA)[33]. As shown in Figure 9 (Panel B) compduf2 induced significant
production of ROS starting after 12-24 h of treattreg 100 nM, in good agreement with the

mitochondrial depolarization described above.

A-/Pl+
Bl A+/PI+

A+/PI-
Il A-/PI-

% Cells
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Figure 8. Flow cytometric analysis of apoptotic cells aftexatment of HeLa (Panels A and
B) cells with compound?2 at the indicated concentrations after incubatio240(A) or 48 h (B).
The cells were harvested and labeled with annexHFINC and Pl and analyzed by flow
cytometry. Dual staining for annexin-V and with g&rmits discrimination between live cells
(annexin-V/PI), early apoptotic cells (annexin:NPI), late apoptotic cells (annexin-KPI")
and necrotic cells (annexin#?1"). Data are represented as mean+SEM of three indepé

experiments.
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Figure 9. Panel A.Assessment of mitochondrial membrane poterfigi.{) after treatment of
HelLa cells with compound?2. Cells were treated with the indicated concerureti of
compound for 6 , 12 , 24 and 48 h and then stawigld the fluorescent probe JC-1 for
analysis of mitochondrial potential. Cells werenttamalyzed by flow cytometry as described
in the experimental section. Data are presentedmasantSEM of three independent
experiments. Panel B. Assessment of ROS productitar treatment of HelLa cells with
compoundl2. Cells were treated with the indicated concerdretiof compound for 6, 12, 24,
and 48 h and then stained with-BICFDA for the evaluation of ROS levels. Cells wéren
analyzed by flow cytometry as described in the erpental section. Data are represented as

mean+SEM of three independent experiments.
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2.2.10 Compoundl2 induced caspase-3 and poly (ADP-Ribose) polymer@s&RP)

activation and caused a decrease in the expressianti-apoptotic proteins

As shown in Figure 10, compount? in HelLa cells caused a concentration and time-
dependent increase of the cleaved fragment of saspand concomitantly the cleavage of

PARP, confirming its pro-apoptotic activity.

We also investigated the expression of anti-apappobteins, such as Bcl-2 and Mcl-1. Bcl-2
plays a major role in controlling apoptosis throubgl regulation of mitochondrial processes
and the release of mitochondrial proapoptotic mdéthat are important for the cell death
pathway [35-37]. Our results (Figure 10) showed tha expression of the anti-apoptotic
protein Bcl-2 was decreased starting after a 2redtrnent at both concentrationsl@fused

(10 and 100 nM). The decrease in expression of Meks even greater.

Interestingly, as observed for other antimitotieg observed after treatment wil? a
significant increase in the expression of the phokstone H2AX, a well-known marker of
DNA damage. In this context, it is worthwhile n@ithat prolonged mitotic arrest may

induce DNA damage that ultimately leads to apoptosi
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Figure 10. Western blot analysis of Bcl-2, Mcl-1 and PARP afiteatment of HelLa cells
with 12 at the indicated concentrations and for the irntdatdimes. To confirm equal protein

loading, each membrane was stripped and reproltbdawiiy-actin antibody.

2.2.11 Evaluation of the antitumor activity of caupdsl2 and15 in vivo.

To determine thén vivo antitumor activity ofl2 and15, a syngeneic murine model was used
[38], the BL6-B16 mouse melanoma cell line. Pretiariy in vitro experiments were carried
out to evaluate the cytotoxicity of these compouimdghis cell line. The G} obtained after

72 hwas 10 + 4 nM and 18 = 6 nM, fiz and15, respectively.

BL6-B16 cells were injected subcutaneously in syrege C57BL/6 mice. Once the tumor
reached a measurable size (about 100°mmice were randomly assigned to different
experimental groups and treated intraperitoneallgrye other day with vehicle (DMSO) or
one of the two compoundat doses of 7.5 or 3.0 mg/kg) or with combretastatd phosphate

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

As shown in Figure 11 (Panel A), both compoub2snd15 caused a similar and significant

reduction in the growth of BL6-B16 melanoma cetishe dose of 7.5 mg/kg (60% fd2 and
26



58.4% forl5) in comparison with the vehicle-treated group.oAlat the dose of 3 mg/kg we
observed a significant reduction of the tumor mady for compoundl2 (28.6%), whereas
the result with compountb did not reach statistical significance (16.7%)tady, treatment
with the reference compound CA4P at 30 mg/kg causdd a small reduction in tumor
volume (31.3 %) if compared with both doses of comq 12. From the safety/tolerability
point of view, no significant variation in body vghit occurred in animals treated with either

12 and15 at the higher concentration (Figure 11, panel C).
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Figure 11. Inhibition of mouse allograft growtm vivo by compoundsl?2 and15. Panel A:
male C57BL/6 mice were injected subcutaneoushheir tdorsal region with T0BL6-B16
murine melanoma cells. Tumor-bearing mice were aidtared the vehicle, as control, or 7.5 and
3.0 mg/kg of12 and 15 or CA4P as reference compound at 30 mg/kg. Injections \geren
intraperitoneally on the days indicated by thevestdPanel B: tumor weight registered at the end of
the treatment. Panel C: body weight variation dftestment withCA-4P, 12 and 15. Data are
presented as mean + SEM of tumor volume at eaehgoimt for 5 animals per group. *p<0.0k

control.

2.3 Molecular modelling

Molecular docking studies were carried out to itigade the possible binding mode of the
synthesized compounds with the aim of interpretirggbiological data. Recently, we reported
a study to identify the best docking protocol ahd protein conformation most suitable to
accommodate the 7-PPyQ scaffold [11]. Taking adwgetof our previous findings, we

docked derivatives12-15, 18 and 19. According with the previously reported 7-PPyQ
28



derivatives, the most potent compounds occupy thlehwine site and establish a key
hydrogen bond mediated by the 7-PPyQ scaffold witdé polypeptide backbone with
BVal236. In addition, the fused-ring system guaraststrong hydrophobic interactions with
BLeu253, pAla314, andplle368, while the aromatic substituents at positibrestablish
hydrophobic interactions with residupBhel67 Tyr200, and3Leu250. The substituents at
the N-pyrrole are accommodated in the pocket formed désiduespLys350, fThr351,
BAla314,BAla352, and3Thrl79. The introduction of the fluorine atom om tphenyl ring at
position 7 seems not to affect the orientation loé ting; compoundd2, 13 and 14,
respectively fluorinated at thartho, metaandpara position, present the same orientation as
the reference compourgi (Figure 1), in which the phenyl ring and the PyQ€d system are
reciprocally orthogonal. Interestingly, when theciline atom is at thertho or metaposition,

it is preferentially faced toward two distinct petkegions: for compounti3 and15 (met3
the fluorine points to residugsn1658Phel67, while inl2 (ortho) it is oriented towards
BCys299 an@Leu240. Also, in the case of fluorination of theepkl ring at theN-pyrrole 3

(compoundl9), the binding mode is unchanged, and the fluoaitoen faces towar@Thr179.

To further evaluate the geometric and energetibilgia of these binding modes, all the
docked conformations were subjected to three @iffeMD simulations at the length of 10 ns
each, and the RMSD as well as the MMGBSA were cdethuAs a reference, the non-
fluorinated compoun@1 was included in similar calculations. The ligad@s15, 19 and21
showed notable stability with a RMSD below 1 A (T&aBl 1). In addition, MMGBSA values

also confirm the stability of the complexes, witdues from -40.1 to -48 Kcal/mol.
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Figure 12. The energetically most favorable poses for all twenpounds in Table 1.
Molecular docking simulations using the protein foomation of the plinabulin complex
(PDB ID: 5C8Y), with the carbon atoms of the symittexd compounds colored in yellow. The
reference non-fluorinated compould is rendered using pink for the carbon atoms. The
residue atoms of the colchicine site are colorexiating to the subunit to which they belong:

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

3. Conclusions
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The monofluoro 7-PPyQ derivativd2-14, and19 were designedo improve the metabolic
stability of the known parent compoun@® and 21. To obtain more information on the
possible impact of fluorination on the biologicabperties of this class of compounds, our
library was completed with the monofluoro 7-PPy{Zsand 18. Since fluorination might
influence both therapeutic efficacy and targetnétifi [5], we evaluated the cytotoxicity of the
newly synthesized compounds against various huomaortcell lines and their activities with
tubulin (inhibition of assembly and of colchicineding to tubulin).

The fluorinated 7-PPyQ derivativé2-15 and19 retained high cytotoxicity, with compounds
12, 13 and 15 at least as active as the parent compoundsg (@lues in the nano- or sub-
nanomolar range). The molecular target was confitnsence most of the newly prepared
compounds strongly inhibited tubulin polymerizationith 15 more inhibitory than the
reference compound CSA-4 @& of 0.38 and 0.64M, respectively), but CSA-4 was more
potent thanl5 as an inhibitor of colchicine binding. The 4-flugsbenyl derivativel4 was
less potent than its isomeric 2- and 3-fluoro denxes 12 and 13 in inhibiting tubulin
assembly, and this data correlated with its lowevitro cytotoxic activity (Table 1). Our
docking studies suggested that the effect inducedhb electron-rich fluorine in the 2-
position of14 is unfavorable for optimal binding in the colchieisite as compared with the
other two monofluoro analogues vitro experiments also showed thit, 13 and 15 have
only modest cytotoxic effects on primary lymphosyt@as previously observed for other
antimitotic derivatives developed by our group [8-IThis class of compounds is also active

against the P-gp-expressing CEW cell line.

Compoundl2, chosen as a representative of the fluoro-PPyi@iced a strong G2/M cell
cycle arrest in two human melanoma cell lines. BL& cells, compound2 caused mitotic
arrest and induced apoptosis in a time- and coratén-dependent manner, and triggered

mitochondrial depolarization with significant pradiwn of ROS.
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In accord with the cytotoxicity data summarized Timble 1, molecular docking studies
suggested that the presence of a fluorine atomifi@ereht positions of the 7-PPyQ system
does not significantly affect the binding mode 1@ 15 and 19 into the colchicine site of
tubulin. Furthermore, our results indicate the sitltgon of fluorine in place of hydrogen in
the ortho, metaor para position of the 7-phenyl ring of compou@6 or in the 2-position of
the benzoyl moiety o1, did not lead to compounds with improved metabotabity.
Finally, thein vivo data showing that bott? and 15 were effective in significantly slowing
the growth of tumors derived from BL6-B16 melanocedls are quite promising and suggest

that these fluorinated 7-PPyQs deserve furthersitiy&tion as potential anti-cancer drugs.

4. Experimental section
4.1 Chemistry
Melting points were determined on a Buchi M-560ikagy melting point apparatus and are
uncorrected.'H and **C NMR spectra were determined on Bruker 300 and Wbdz
spectrometers, with the solvents indicated; chelnsicdits are reported i (ppm) downfield
from tetramethylsilane as internal reference. Ciogptonstants are given in hertz. In the case
of multiplets, chemical shifts were measured stgrfrom the approximate centre. Integrals
were satisfactorily in line with those expecteddzth®n compound structure. Mass spectra
were obtained on a Mat 112 Varian Mat Bremen (7)) eMss spectrometer and Applied
Biosystems Mariner System 5220 LC/MS (nozzle paaénid0 eV). Column flash
chromatography was performed on Merck silica gd&d0400 mesh ASTM); chemical
reactions were monitored by analytical thin-laylerotnatography (TLC) on Merck silica gel
60 F-254 glass plates. Microwave assisted reactire performed on a CEM Discover®
monomode reactor with a built-in infrared sensosisaed-temperature monitoring and

automatic power control; all reactions were perfedmn closed devices under pressure
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control. Solutions were concentrated on a rotargpevator under reduced pressure. The
purity of new tested compounds was checked by H&4i6g the instrument HPLC VARIAN
ProStar model 210, with detector DAD VARIAN ProSg&85. The analysis was performed
with a flow of 1 mL/min, a C-18 column of dimensgB50 mm X 4.6 mm, a patrticle size of
5 mm, and a loop of 10 mL. The detector was s&08tnm. The mobile phase consisted of
phase A (Milli-Q HO, 18.0 MU, TFA 0.05%) and phase B (95% MeCN, 5%sgehA).
Gradient elution was performed as follows: 0 minB% 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-Aldnd Alfa Aesar, and solvents were
from Carlo Erba, Fluka and Lab-Scan. DMSO was maleydrous by distillation under

vacuum and stored on molecular sieves.

4.1.1 1-Ethyl-5-nitro-1H-indol€1).

Into a two-necked 100 mL round-bottomed flask, 6.€p (27.75 mmol) of NaH, 60%
dispersion in mineral oil, was placed and washeith vdluene (3x 10 mL). With stirring, a
solution of commercial 5-nitroindole, 1,500 g (9.2%nol) in 5 mL of anhydrous DMF was
dropped into the flask, and the initial yellow colthanged to red with the formation of H
gas. After 40 min at room temperature, the mixtwes cooled to OC, and 2.00 mL (26.61
mmol, d=1.46 g/mL) of bromoethane was dropped ihéoflask, followed by 0.050 g of Nal.
The reaction was monitored by TLC analysis (eluehteneh-hexane/ethyl acetate, 1:1:1).
At the end of the reaction, 25 mL of water was aj@md the solvent was evaporated under
reduced pressure, leaving a residue, which was@rtt with ethyl acetate ¢330 mL). The
organic phase, washed with water, brine, and drnest anhydrous N&O,, was concentrated
under vacuum giving 1.69 g of a yellow solid. Yiei9%; R: 0.63 (toluenai-hexane/ethyl

acetate, 1:1:1); mp = 9€; *H NMR (300 MHz, DMSO-g): § 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, 2H7Ié H-3), 5.93 (d, J = 3.3 Hz, 1H, H-2),
3.47 (9, J = 7.1 Hz, 2H, G} 0.55 (t, J = 7.1 Hz, 3H, G} ppm; HRMS (ESI-MS, 140 eV):

m/z[M+H] " calculated for gH1:N>O," , 191.2035; found, 191.1859.

4.1.2 (5-Nitro-1H-indol-1-yl)(phenyl)methano(®.

Into a 50 mL round-bottomed flask, a solution afieindole 0.500 g (3.08 mmol, 1 eq.) in
20 mL of CHCI, was treated with DMAP (0.692 g, 6.17 mmol, 2 eyl pyridine (0.500
mL, 6.17 mmol, 2 eq.). The mixture was cooled t@Qand a solution of benzoyl chloride in
CH.CI; (0.716 mL, 6.17 mmol, 2 eq.) was dropped intofthgk. The reaction mixture was
stirred at room temperature for 24 h. The reacti@s monitored by TLC analysis (eluent
CH.Cly/petroleum ether/EtOAc, 3:6,5:0,5). At the end, risection was quenched by adding a
solution of HCI 0.5 M, and the agueous phase wasaebed with CHCI, (3 x 50 mL). The
combined organic extracts were dried over MgSoncentrated under vacuum, dissolved in
a mixture of CHCl,/petroleum ether/EtOAc, 3:6.5:0.5 and filtered thgb SiQ giving a
pale-yellow solid (0.443 g, 1.67 mmol, 54%). Yield 54%; H: 0.61 (eluent
CH,Cl./petroleum ether/EtOAc, 3:6,5:0,5); mp = 32 *H NMR (300 MHz, CDC}J) 6 8.53
(d,J = 2.2 Hz, 1H, H-4), 8.49 (d = 9.1 Hz, 1H, H-7), 8.27 (dd,= 9.1, 2.3 Hz, 1H, H-6),
7.80—- 7.73 (m, 2H, H-2and H-8), 7.67 (ddd,J = 6.6, 3.9, 1.4 Hz, 1H, H} 7.57 (ddd,) =
6.6, 4.5, 1.3 Hz, 2H, H:3&and H-3), 7.50 (d,J = 3.8 Hz, 1H, H-2), 6.77 (dd,= 3.8, 0.5 Hz,
1H, H-3) ppm; HRMS (ESI-MS, 140 eV)m/z [M+H]" calculated for @H:iN,O3"

267.0764; found, 267.0745.

4.1.3 (2-fluorophenyl)(5-nitro-1H-indol-1-yl)methame (3).
Into a 50 mL round-bottomed flask, a solution afieindole 0.500 g (3.08 mmol, 1 eq.) in

20 mL of CHCI, was treated with DMAP (0.692 g, 6.17 mmol, 2 eyl pyridine (0.500
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mL, 6.17 mmol, 2 eq.). The mixture was cooled t&C0Q and a solution of 2-fluoro-benzoyl
chloride (7) in CH,CI, (0.978 g, 6.17 mmol, 2 eq.) was dropped into taski The reaction
mixture was stirred at room temperature for 24 he Teaction was monitored by TLC
analysis (eluent C}Cl./petroleum ether/EtOAc, 3:6.5:0.5). At the end, teaction was
quenched by adding a solution of HCI 0.5 M and #logeous phase was extracted with
CH.CI; (3 x 50 mL). The combined organic extracts welieddover MgS@, concentrated
under vacuum, dissolved in a mixture of fLTH/petroleum ether/EtOAc, 3:6.5:0.5 and
filtered through Si@giving a yellow solid (0.543 g, 1.90 mmol, 62%)eM = 62%; R: 0.61
(eluent CHCl,/petroleum ether/EtOAc, 3:6.5:0.5); mp = 326 ; 'H NMR (300 MHz,
CDCls) 6 8.71 (dd,J = 2.0, 1.9 Hz, 1H), 8.24 (dd,= 8.8, 1.9 Hz, 1H), 7.99 (nd,= 8.8, 0.5
Hz, 1H), 7.82 (mJ = 8.7 Hz, 1H), 7.73 (m] = 8.1, 1.5, Hz, 1H), 7.51 (M, = 8.3, 7.4 Hz,
1H), 7.44 (mJ = 8.3, 1.3 Hz, 1H), 7.32 (dd,= 8.1, 7.4, 1H), 6.88 (nd = 8.7, 2.0 Hz, 1H)
ppm; HRMS (ESI-MS, 140 eV)n/z[M+H]" calculated for gH1oFN,Os" , 285.0670; found,

285.0618.

4.1.4 1-Ethyl-1H-indol-5-aming).

Into a two-necked flask, previously dried in an mve@bout 0.300 g of Pd/C 10% and
approximately 50 mL of ethyl acetate were placeiterAconnecting the flask to an elastomer
balloon containing hydrogen gas, the mixture wasest at room temperature for 1 h in order
to saturate the suspension of Pd/C with hydroghenT1.69 g (8.90 mmol) of compouthdh

15 mL of ethyl acetate was added dropwise to tlspesusion, and the mixture was stirred
under hydrogen at atmospheric pressure and hegtetténs of an oil bath at 50-60 while
monitoring the progress of the reaction by TLC wgsial (ethyl acetate/toluemehexane,
1:1:1). At the end of the reaction, the mixture vidtered through a celite pad, and the

solution was concentrated under vacuum to give §.48 amine as a dark liquid. Yield:
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98.2%; R: 0.28 (tolueneal-hexane/ethyl acetate, 1:1:4 NMR (300 MHz, DMSO-g): &
7.16 (m, 2H, H-3 e H-7), 6.69 (d, J = 2.28 Hz, H4), 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,/NH.06 (g, J = 7.3 Hz, 2H, GH 1.55 (1, J =
7.3 Hz, 3H, CH) ppm; HRMS (ESI-MS, 140 eV)n/z [M+H]" calculated for GH13N>",

161.2231; found, 161.1593.

4.1.5 (5-Amino-1H-indol-1-yl)(phenyl)methanaig

Into a 50 mL round-bottomed flask, 1-benzoyl-5witdole 0.443 g (1.67 mmol) was
dissolved in 30 mL of EtOAc. Pt/C catalyst (65 nih% p/p) was added under, N
atmosphere, and then the mixture was treated witfoH75 min at room temperature. The
catalyst was removed by filtration on a celite padd the solution was concentrated under
vacuum. The product was purified by silica gel chatographic column (eluent
CH.CI/EtOAC, 9:1), yielding 0.331 g of a pure yellow igolYield = 84%; R: 0.43 (eluent
CH,CI,/EtOAc, 9:1); mp = 252C; *H NMR (300 MHz, CDC}) 6 8.12 (d,J = 8.7 Hz, 1H, H-
7), 7.66— 7.58 (m, 2H, H-2and H-8), 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,= 8.7, 2.2 Hz, 1H, H-6), 6.38 (dd=
3.7, 0.6 Hz, 1H, H-3), 3.06 (s, 2H, MHppm; HRMS (ESI-MS, 140 eV)m/z [M+H]*

calculated for @H;3N,O", 237.1022: found, 237.1043.

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

Into a 50 mL round-bottomed flask, 0.375 g of coonmumb3 (1.32 mmol) were dissolved in 25
mL of EtOAc. Pt/C catalyst (60 mg, 15% p/p) waseidnder N atmosphere, and then the
mixture was treated with Hor 75 min at room temperature. The catalyst weasaved by
filtration on a celite pad, and the solution wasaantrated under vacuum. The product was

purified by silica gel chromatographic column (elu€H,CIl,/EtOAc, 9:1), yielding 0.293 g
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of a solid. Yield = 87%; R 0.40 (eluent CbCI/EtOAc, 9:1); mp = 265C; *H NMR (300
MHz, CDCk) & 7.84 (m,J = 8.1, 1.5 Hz, 1H), 7.56 (dd,= 8.3, 7.4 Hz, 1H), 7.63 (di,= 8.2,
0.5 Hz, 1H), 7.42 (m) = 8.3, 1.4 Hz, 1H), 7.44 (nd,= 8.3, 0.4 Hz, 1H), 7.33 (dd=8.1, 7.4
Hz, 1H), 7.30 (mJ = 1.9, 0.4 Hz, 1H), 6.52 (nd,= 8.2, 2.0 Hz, 1H), 6.33 (dd,= 8.3, 1.9
Hz, 1H), 3.01 (s, 2H, NB ppm; HRMS (ESI-MS, 140 eV)m/z [M+H]" calculated for

CisH1FN,O", 255.0928; found, 255.0912.

4.1.7 General procedure for the synthesis of ateytkerivatives/-11. As a typical procedure,
the synthesis of acrylate derivativés described in detail. In a 100 mL round-bottorfiask,
0.700 g (4.37 mmol) of 3-ethyl aminoindalewere dissolved in 10 mL of absolute ethanol.
0.5 mL of glacial acetic acid, 0.100 g of drieraad 1.84 g (8.74 mmol) of ethyl 3-(2-
fluorophenyl)-3-oxopropanoate dissolved in 2 mL alfsolute ethanol were added to the
solution. The mixture was refluxed for about 48tlie reaction being monitored by TLC
analysis Q-hexane/ethyl acetate, 1:1). At the end of thetr@acthe mixture was cooled and
filtered to remove the drierite; the resulting $mn was evaporated to dryness under vacuum
and the residue (2.47 g) purified by silica gelothatography (d = 3 cm, | = 35 cm, 2300
mesh, eluent-hexane/ethyl acetate, 1:1) to yield 1.01 g ofalor solid.

(E,2)-Ethyl 3-(1-ethyl-1H-indol-5-ylamino)-3-(2-Bwphenyl)acrylatg7).

Yield: 63%; R: 0.47 @-hexanelethyl acetate, 1:1); mp = 419; 'H NMR (400 MHz,
DMSO-d): 6 10.72 (s, 1H, NH), 7.58 (m, J = 7.84, 5.37, 1.35 kH, H-6), 7.44 (m, J =
8.31, 7.41, 1.35 Hz, 1H, H% 7.37 (d, J = 9.08 Hz, 1H, H-7), 7.30 (d, J =53z, 1H, H-2),
7.23 (m, J =7.84, 7.41, 1.38 Hz, 1H, B;4.95 (m, J = 8.29, 5.31, 1.57, 1H, B;%.94 (m, J

= 2.08 Hz, 1H, H-4), 6.65 (dd, J = 8.71, 2.08 H4, H-6), 6.27 (dd, J = 3.19, 0.69 Hz, 1H,
H-3), 4.83 (s, 1H, BCOOCHCH;), 4.16 (g, J = 6.92 Hz, 2H, CO®ICH3), 3.84 (q, J =
7.64 Hz, 2H, N&I,CHs), 1.25 (t, J = 6.92 Hz, 3H, COOGEH,), 1.13 (t, J = 7.67 Hz, 3H,
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NCH,CH3), ppm; HRMS (ESI-MS, 140 eV)m/z [M+H]" calculated for GH2FN,O,",
353.1660; found, 353.1688.

(E,2)-Ethyl 3-(1-ethyl-1H-indol-5-ylamino)-3-(3-Bwphenyl)acrylat8).

Compound3 was prepared as for compoundby reacting 1.84 g (8.74 mmol) of ethyl 3-(3-
fluorophenyl)-3-oxopropanoate with 0.700 g (4.37 ohnof previously prepared compound
4, yielding 2.76 g of crude product, which was pedfby silica gel column chromatography
(d =3 cm, | =35 cm, 23@00 mesh, eluemt-hexane/ethyl acetate, 1:1) to yield 1.07 g of a
brown liquid. Yield: 67%; R 0.47 @-hexane/ethyl acetate, 1:134 NMR (400 MHz,
DMSO-d): 6 10.68 (s, 1H, NH), 7.46 (m, J = 7.75, 1.52 Hz, 146, 7.44 (m, J = 8.21,
7.73, 1H, H-9), 7.37 (d, J = 9.08 Hz, 1H, H-7), 7.30 (d, J =53Hz, 1H, H-2), 7.19 (m, 1H,
H-2), 7.14 (m, 1H, H-3, 6.94 (m, J = 2.08 Hz, 1H, H-4), 6.65 (dd, J #182.08 Hz, 1H, H-
6), 6.23 (dd, J = 3.19, 0.69 Hz, 1H, H-3), 4.891¢d, CHCOOCHCHs), 4.12 (q, J = 6.92 Hz,
2H, COOGH,CHs), 3.83 (q, J = 7.64 Hz, 2H, NGCHy), 1.25 (t, J = 6.92 Hz, 3H,
COOCHCH3), 1.18 (t, J = 7.67 Hz, 3H, NGBH3) ppm; HRMS (ESI-MS, 140 eV)m/z
[M+H] " calculated for gH2FN,O,", 353.1660; found, 353.1645.

(E,Z2)-Ethyl 3-(1-ethyl-1H-indol-5-ylamino)-3-(4-Bwphenyl)acrylat€9).

Compoundd was prepared as for compoundy reacting 1.84 g (8.74 mmol) of ethyl 3-(4-
fluorophenyl)-3-oxopropanoate with 0.700 g (4.37 ohnof previously prepared compound
4, yielding 2.60 g of crude product, which was pedfby silica gel column chromatography
(d =3 cm, | = 35 cm, 23@00 mesh, eluemt-hexane/ethyl acetate, 1:1) to yield 1.12 g of a
yellow liquid. Yield: 70%; R 0.69 f-hexane/ethyl acetate, 1:13H NMR (400 MHz,
DMSO-d): 6 10.44 (s, 1H, NH), 7.97 (m, J = 5.65, 3.27, 2H2’Hand H-8), 7.44 (m, J =
8.90, 3.25, 2.20 Hz, 2H, H-a&nd H-5), 7.35 (d, J = 9.08 Hz, 1H, H-7), 7.29 (d, J =53z,
1H, H-2), 6.98 (m, J = 2.08 Hz, 1H, H-4), 6.66 (dd; 8.71, 2.08 Hz, 1H, H-6), 6.28 (dd, J =
3.19, 0.69 Hz, 1H, H-3), 4.85 (s, 1H,HCOOCHCH3), 4.14 (q, J = 6.92 Hz, 2H,
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COOQH,CHs), 3.76 (g, J = 7.64 Hz, 2H, NGCHs), 1.24 (t, J = 6.92 Hz, 3H, COOGEH,),
1.14 (t, J = 7.67 Hz, 3H, NGBH3) ppm; HRMS (ESI-MS, 140 eV)n/z[M+H]" calculated
for Co1H2oFN,O,", 353.1660; found, 353.1656.
(E,Z2)-Ethyl-3-[(1-benzoylindol-5-ylamino]-3-(3-flomphenyl)prop-2-enoatél0).

CompoundlO was prepared as for compounty reacting 0.660 mL (3.66 mmol) of ethyl 3-
(3-fluorophenyl)-3-oxopropanoate with 0.864 g (3.86mol) of previously prepared
compound>5, yielding 1.85 g of crude product, which was pedf by silica gel column
chromatography (d = 3 cm, | = 35 cm, 2800 mesh, eluent petroleum ether/acetone 85:15)
to yield 0.540 g of a yellow solid. Yield: 35%;f:R0.69 (eluent petroleum ether/acetone
85:15); mp = 396C; *H NMR (300 MHz, DMSO) 10.23 (s, 1H, NH), 8.06 (d,= 8.8 Hz,
1H, H-7), 7.70 (m, 2H, H2and H-&), 7.65 (dt,J = 2.8, 2.0 Hz, 1H, H%4, 7.60- 7.52 (m,
2H, H-3’ and H-%), 7.40- 7.31 (m, 1H, H-2, 7.29 (dJ = 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,= 8.8, 2.2 Hz, 1H, H-6),
6.56 (d,J = 3.4 Hz, 1H, H-3), 5.00 (s, 1H,HCOOCHCH;), 4.15 (q,J = 7.1 Hz, 2H,
COOQH,CHs), 1.24 (t,J = 7.1 Hz, 3H, COOCKCH3) ppm; HRMS (ESI-MS, 140 eV)n/z
[M+H] " calculated for gsH2FN,Os", 429.1605; found, 429.1612.
(E,Z2)-Ethyl-3-[(2-fluoro-1-benzoylindol-5-ylamin@-phenyl-prop-2-enoatél 1).

Compoundll was prepared as for compoundby reacting 0.869 mL (5.11 mmol) of ethyl-
benzoyl-acetate with 0.866 g (3.41 mmol) of presigyprepared compourtyl yielding 1.65

g of crude product, which was purified by silicd gglumn chromatography (d =3 cm, | =35
cm, 236-400 mesh, eluent petroleum ether/acetone 85:1%etd 0.456 g of a yellow solid.
Yield: 31%; R: 0.77 (eluent petroleum ether/acetone 90:10); m0&°C; *H NMR (300
MHz, DMS0) 6 10.29 (s, 1H, NH), 8.01 (d,= 8.1 Hz, 1H, H-7), 7.65 (m, 2H, H-and H-
6), 7.57 (dt,J = 2.8, 2.0 Hz, 1H, H#), 7.60- 7.58 (m, 2H, H-3and 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-8), 7.02 (d,J
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= 2.1 Hz, 1H, H-2), 6.80 (dd, = 8.8, 2.21 Hz, 1H, H-6), 6.66 (d,= 3.3 Hz, 1H, H-3), 5.02
(s, 1H, G(HCOOCHCHj3), 4.12 (g,J = 7.0 Hz, 2H, COOH,CHj3), 1.26 (t,J = 7.0 Hz, 3H,
COOCHCH3) ppm; HRMS (ESI-MS, 140 eV)m/z [M+H]" calculated for GsH,,FN,Os",

429.1609; found, 429.1626.

4.1.8 General procedure for the synthesis of plmmgdloquinolinoneg12-15).

As a typical procedure, the synthesis of the phmmybloquinolinone derivativel2 is
described in detail. In a two-necked round-bottorii@sk, 7 mL of diphenyl ether was heated
to boiling. 1.03 g (2.8 mmol) of acrylate derivaiv was then added, and the resulting
mixture was refluxed for 15 min. After cooling toom temperature, 20 mL of diethyl ether
was added, and the mixture was left for 12 h. Tihenseparated precipitate was collected by
filtration and washed many times with diethyl ethEne crude product (0.530 g) was purified
by flash column chromatography (eluent chloroforetimanol, 9:1), obtaining 0.220 g of
final pure compound.

3-Ethyl-7-(2-fluorophenyl)-3H-pyrrolo[3,2-flquinait9(6H)-one(12).

Yield: 26%; R: 0.53 (light blue fluorescent spot, chloroform/tratol 9:1); mp = 301C; *H
NMR (400 MHz, DMSO-g) 6 11.64 (s, 1H, NH), 7.93 (d, J = 9.06 Hz, 1H, HARO- 7.85
(m, 2H, H-1 and H-§, 7.69- 7.51 (m, 4H, H-2, H-3H-5 and H-5), 7.51 (m, 1H, H} 6.39

(s, 1H, H-8), 4.32 (g, J = 6.51 Hz, 2H, NE&CH,), 1.41 (t, J = 6.51 Hz, 3H, NGBH3) ppm;
13C NMR (101 MHz, DMSO-g) § 178.38 ppm (C-9), 154.54 (C-6), 141.98 (d, J=23648,
C-2), 133.12 (d, J=21.52 Hz, C)1132.26 (C-3a), 131.85 (C-7), 131.42 (C-5a), I18QC-
2), 129.78 (d J=20.97 Hz, C-8nd C-5), 129.36 (d, J=3.24 Hz, C)4128.90 (d, J=7.94 Hz,
C-6), 128.14 (C-9b), 118.46 (C-9a), 116.49 (C-4), 2I4C-5), 109.03 (C-8), 104.52 (C-1),
41.38 (NCH,CH3), 16.74 (NCHCH3) ppm; IR (KBr):v= 3422.38 (NH), 3022 (aromatic C-
H), 2901.12 (aliphatic C-H), 1608.38 (C=0), 1509(0xC), 1228.67 (C-F) cit; UV-Vis

40



(H20): 273 nm (A = 0.473 mAU), 342 nm (A = 0.297 mAUlyorescence (bD): Aexc = 342
nNM, Aems = 484.02 nm; ESI-MSm/z [M+H]* calculated for @H1sFN,O", 307.1241; found,
307.1287; RP-C18 HPLC; & 13.27 min, 95.07%
3-Ethyl-7-(3-fluorophenyl)-3H-pyrrolo[3,2-flquinai-9(6H)-one(13).

Compoundl3 was prepared as described for compoi@dy reacting 1.07 g (2.92 mmol) of
the appropriate phenyl-acrylate derivati@eto yield 0.836 g of a raw solid, which was
purified by flash column chromatography (eluentocbform/methanol, 9:1) to yield 0.332 g
of final compound. Yield: 37%; 0.53 (light blue fluorescent spot, chloroform/tregtol,
9:1); mp = 303C; *H NMR (400 MHz, DMSO-g) 6 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, H7159 (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 (720 Hz, 2H,
NCH,CHs), 1.42 (t, J=7.20 Hz, 3H, NGBHs) ppm; *C NMR (101MHz, DMSO-¢) 6&:
178.25 (C-9), 163.27 (d, J=247.72 Hz, -337.97 (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, §-428.61 (d, J=21.24 Hz, C-and C-6),
124.36 (C-2 and C-9b), 123.85 (d, J=7.36 Hz,)CBL8.59 (C-9a), 116.42 (C-4), 113.78 (C-
8), 108.67 (C-5), 104.68 (C-1), 41.50@N,CHs), 16.82 (NCHCH3) ppm; IR (KBr): v=
3427.83 (NH), 3027 (aromatic C-H), 2928.07 (aliphat-H), 1602.79 (C=0), 1508.25
(C=C), 1222.76 (C-F) cith; UV-Vis (H,0): 273 nm (A = 0.326 mAU), 344 nm (A = 0.202
mAU); fluorescence (bD): Aexc = 344 NMAems= 492.98 nm; ESI-MSn/z[M+H]* calculated
for C1oH16FN,O", 307.1241; found, 307.1264; RP-C18 HPL&L=113.15 min, 96.25%.
3-Ethyl-7-(4-fluorophenyl)-3H-pyrrolo[3,2-fl]quinait9(6H)-one(14).

Compoundl4 was prepared as described for compoi@dy reacting 1.12 g (3.05 mmol) of
the appropriate phenylacrylate derivat¥/&o yield 0.340 g of a raw solid that was purifieg
flash column chromatography (eluent chloroform/raetii, 9:1) to yield 0.320 g of final

compound. Yield: 39%; RR0.59 (light blue fluorescent spot, chloroform/tretol, 9:1); mp =
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308°C; 'H NMR (400 MHz, DMSO-g) 6 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 = 8:82 1H, H-5), 7.52 (d, J = 2.66
Hz, 1H, H-1), 7.50 (d, J = 2.82 Hz, 1H, H-2), 72, J = 8.86, 3.19, 2.19 Hz, 2H, H&nd
H-5), 6.47 (s, 1H, H-8), 4.32 (q, J = 7.21 Hz, 2H, MCHs), 1.41 (t, J = 7.22 Hz, 3H,
NCH,CHs) ppm; **C NMR (101 MHz, DMSO-g) § 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), 3B0(d, J=8.63 Hz, C:2and C-6),
128.91 (C-2), 123.90 (C-9a and C-9b), 118.74 (&,3tHz, C-1), 116.73 (d, J=21.80 Hz, C-
3 and C-%), 116.33 (C-4), 113.13 (C-5), 109.02 (C-8), 104(891), 41.43 (\CH,CHs),
16.78 (NCHCH3) ppm; IR (KBr):v= 3422.31 (NH), 3078 (aliphatic C-H), 2930.57 (kkic
C-H), 1609.22 (C=0), 1508.23 (C=C), 1220.20c(@-F); UV-Vis (H0): 269 nm (A =
0.248 mAU), 352.97 nm (A = 0.165 mAU); fluorescern(€BO): Aexc = 352.97 NMAems =
484.02 nm; HRMS (ESI-MS, 140 eVin/z[M+H]" calculated for @H:1sFN.O™ , 307.1241;
found, 307.1272; RP-C18 HPLG: £ 12.95 min, 97.05%.
3-Benzoyl-7-(3-fluorophenyl)-6H-pyrrolo[3,2-flquiie-9-one (15).

Compoundl5 was prepared as described for compoi@y reacting 0.150g (3.05 mmol) of
the appropriate phenyl-acrylate derivatiMeto yield 0.080 g of final compound. Yield: 56%;
Rf: 0.59 (light blue fluorescent spot, chloroform/tratol, 9:1); mp = 329C; *H NMR (300
MHz, DMSO)6 6.51 (s, 1H, H-8), 7.43 (§ = 8.5 Hz, 1H), 7.52 (d] = 3.6 Hz, 1H), 7.6&
7.60 (m, 3H, H-3 H-4 and H-5%) 7.87- 7.70 (m, 7H, H-2 H-6, ), 8.61 (dJ = 9.1 Hz, 1H,
H-4), 11.90 (s, 1H, NH) ppm*C NMR (101 MHz, DMSO-g) 6 179.80 (CO), 165.20
(NCO), 163.04 (d, J=248.16 Hz, ©;3135.57 (C-3a), 135.12 (C-5a), 133.65 (C-7), &30.
(C-4"), 130.12 (d, J=7.91 Hz, C)1129.99 (d, J= 3.28 Hz, C)4129.96 (C-3 and C-5),
128.11 (d, J=21.24 Hz, C-and C-6), 127.64 (C-2 and C-8), 124.19 (C-2 and C-9b),

124.02 (d, J=7.32 Hz, C¥ 120.45 (C-4), 120.14 (C-9a), 117.02 (C-5), 110@-1), 107.03
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(C-8) ppm; UV-Vis (HO): 275 nm (A = 0.568 mAU); fluorescence®): Aexc = 275 nm,
Aems = 541 nm; HRMS (ESI-MS, 140 eV)n/z [M+H]" calculated for &H1sFN,Oy"™

383.1190; found, 383.1175; RP-C18 HPL&=t20.50 min, 95.62%.

4.1.8 2-Fluorobenzoyl chloridd7).

2.0 g of 2-fluorobenzoic acid (14.27 mmol) was pthin a 50 mL round-bottomed flask, and
7 mL of thionyl chloride was added. The mixture wadluxed at 80°C for 2 h and
concentrated under reduced pressure, and the eesiasi co-evaporated with toluene (10 mL)
3 times to obtain 0.910 g of a yellow oil. The caupd was used for the next step without
further purification. Yield = 40%'H NMR signals were compatible with data reportethie
literature.

Synthesis of 7-phenyl-3H-pyrrolo[3,2-flquinolin-9-y2-fluorobenzoate (18) and 3-(2-
fluorobenzoyl)-7-phenyl-6H-pyrrolo[3,2-fl]quinolin-8ne (19).

Into a two-necked 50 mL round-bottomed flask, 0.@6(®.54 mmol, 3 eq.) of NaH, 60%
dispersion in mineral oil, was placed and washeith vdluene (3 x 10 mL). With stirring, a
solution of 7-phenyl- B,6H-pyrrolo[3,2{f]quinolin-9-one (6), (prepared as previously
reported in [7]), 0.220 g (0.85 mmol, 1 eq.) in £ of anhydrous DMF, was dropped into the
flask. After 40 min at room temperature, a solutadr-fluorobenzoyl chloride, 0.40 g (2.54
mmol, 3 eq.) in 2 mL dry DMF, was added, and thectien mixture was stirred for 2 h. The
reaction was monitored by TLC analysis (eluent wfftrm/methanol, 9:1). At the end of the
reaction, 25 mL of water was added, and the reactitxture was extracted with EtOAc (3 x
50 mL). The combined organic phases were washell water and brine, dried over
anhydrous Nz50O, and concentrated under vacuum to yield a crude msmiid (1.44 g). This
crude product was purified with flash column chréeogaaphy (chloroform/methanol, 9:1),

yielding 0.236 g of compouniB and 0.070 g of desired compoui® Compoundl8: yield
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78%; R 0.70 (light blue fluorescent spot, chloroform/tretol, 9:1); mp = 324C; 'H NMR
(400 MHz, DMSO-@) 6 11.90 (s, 1H, NH), 8.46 (t, J=6.86 Hz, 1H, H-488(m, 1H, H-6),
8.17 (d, J=9.19 Hz, 1H, H-5), 8.02 (m, 2H, Haad H-8), 7.86 (d, J=3.21 Hz, 1H, H-2), 7.75
- 7.85 (m, 3H, H-3, H-4’ and H-%), 7.71 (m, 2H, H-3and H-3), 7.70 (m, 1H, H-9, 7.67
(s, 1H, H-8), 7.42 (dd, J=2.99 Hz and J=0.65 Hz, HHl) ppm;*C NMR (101 MHz,
DMSO-d&) 6§ 176.63 (CO), 169.98 (C-9), 164.62 (d, J=245.27 Bz’), 151.15 (C-7),
138.72 (d, J=21.62 Hz, C%), 137.87 (C-5a), 133.62 (d, J=7.82 Hz, 0;4132.61 (C-1),
132.58 (C-3a), 132.12 (C)4 131.44 (d, J=7.47 Hz, C% 130.95 (C-2), 129.94 (d, J=2.61
Hz, C-8’), 129.83 (C-3and C-%), 129.05 (C-2 and C-6), 120.68 (C-9b), 120.13 (C-4),
118.24 (d, J=21.82 Hz, C*R 114.10 (C-9a), 113.22 (C-5), 105.40 (C-1), 105Q-8) ppm;
IR (KBr): v= 3301 cnt (NH), 3024.54 cnf (aromatic C-H), 2961.89 c(aliphatic C-H),
1458.09 crit (C=C), 1736.10cm (CO0), 1239.51cfh (C-F); UV-Vis (H,0): 269 nm (A =
0.640), 376 nm (A = 0.393); fluorescence;@t Aexc = 376 NM,Aem = 473.93 nm; HRMS
(ESI-MS, 140 eV): m/z [M+H] calculated for gH1¢FN,O,", 383.119; found, 383.1261; RP-
C18 HPLC: g = 15.44 min, 98 %; Compouri®: yield: 22%; R: 0.60 (light blue fluorescent
spot, chloroform/methanol, 9:1); mp = 263 'H NMR (400 MHz, DMSO-¢) & 11.95 (m,
1H, NH), 8.65 (d, J = 9.12 Hz, 1H, H-4), 7.87 (m},H-2 and H-8), 7.86 (m, 1H, H-5),
7.82 (m, J = 2.95 Hz, 1H, H-2), 7.80 (m, J = 2.84 BH, H-1), 7.74 (m, 1H, H34 7.60 (m,
2H, H-3 and H-8), 7.50 (d, J = 9.12 Hz, 1H, H-5), 7.46 (m, 1H, 1;3.39 (m, J = 1.60 Hz,
1H, H-6’), 7.26 (m, 1H, H-4), 6.45 (s, 1H, H-8) ppm-°*C NMR (101 MHz, DMSO-g) &
178.50 (CO), 164.93 (NCO), 160.27 (C-7), 158.936249.32, C-2), 149.44 (C-5a), 140.27
(d, J=22.78 Hz, C1), 139.14 (C-3a), 135.17 (d, J=8.76 Hz, 'Q;4.34.48 (C-1), 134.24 (C-
4), 132.34 (d, J=1.30 Hz, C*§ 130.71 (d, J=7.82 Hz, C%§ 129.52 (C-3and C-5), 128.51

(C-2), 127.94 (C-2and C-6), 120.54 (C-9b), 120.54 (C-4), 119.84 (C-9a), 257d, J=23.04
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Hz, C-3’), 116,56 (C-5), 111.16 (C-1), 109.12 (C-8) ppm;(KBr): v = 3430.03 crit (NH),
3067.39 crit (aromatic C-H), 2964 cth(aliphatic C-H), 1687 cfh(C=0), 1547 cnt (C=C),
1351.18 crit (C-F); UV-Vis (H,0): 280 nm (A = 0.989), 346.42 nm (A = 0.803);
fluorescence (bD): Aec=346.42 NM,Aenn=500.00 nm; HRMS (ESI-MS, 140 eV)n/z
[M+H] " calculated for gH:6FN,O,", 383.119; found, 383.1261; RP-C18 HPLE=t15.24

min, 96.5 %.

4.2 Biological assays
4.2.1 Cell growth conditions and antiproliferatigsesay

Human T-cell leukemia (Jurkat, DND-41, and CEM),c#8} leukemia (RS4;11) and
promyelocytic leukemia (HL-60) cells were grownR#PMI-1640 medium (Gibco, Milano,
Italy). Human breast adenocarcinoma (MCF-7, MDA-KBt, MDA-MB-468), cervix
carcinoma (HelLa), melanoma (A375 and A2058) andrc@denocarcinoma (HT-29) cells
were grown in DMEM medium (Gibco, Milano, ltaly)ll supplemented with 115 units/mL
penicillin G (Gibco, Milano, Italy), 11xg/mL streptomycin (Invitrogen, Milano, Italy), and
10% fetal bovine serum (Invitrogen, Milano, Italgtock solutions (10 mM) of the different
compounds were obtained by dissolving them in DMB@ividual wells of a 96-well tissue
culture microtiter plate were inoculated with 100 of complete medium containing 8 x>10
cells. The plates were incubated at 37 °C in a dified 5% CQ incubator for 18 h prior to
the experiments. After medium removal, a 100aliquot of fresh medium containing the test
compound at varying concentrations was added tb e&d in triplicate and incubated at 37
°C for 72 h. Cell viability was assayed by the MIEBt as previously described [28]. Thed3!

was defined as the compound concentration reqtarathibit cell proliferation by 50%.
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CEM"P1% cells are a multidrug-resistant line selected rggaiinblastin@nd were a kind gift
of Dr. G. Arancia (Istituto Superiore di Sanita,rRe Italy). They were grown in RPMI-1640

medium supplemented with 100 ng/mL of vinblastine.

Peripheral blood lymphocytes (PBL) from healthy dienwere obtained by separation on a
Lymphoprep (Fresenius KABI Norge AS) gradient. Afextensive washing, cells were
resuspended (1.0 x 1@ells/mL) in RPMI-1640 with 10% fetal bovine serwamnd incubated
overnight. For cytotoxicity evaluations in proliédéing PBL cultures, non-adherent cells were
resuspended at 5 x 2@ells/mL in growth medium containing 2j55/mL PHA (Irvine
Scientific). Different concentrations of the testngpounds were added, and viability was
determined 72 h later by the MTT test. For cytatayievaluations in resting PBL cultures,
non-adherent cells were resuspended (5 Xc&lls/mL) and treated for 72 h with the test

compounds, as described above.

4.2.2 Effects on tubulin polymerization and on hame binding to tubulin

To evaluate the effect of the compounds on tubagsemblyin vitro [18], varying
concentrations of compounds were preincubated ¥6thM bovine brain tubulin in 0.8 M
monosodium glutamate (from a 2 M stock solutioruatjd to pH 6.6 with HCI) for 15 min at
30 °C and then cooled to 0 °C. After addition o# @M GTP (final concentration), the
mixtures were transferred to°C cuvettes in a recording spectrophotometer eqdippth an
electronic temperature controller and warmed to°B30 Tubulin assembly was followed
turbidimetrically at 350 nm. The kg was defined as the compound concentration that
inhibited the extent of assembly by 50% after an#ii incubation. The ability of the test
compounds to inhibit colchicine binding to tubulims measured as described [18], with the

reaction mixtures containing M tubulin, 5uM [3H]colchicine and 34M test compound.
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4.2.3 Flow cytometric analysis of cell cycle distriion

5 x 1¢ Hela cells were treated with different concentmasi of the test compounds for 24 h.
After the incubation period, the cells were cokekt centrifuged, and fixed with ice-cold
ethanol (70%). The cells were then treated withslymiffer containing RNase A and 0.1%
Triton X-100 and stained with Pl. Samples were yed on a Cytomic FC500 flow
cytometer (Beckman Coulter). DNA histograms werealyed using MultiCycle for

Windows (Phoenix Flow Systems).
4.2.4 Apoptosis assay

Cell death was determined by flow cytometry of €@lbuble stained with annexin V/FITC
and PI. The Coulter Cytomics FC500 (Beckman Coul&s used to measure the surface
exposure of PS on apoptotic cells according tontla@ufacturer’s instructions (Annexin-V

Fluos, Roche Diagnostics).

4.2.5 Analysis of mitochondrial potential and ROS

The mitochondrial membrane potential was measuréth e lipophilic cation JC-1
(Molecular Probes, Eugene, OR, USA), while the potidn of ROS was followed by flow
cytometry using the fluorescent dyeDCFDA (Molecular Probes), as previously described

[30].

4.2.6 Western blot analysis
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HeLa cells were incubated in the presencd2find, after different times, were collected,
centrifuged, and washed two times with ice coldgpinate buffered saline (PBS). The pellet
was then resuspended in lysis buffer. After thésagére lysed on ice for 30 min, lysates were
centrifuged at 15000 x g at 4 °C for 10 min. Thet@in concentration in the supernatant was
determined using the BCA protein assay reagen&sd®, Italy). Equal amounts of protein (10
ug) were resolved using sodium dodecyl sulfate-pmiglamide gel electrophoresis (SDS-

PAGE) (Criterion Precast, BioRad, Italy) and tramsfd to a PVDF Hybond-P membrane
(GE Healthcare). Membranes were blocked with a rfmwerum albumin solution (5% in

Tween PBS 1X), and the membranes were gently tbtaternight at 4 °C. Membranes were
then incubated with primary antibodies against BcPARP, caspase-3, H2AX, cdc25c,

cyclin B, p-cdc2'™® Mcl-1 (all from Cell Signaling) anf-actin (Sigma-Aldrich) for 2 h at

room temperature. Membranes were next incubatet wéroxidase labeled secondary
antibodies for 60 min. All membranes were visualimsing ECL Select (GE Healthcare), and
images were acquired using an Uvitec-Alliance imggystem (Uvitec, Cambridge, UK). To
ensure equal protein loading, each membrane wgspetr and reprobed with anti-actin

antibody.

4.2.7 In vivoanimal studies.

Animal experiments were approved by our institusioanimal ethics committee (OPBA,

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

were executed in accordance with national guidsliawed regulations. Procedures involving
animals and their care conformed with institutiogaidelines that comply with national and
international laws and policies (EEC Council Direet86/609, OJ L 358, 12 December 1987)
and with “ARRIVE” guidelines (Animals in Researcleportingln Vivo Experiments). Six-

week old C57BL/6 mice (Envigo) were injected subogbusly into the dorsolateral flank
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with 2.5x16 BL6-B16 murine melanoma cells in 200 pL total vokiof PBS. When tumors
were palpable, animals were treated intraperitdneadery other day with different doses of
test compounds dissolved in 50 uL of DMSO. Tumoeseameasured in two dimensions, and
tumor volume was calculated according to the foem(D x f)/2, where D and d are the

major and minor perpendicular tumor diameters,eetygely.

4.3 1n vitro drug metabolism studies

4.3.1 Metabolite profiling of compoun20 in human liver microsomeslhe incubation
mixtures (final volume, 0.2 mL) contained 1M compound20, 0.5 mg of protein/mL of
pooled, mixed-gender, human liver microsomes (HLb&alog No. H0610, lot No. 120097;
Xenotech LLC, Lenexa, USA), 1 mM NADPH (Santa CBintechnologies, IncDallas,
USA), and 0.1 M KHPO, (pH 7.4). The reaction was started following a Brthermal
equilibration at 37°C by adding the microsomes,duated at 37°C under aerobic conditions,
and terminated after 60 min by adding 0.2 mL ofgo&l acetonitrile. Control incubations
were conducted in the absence of NADPH. After pnatemoval by centrifugation at 20,090
for 10 min (4 °C), an aliquot of the supernatansvamalyzed by HPLC with fluorescence
detection, and major fluorescent peaks were celtkahanually and subjected to mass

spectrometry as described below.

4.3.2 Metabolic stability of compouni2-15 and19-21 in human liver microsomes.

To compare the susceptibility @2, 13, 14, 15, 19, 20 and21 to liver microsomal oxidative
metabolism, each test compound (final concentratiéhuyM) was incubated in a mixture
(total volume, 0.2 mL) containing 0.1 M KRO, (pH 7.4), 0.5 mg/mL (compound2-14 or
20) or 1 mg/mL (compound45, 19 and 21) of pooled, mixed-gender HLMs (catalog No.

HO0610, lot No. 120097; Xenotech LLC), and 1 mM NABDRSanta Cruz Biotechnologies,
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Inc.). The reactions were started following a 3-rfiarmal equilibration at 37 °C by adding
the microsomes and terminated by adding 0.2 mLcefcbld acetonitrile after 0- or 60-
(compoundsl5, 19 and 21), or after O-, 2-, 5-, 15-, or 30-min (compouri®s14 and 20)
incubations at 37 °C. These incubation conditioresewestablished based on preliminary
single-time point (60 min) experiments indicatingrsficant depletion of compoundk-14
and 20, but not15, 19 and 21, in incubation mixtures containing HLMs (0.5 mg/méand
NADPH (1 mM). Zero- and 30-min control incubatiomere performed in the absence of
NADPH, as well as in the absence of both HLMs amdDRH (buffer-only incubations).
Samples were then centrifuged (4 °C) at 209®& 10 min, and aliquots of the supernatants
were analyzed for the disappearance of test congsolmp HPLC with fluorescence detection,

as described below.

4.3.3 Chemical inhibition studie$o assess the role of CYP in liver microsomal metiaim

of compounddl2-14 and20, each test compound (1) was incubated at 37(add space)°C
for 0 and 15 min in 0.2 mL of 0.1 M KIRO, (pH 7.4) containing 0.5 mg/mL pooled, mixed-
gender HLMs (catalog No. HO610, lot. No. 0810472n&tech LLC), 1 mM NADPH (Santa
Cruz Biotechnologies, Inc.), and the non-selectBP inhibitor quercetin (10QM; [13-
15]); the incubation protocol and sample prepamafar HPLC analysis were the same as

described above. Control incubations were carrigdrothe absence of quercetin.

4.3.4 HPLC analysisAll chromatographianalyses were carried out using an HPLC system
(Agilent Technologies Inc., formerly Hewlett-Pac#ta€o, Palo Alto, USA) equipped with of
a series 1200 degasser, a series 1100 quaternany, useries 1100 autosampler, a series
1100 column oven, and a series 1200 fluorescentectde data were collected and
integrated using the Agilent ChemStation softwaEdromatographic conditions were as

follows: column, Agilent Zorbax SB C18 (4.6 x 75 m&5 um; Agilent Technologies Inc.;
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analysis of compoundg2-15, and21), Symmetry Shield RP18 (4.6 x 150 mm, 5 um; Waters
Corp., Milford, USA; analysis of the metabolic stap of compound20), or Symmetry C8
(4.6 x 250 mm, 5um; Waters Corp.; metabolic profile analysis of campd 20); mobile
phase, 0.1% formic acid in water (solvent A), ant®® formic acid in acetonitrile (solvent
B); elution program, isocratic elution with 95% waht A for 2 min, linear gradient from 5 to
40% solvent B in 8 min, followed by a further limegadient from 40 to 60% solvent B in 2
min, and an isocratic elution with 60% solvent B Tomin; post-run time, 5 min; flow rate,
1.0 mL/min; injection volume, 50 pL; column tempera, 30 °C; detection, fluorescence
(excitation wavelength, 344 nm; emission waveleng8 nm). Under the above conditions,
the retention times were 11.6, 11.5, 11.5, 13.84,1&nd 13.5 min fot2, 13, 14, 15, 19, and
21, respectively; the retention time for compollwas 12.9 (Symmetry C8 column) or

11.3 min (Symmetry Shield RP18 column)..

4.3.5 Mass spectrometryCollected HPLC peak fractions were subjected lextespray
ionization time-of-flight mass spectrometry (ESI-H-M™S) performed on a Xevo G2-S QTof
(Waters Corp.). The mass spectrometer operated timeléollowing conditions: electrospray
in positive ion mode (ES+); source temperature, XD0desolvation gas temperature, 450 °C;
capillary voltage, 2.0 kV; sampling cone voltage \ Data were collected by full scan mode

(scan range af/z 50-2000) and evaluated by the MassLynx softwdratérs Corp.).

4.3.6 Data analysis Metabolic stability of each test compound, expressed as permie
compound remaining (mean + SD; n = 3), was caledldty comparing the corresponding
chromatographic peak area at each time point velat that at time O min. The half-life of
compoundsl2-14 and20 in NADPH-supplemented human liver microsomal iratidns was
calculated asib = 0.693/k, where k is the slope of the line olediby linear regression of the

natural logarithmic percentage (Ln %) of compouaehaining versus incubation time (min).
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Results of the chemical inhibition studies werelyred by the Student’s t-test.

4.4 Molecular modelling

All the synthesized compounds in Table X were hanld their partial charges calculated after
semi-empirical (PM6) energy minimization using tMOE2018 software [39, 40]. The
molecular docking studies are based on the protoemntly reported on this target [11]
obtained by a benchmark of different protein/sapnmotocols using DockBench 1.01 [41].
Each ligand was docked 20 times using GOLD usin@ P42] integrated in the virtual
screening platform of DockBench. The docking protoparameters were maintained in
accordance with the benchmark study. The stalohtgr the time of the poses was further
evaluated by MD simulation in explicit solvent, ning three different repetitions of 10 ns
each using the ACEMD [43] MD engine coupled to tAMBER12 forcefield [44].
Geometrical stability was assessed by computingniean RMSD over the three replicas
repetitions. The energetic stability of the intéi@t was evaluated by computing protein-
ligand binding affinities by the MMGBSA method [45A detailed protocol including the
preparation of the system for MD simulation and tmerameters of the MD and the
MMGBSA calculations was derived from the recentgparted pipeline used in Grand
Challenge 2 [46] organized by the Drug Design DaResource Community
(drugdesigndata.org), except for the length ofréicas, 10 ns instead 2 ns, and for the time

step of 2 fs instead of 4 fs.
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HIGHLIGHTS

A small number of fluoro-phenylpyrrologuinolinones 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
MiCcrosomes
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