Accepted Manuscript =

EUROPEAN JOURNAL OF

Synthesis, structure-activity relationships and biological evaluation of 7-phenyl-
pyrroloquinolinone 3-amide derivatives as potent antimitotic agents h

Davide Carta, Roberta Bortolozzi, Mattia Sturlese, Veronica Salmaso, Ernest Hamel, 7,
Giuseppe Basso, Laura Calderan, Luigi Quintieri, Stefano Moro, Giampietro Viola, 4

Maria Grazia Ferlin

PII: S0223-5234(16)30888-1

DOI: 10.1016/j.ejmech.2016.10.026
Reference: EJMECH 8991

To appearin:  European Journal of Medicinal Chemistry

Received Date: 14 September 2016
Revised Date: 10 October 2016
Accepted Date: 13 October 2016

Please cite this article as: D. Carta, R. Bortolozzi, M. Sturlese, V. Salmaso, E. Hamel, G. Basso, L.
Calderan, L. Quintieri, S. Moro, G. Viola, M.G. Ferlin, Synthesis, structure-activity relationships and
biological evaluation of 7-phenyl-pyrroloquinolinone 3-amide derivatives as potent antimitotic agents,
European Journal of Medicinal Chemistry (2016), doi: 10.1016/j.ejmech.2016.10.026.

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.


http://dx.doi.org/10.1016/j.ejmech.2016.10.026

Synthesis, structure-activity relationships and biological evaluation of 7-phenyl-

pyrroloquinolinone 3-amide derivatives as potent antimitotic agents.

Davide Carta’, Roberta Bortolozzi®, Mattia Sturlese', Veronica Salmaso’, Ernest Hamel®, Giuseppe

Basso?, Laura Calderan', Luigi Quintieri®, Stefano Moro', Giampietro Viola?, Maria Grazia

L1
Ferlin™.
SELECTIVITY
CRUCIAL l
the presence of a ’—,Rz 1 -
phenyl fmup (o) —
causes loss of | ' { N
activity . £ ESSENTIAL
\. k BN IN R’ for opimal activity
- N H :
, |
/
free
Essential [3,2-/] geomety
CRUCIAL




Synthesis, structure-activity relationships and biological evaluation of 7-

phenyl-pyrroloquinolinone 3-amide derivatives as potent antimitotic agents

Davide Cart Roberta BortolozZj Mattia Sturlesk Veronica Salmasp Ernest Hamé)
Giuseppe Bas$pLaura Calderan Luigi Quintieri', Stefano Mord Giampietro Viol4, Maria

Grazia Ferlint’

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

Department of Woman's and Child’s Health, Universiof Padova, Laboratory of

Oncohematology, 35128 Padova, Italy.

3Screening Technologies Branch, Developmental Thertigs Program, Division of Cancer
Treatment and Diagnosis, Frederick National Laborgtfor Cancer Research, National

Cancer Institute, National Institutes of HealtheBerick, Maryland 21702, USA.



Abstract

A small library of 7-pyrrolo[3,Z]quinolinones was obtained by introducing benzeylfonyl
and carbamoyl side chains at théN3osition, and their cytotoxicity against a panél o
leukemic and solid tumor cell lines was evaluateédost of them showed high
antiproliferative activity with GJos ranging from micro- to sub-nanomolar values, tate
values correlated well with the inhibitory actieisi of the compounds against tubulin
polymerization. Based on a recently proposed coicti bind site inhibitors (CBSIs)
pharmacophore, the interactions of the novel 7-RPwD the colchicine domain were
rationalized. The most active compounda &nd4b) did not induce significant cell death in
normal human lymphocytes, suggesting that the comg® may be selective against cancer
cells. In particulard4a was a potent inducer of apoptosis in both the Hahd Jurkat cell
lines. On the other hand, the sulfonyl derivaieexhibited a lower potency in comparison
with 4a. With both compounds, induction of apoptosis wesoaiated with dissipation of the
mitochondrial transmembrane potential and prodaatioreactive oxygen species, suggesting

that cells treated with the compounds followeditttignsic pathway of apoptosis.

Keywords. Microtubules, phenylpyrroloquinolinone, tubulin, aggtosis, molecular docking,

structure-activity relationships.



1. Introduction

Drugs interfering with microtubules (MTs) represantlass of compounds of great interest in
the area of anticancer therapy. MTs are an essentigponent of the cellular cytoskeleton, as
they regulate and participate in a variety of daHufunctions that include motility,
morphology, intracellular transport, signal transtthn, and cell division [1]. MTs are
composed obi/B tubulin heterodimers that have polymerized intbnclyical structures, and,
therefore, both natural and synthetic agents abl@terfere with tubulin polymerization or
depolymerization, thereby altering MT dynamics, tawre to attract considerable attention in
the field of chemotherapeutic research [2]. Notyoate there clinically used natural and
semisynthetic antimitotics (such as, paclitaxeheottaxanes, eribulin, ixabepilone and vinca
akaloids), but there is also a large number otcttirally dissimilar small molecules with high
affinity for the colchicine site on tubulin. Thessompounds are able to inhibit the
proliferation of a wide variety of human cancerlsdB]. Moreover, these agents can also
affect the tumor endothelial vasculature requidlie growth of tumor mass. These types of
tubulin inhibitors might provide new therapeuticpagaches to treat cancers and overcome
limitations of existing tubulin interactive drug#][ In the last decade, we have been
developing phenylpyrroloquinolinone (PPyQ) derivasi that show interesting vitro and in
vivo antitumor activity. Both 2-PPyQs and 7-PPyQs actudulin polymerization inhibitors
by binding at the colchicine site @rtubulin [5,6]. Although less cytotoxic, the 2-RPy
compounds were also found to exhibit interestingvitro and in vivo antiangiogenic
properties [7]. The more cytotoxic 7-PPyQ derivasivshowed very remarkable vitro
biological properties and good antitumor activity vivo. In particular, some 7-PPyQs,
characterized by alkyl substitutions at the pyrroigogen, showed increased cytotoxicity

with nanomolar G}, values, and these compounds overcame the regstéserved with the



clinically used agents vincristine and taxol [8,8). the latter series, theN3cyclopropyl
methyl 7-PPyQ derivative MG 2477 (Figure 1D), was taken as lead compound due to its
very strong cytotoxicity (nanomolar rangesg) and its potent interaction with tubulin. Its
activities as an inhibitor of tubulin polymerizati@and of colchicine binding to tubulin were
similar to those of the reference compound combtata A-4: 0.90uM assembly 1G, and
83% inhibition of colchicine binding for compountD versus values of 1.1 and 99%,
respectively, for CA-4 [10, 11]. Compourd was also demonstrated to induce autophagy in
the A549 cell line [12]. Very recently, in an effoio produce additional highly active
compounds, numerous related analogues were desigymtiesized and studied, resulting in
the discovery of a potent\3acyl derivative MG 2603 (Figure 11) showing low nanomolar
Glsg values. Compoundyl, too, showed an anti-tubulin mechanism profileilsimo that of
10, but it was also able to inhibit a number of kemsnvolved in tumor progression.
Moreover, 11 showed reduced toxicity in non tumor cell linesdasynergized with
conventional chemotherapeutic agents in inhibiteukemia cell proliferation [13].

Driven by the SARs we have collected during theettggment of the PPyQs [14] (Figure 1)
and remembering the recent results with tiNa8yl 7-PPyQ derivative, the aim of the
present work was the design, synthesis and evatuafi novel analogues substituted at the
pyrrole N with acyl, sulfonyl and carbamoyl sideagts. In designing the novel derivatives,
we preserved the structural elements crucial ferktbst antiproliferative activity, such as the
[3,2-f] geometry of the pyrroloquinoline core, the unstithted phenyl ring at the 7 and the
carbonyl group at the 9 position, without any otkabstitutions except for the 3 position
(Figure 1). Biological investigations included cdgir cytotoxicity, tubulin inhibition assays

and an apoptosis assay, together with docking sitionls in the colchicine site @ftubulin.



This allowed us to obtain more knowledge on the kaistitutions at the pyrrole N for

effective interactions at the colchicine site.

2. Resultsand discussion

2.1 Chemistry

Scheme 1 shows the route to 7-PPyQs bearing ackigi@ bound to the pyrrole N via a
carbonyl group according to the previously reporgetieral synthesis to 7-PPyQs [7]. The
starting commercial 5-nitroindole was reacted wdrious acyl and sulfonyl chlorides in
order to obtain directly the NBsubstituted indole derivativeta-d. Compoundle was
prepared by means of a one-pot procedure consistsigpf activation of 5-nitroindole with
p-nitrophenylchloroformate to give the reactivep-8itrophenylcarbamate intermediate and

then reaction with cyclopropylamine (19% vyield).eThext reduction step &-nitro- to 5-
aminoindole intermediates was accomplished by anata procedure with Sn€2H,0, 37%

HCI in methanol at reflux to give indole derivats/2a-d. In the case ote, the reduction did
not produce any corresponding amino compound. \Whylea catalytic procedure withyldnd
C/Pd 10% in EtOAC/EtOH at atmospheric pressureloline compoundSa, b, d ande were
obtained. Note that by the above chemical method@ndole derivative2a was obtained in
poor yields due to the formation of a mixture ofriwas chloro-derivatives (not shown).
Therefore the synthesis 4a did not proceed beyond the ¢ step. Aminoindolevd&ves2b-

d were then condensed with ethyl benzoyl acetapedweide the eneamine intermediaBisd

to be then thermally cyclized into the final 7-PRyB-d. In the same way, indolinés, b, d
ande gave eneamine derivativés, b, d ande with benzoyl acetate. However, when these
were submitted to thermal cyclization in diphenyhez, 6a, b andd gave a mixture of

isomeric compounds angul@a, b, d and linea8a, b, d, whereas derivativée did not react.



It is worth emphasizing that, by the catalytic mdare at the reaction conditions used here,
we never observed the formation either of amindinds or the subsequent cyclization to
linear tricyclic compounds.

Scheme 2 shows an alternative method to obtaifithecompoundgla and4e, which could
not be prepared by the route shown in the Scheni@d previously described 7-PP¥]8],
available in our laboratory, was submitted to aglat®n reaction with benzoyl chloride.
After a laborious purification procedure, 7-PPg&was obtained in a 37% yield. Compound
4e was obtained by the same one pot procedure dedali®ve, consisting of the reaction of
7-PPyQ 9 to give the intermediate @nitrophenylcarbamate, which was not isolated,

followed by reaction with cyclopropylamine (30% Igie

2.2 Biological evaluation

2.2.1 In vitro antiproliferative activitieand SAR analysis.

On the basis of previous biological activity data ©PPyQs and docking simulations Idf
into the colchicine site of tubulin [13he new compounds were designed to obtain additiona
SAR information by modifying the nature and sizesabstituents at the 3 position of the 7-
PPyQ tricycle. Evaluation of antiproliferative adgties of 4a-e, 7a,b, 7d, and 8a,b was
performed with the 3-(4,5-dimethylthiazol-2-yl)-2dfphenyltetrazolium bromide (MTT)
assay against a panel of 11 human tumor cell I{@&RF-CEM, HL-60, RS4;11, Jurkat,
SEM, MV4;11, THP-1, HelLa, A549, HT-29, MCF-7). 4glvalues, the concentrations that
inhibit cell growth by 50%, are presented in TableMost of the novel 7-PPyQs possessed
antiproliferative activity, inhibiting cell growtkvith nanomolar to micromolar &l values,
except for the linear 1,2-dihyd&b (Glsc>10000 nM) having a methanesulfonyl group at the

3 position. In contrast, its angular isonTér showed GJ, values in a high nanomolar range,



demonstrating that for partially hydrogenated pygainolinones the [3,8 geometry is also
preferred for cytotoxic activity as it was for fularomatic compounds. Comparable behavior
was also observed for the benzamidic derivatifesnd8a, although not as dramatic: the
linear 8a showed GJp values in the micromolar, while the angular comqmbidb had 1Go
values in the sub-micromolar range. Moreover, friira data presented in Table 1, it is
evident that the angular, fully aromatic 7-PPy@sb,d were more cytotoxic than the
corresponding hydrogenated analogéda$,d. This was most remarkable for the p#éarand

7a, with the former havinglso values in the 0.1-10 nM range and the lattep @lues in the
250-2650 nM range. Of particular note were the lmanomolar and sub-nanomolarsgsl
valuesobtained with the serieda-4e, in both the leukemiand solid tumor cell line®©verall,

the most active of the new compounds was the bedmnerivativeda, with subnanomolar
concentrations in five of the eleven cell linesthwslightly lower Gi, values in the solid
tumor lines (Gdos 0.2, 0.1 and 0.2 nM in the HelLa, HT-29 and MCE&ells, respectively).
Previously, we had observed that 7-PPyQs were mydogoxic against leukemic cells. Thus,
the preferential activity ofla against solid tumor cell lines is worth emphagizifihe same
relative activity against the solid tumor cell llneas also observed for sulfamidic derivatives
4b-d, but not for the ureidic derivativée. We also note that there did not appear to be a
significant steric hindrance factor among the coumus evaluated here, with similar
antiproliferative activities observed among theieseda-4e and the previously evaluated
compoundLl.

We conclude that the 7-PPyQ derivatiéesse, chemically modified at 3 position with
substitutions such as carbonyl, sulfonyl and cadydmroups, maintained strong cytotoxicity
against tumor cell lines. These substitutions weagle to further explore the SARs, and they

have confirmed what was observed previously wittb@ayl compoundll. Substitutions



with oxygenated groups, although of diverse natarel volume, confer very high
antiproliferative activity on 7-PPyQs. Due to thbioad spectrum of potent activiga and

4b were selected for further biological investigatia@n mechanism of action.
2.2.2 Evaluation of cytotoxicity in human non-canuals.

To obtain a preliminary indication of the cytotoxpotential of these derivatives in normal
human cells, the two most active compourds §nd 4b) were evaluatedn vitro against
peripheral blood lymphocytes (PBL) from healthy dimn(Table 2). Compoungh showed a
Glsp of 28 pM in quiescent lymphocytes, while in the gamece of the mitogenic stimulus
phytohematoaglutinin (PHA), the §ldecreased to about 15 pM. Notably, this value was
almost 1000-2000 times higher than that observaghagthe lymphoblastic cell lines CCRF-
CEM and Jurkat. These results indicate #@mhas a significant effect in rapidly proliferating
cells but not in quiescent cells, as previouslyeolsd for other antimitotic derivatives
developed by our group [13]. Compou#id was completely inactive in both quiescent and

proliferating lymphocytes.
2.2.3 Inhibition of tubulin polymerization and cbicine binding.

To evaluate the tubulin interaction properties@mhpoundsia-e, we investigated their effects
on inhibition of tubulin polymerization and the Hing of PH]colchicine to tubulin (Table 3)
[15,16]. For comparison, CA-4 arit were examined in contemporaneous experiments as
references compounds. Among the test compoutaistrongly inhibited tubulin assembly
assay with an 1§ of 0.89 uM, a value that was lower than that otsdifor the reference
compound CA-4 (I6=1.2 uM). Compounddb and4c showed an Ig similar to that of CA-

4 while 4d and4e were less effective than the reference compoutgp €2.2-2.4 uM). These



results correlate well with the growth inhibitoryfexts exhibited by the test compounds,
indicating that their antiproliferative activity dees from an interaction with tubulin.

In the colchicine studies, compoudd was the most active inhibitor of the binding of
[*H]colchicine to its domain on tubulin, with 70% ibtion occurring with this derivative at
5 uM. Nevertheless4a was less potent than CA-4 in this assay. In tleegeriments CA-4
inhibited colchicine binding by 98% at @M. The other investigated compoundébg)
showed weaker inhibitory activity, with less tha@% inhibition of colchicine binding to

tubulin.

2.2.4 Computational studies

Docking studies were carried out to investigateldimeling mode of the novel inhibitors with
the aim of interpreting experimental affinity dat&. relevant number of experimentally
derived complex structures of colchicine bindinge sinhibitors (CBSI) were recently
deposited in the Protein Data Bank (PDB) [17]. destingly, the superposition of the
different crystal structures reveals a significaatiability in the sidechains of the residues
belonging to the colchicine site depending on thenaical nature of the ligand, as shown in
SlI_Figure 1 (see Supplementary Material). Moreotts, resolution of the crystal structures
spanned a broad range (2.19-3.75 A). As a consequsrthis heterogeneity, we carried out a
benchmark study, using the DockBench tool [18],identify the most accurate docking
model among 14 different ones and to determine hvigmtein conformation was most
appropriate to model our analogues. The benchntady ©n the self-docking procedure was
performed on 14 tubulin—-CBSI complexes from the P&Blisted in table SI_Table 1. The
benchmark results, summarized in SI_Figure 2, ledethat several protocols showed a good

ability to reproduce the experimental complex gewiee for most of the experimental



structures. Among them, GOLD software coupled ® BLP/goldscore/chemscore scoring
function, gave the best results. In particular, ®Ohrotocols returned accurate predictions
for the complete dataset. As a consequence of tlealb good performance of the
benchmark, we focused our attention on the ideatibn of the most suitable
crystallographic protein structure for the docksigpulation of the PPyQ class of compounds.
This step was crucial because of the variety ofedéht sidechain orientations for certain
residues in the colchicine site (suchf&u200,BCys239,Leu248, angLeu255, as shown
in SI_Figure 1. We have addressed this criticalassy comparing the shape similarity and
the pharmacophoric determinants conservation betwee ligands present in the complexes
(summarized in SI_Table 1) and our representatmapound,4a. Plinabulin (PDB ID:
5C8Y) showed the highest shape similarity accordingrsky coefficient (> 0.7 ) and, more
notably, the plinabulin key moieties for the tulbuinteraction are nicely conserved as shown
in Figure 2, Panel A. Not surprisingly, all analeguishowed a common binding mode similar
to that of plinabulin, as shown by SI_Video 1. Aspitted in Figure 2 (Panel B), the
diketopiperazinic core of plinabulin is mimicked the pyrroloquinolinone core, maintaining
the key hydrogen bond interaction with the backboing®/al236 as anticipated by the shape-
based superposition (plinabulin add, Figure 2, Panel A). In addition to the conserved
hydrogen bond, the pyrroloquinolinone scaffold guees strong hydrophobic interactions
with BLeu253, BAla314 andplle368. The phenyl ring in position 7 reproduceeé game
scheme of interaction to the benzylidene moiety piihabulin through hydrophobic
interactions with residugdPhe167Tyr200, and3Leu250. The substituents at tNepyrrole
were placed in the pocket formed by residyiys350,5Thr351,pAla314, Ala352 and, for
the more bulky substituents, als®hr179. Notably, this binding mode is compatiblehna

competitive mechanism of action at the colchiciite. SThe 1,2-dihydro derivatives showed
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minor differences in their orientation. The maiffefience is the reduction in the interaction
strength with3Val236, in particular for the linear isomeBa(@nd8b) (SI_Video 1).

To evaluate if molecular docking was also ablexplan the differences in the inhibition of
colchicine binding by compoundk-e, we performed a per-residue analysis along theseri
in which the contribution for each residue beloggia the binding site is computed for each
synthesized compound (Figure 2, Panel C). In pdaic we measured the electrostatic
interaction energy and score, taking into accowatrdéphobic interactions. In SI_Video 1 is
reported the per-residue analysis for all the agglm Table 1, including the reference
compoundll. The resulting heatmap suggests a very similaepabf interaction for all the
compounds. In this context, the narrow differen@e@scolchicine binding and tubulin
assembly inhibition are difficult to rationalizeh& higher inhibition in the colchicine binding
of 4a among theda-4e derivatives could be ascribed to the orientatibrihe benzamidic
moiety that is directed between tiffeys350 andaThrl79 residues, while in théb-4e
analogues the N substituent assumes a slightlgrdift orientation. The differences in the cell
growth inhibition data are difficult to rationalizenly with tubulin docking, possibly because
of the involvement of other targets [13]. A cleairerpretation can be made for compound
8b, since its inhibition of tumor cell growth was tgiple, and this analogue showed poor
scores in molecular docking primarily because pbar interaction witlVVal236, as shown

in the per residue analysis (SI_Video 1).

2.2.5 Compound4a and4b induce mitotic arrest of the cell cycle

To investigate whether compoundtsand4b affected cell cycle progression, we evaluated by

flow cytometry the effect of different concentratof compounds after a 24 h of treatment
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of HeLa and Jurkat cells. As shown in Figure 3, poond4a caused a significant G2/M
arrest in a concentration-dependent manner in bethlines, with a rise in G2/M cells
occurring at a concentration of 50 nM, while at tighest concentration (100 nM) more than
50% of the cells were arrested in G2/M. In the Hekls, the G2/M block was accompanied
by a significant reduction of both G1 and S phasléscsuggesting that cell proliferation is
impaired. For compoundb, we observed a similar behavior but less markedoaspared
with 4a, in good agreement with the respectivesglGalues found in the tubulin

polymerization assay.

2.2.6 Compoundéa and4b induce apoptosis through the mitochondrial deathpay

To evaluate the mode of cell death induced4ayand 4b, we performed the annexin-
V/propidium iodide (Pl) assay by flow cytometry.aBting with annexin-V and with PI
allows discrimination between live cells (annexiaRi-), early apoptotic cells (annexin-
V+/PI-), late apoptotic cells (annexin-V+/Pl+) amekcrotic cells (annexin-V-/Pl+). The
experiments were carried out both in Hela and Juck#s. As shown in Figures 4 and 5,
compounds4a and 4b induce a significant time- and concentration-dejeen increase of
apoptotic cells in both cell lines. In particulafter 24 h we found a significant accumulation
of early apoptotic (annexin-V+/Pl-) cells startifigpm the lower concentrations and an
increase of late apoptotic cells (annexin-V+/Pl#gma48 h treatments, indicating that the
compounds trigger cells to a massive apoptotic detth. In good agreement with the
respective Gh values (Table 1), compoudd is the more potent inducer of apoptosis both in

Hela and Jurkat cells at the 50 nM concentration.
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Loss of mitochondrial transmembrane potentiaj{;) and release of apoptogenic factor has
been described as an early event in the apoptaieeps [19,20]A was evaluated by flow
cytometry using the fluorescence of the dye JQalndrmal conditions (hig@ym,), JC-1
displays a red fluorescence (590 nm), while mitochi@l depolarization is indicated by a
shift to green fluorescence (525 nm).

In both Hela and Jurkat cells, treatment width and 4b induced a marked increase in the
percentage of cells with lod: (Figure 6), and this occurred in a time- and cotregion-
dependent fashion. Depolarization of mitochondpalential leads to the induction of the
intrinsic pathway of apoptosis and is associatettt Wie appearance of annexin-V positivity
in the treated cells, as shown above and indicdakiagcells are in an early apoptotic stage. In
fact, the disruption oAy, and the intrinsic activation of apoptosiee characteristic of
antimitotic drugs and have been observed with batirotubule stabilizing and destabilizing
agents in different cell types. It is also well kmothat mitochondrial potential impairment
and the resulting damage to mitochondrial functioduce generation of reactive oxygen
species (ROS) [21,22]. Superoxide anion is produmgechitochondria due to a shift from the
normal 4-electron reduction of,@o a 1-electron reductiowhen cytochrome is released
from mitochondria upon apoptosis [23, 24].

Using dichlorodihydrofluorescein diacetate ,{BICFDA), which is oxidized to the
fluorescent compound dichlorofluorescein (DCF) ug®@S induction [23], we measured
ROS production after treatment with compouddsand4b. As shown in Figure 7 (Panels B
and D), the two compounds induced the productiolamfe amounts of ROS in comparison
with control cells. This was observed in both tiiekdt and HeLa cells, in good agreement

with the dissipation oAy described above.
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2.2.7 Metabolic stability od4a in human liver microsomes.

Liver microsomal oxidation and hydrolysis represemjor routes of drug metabolism in
mammals, including humans [25]n vitro studies were therefore carried out to get
preliminary information on the stability of compalta to oxidative and hydrolytic
metabolism by human liver microsomes. As shownigufe 8 (panel A), compoundh (10
uM) was relatively stable in human liver microsonm@smg/mL) with more than 60%
compound remaining after 60 min incubation at 379@Gterestingly, compound4a
disappearance was not influenced by the presenbi\DBPH (Figure 8, panel A), a cofactor
for both cytochrome P450- and flavin monooxygemaseliated oxidations [25], and was
accompanied by formation of a fluorescent metadbolhose retention time corresponded
exactly to that of authentic compoufdpanel B). Collectively, these findings indicataitth
compound4a is partially susceptible to microsomal enzyme bybis and that this
catabolism produce compour@ which retain a significant antiproliferative adtiv as

previously demonstrated [8].

3. Conclusion

With the aim to further explore the SARs of the HyR class of compounds, we examined
the effects of various oxygenated functionalitieshe 3N position. A small series of novel
derivatives was synthesized, and their antipraiige activities and with their mechanism of
action were investigated. The chemical series deduboth angular and linear compounds
and fully aromatic and partially hydrogenated datilves. Most compounds had significant
antiproliferative activity, inhibiting cell growtkvith nanomolar to micromolar &l values,
thus confirming that, in general, oxygenated stlistns at the 3 position improve

cytotoxicity. In the series, the [3fRangular geometry once again was required forioiig
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potent cytotoxic compounds, and this [8 Zonfiguration was present both in the fully
aromatic benzoy#la and the methanesulfongb. Compound4a was the most active of the
new agents, even having sub-nanomolagssin some of the cell lines studied. Thus,
compound4a was even more cytotoxic than the previously déescki compoundll.
Moreover,4a had a significant effect only in rapidly proliféiray cells but not in quiescent
and proliferating lymphocytes. Investigations oe thechanism of action afa confirmed
that it was a strong inhibitor of tubulin polymeation, as were previously described 7-PPyQ
derivatives. Both in the Hela and Jurkat cell liesswas more effective tha4b in blocking
the cell cycle at the M phase, inducing apoptosis through the mitochahdieath pathway
with production of ROS. In agreement with the expental results obtained in this work,
docking simulations suggested that the synthesimddbitors had high affinity for the
colchicine site of tubulin, with interactions witthe binding site most similar to those
observed with the known inhibitor plinabulin. The2-dihydro derivative8b was slightly
penalized by affecting the geometry of the hydrolgend withpVal236.

Additionally, in vitro metabolic stability studiesdicated that a human liver microsomes
esterases can catalyze the cleavage of the amidkdida, leading to formation of an active

metabolite, namely compourd These findings may be valuable for futurevivo studies.

4. Experimental section

4.1 Chemistry
Melting points were determined on a Buchi M-560iltafy melting point apparatus and are
uncorrected. Infrared spectra were recorded onrkirfB@mer 1760 FTIR spectrometer with

KBr pressed disks and on a Varian ATR FTIR; alluesl are expressed in ¢mUV-vis
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spectra were recorded on a Thermo HelyspectrometerH NMR spectra were determined
on Bruker 300 and 400 MHz spectrometers, with thlgesits indicated; chemical shifts are
reported ind (ppm) downfield from tetramethylsilane as intermaference. Coupling
constants are given in Hertz. In the case of nleligp chemical shifts were measured starting
from the approximate center. Integrals were satiefdy in line with those expected on the
basis of compound structure. Elemental analyses werformed in the Microanalytical
Laboratory, Department of Pharmaceutical Sciendes;ersity of Padova, on a PerkinElmer
C, H, N elemental analyzer model 240B, and analysdikated by the symbols of the
elements were within +0.4% of the theoretical valuknalytical data are presented in detail
for each final compound in the Supporting InforroatiMass spectra were obtained on a Mat
112 Varian Mat Bremen (70 eV) mass spectrometeraandn Applied Biosystems Mariner
System 5220 LC/MS (nozzle potential 140 eV). Colurt@sh chromatography was
performed on Merck silica gel (25800 mesh ASTM); chemical reactions were monitored

by analytical thin-layer chromatography (TLC) on niele silica gel 60 F- 254 glass plates.
Solutions were concentrated on a rotary evapotatder reduced pressure. Starting materials
were purchased from Sigma-Aldrich and Alfa Aesard solvents were from Carlo Erba,
Fluka and Lab-Scan. DMSO was obtained anhydroutidijlation under vacuum and stored
on molecular sieves.

The purity of new tested compounds was checked BYGHusing the instrument HPLC
VARIAN ProStar model 210, with detector DAD VARIARroStar 335. The analysis was
performed with a flow of 1 mL/min, a C-18 column dimensions 250 mm x 4.6 mm, a
particle size of lum, and a loop of 1QL. The detector was set at 300 nm. The mobile phase

consisted of phase A (Milli-Q #D, 18.0 M2, TFA 0.05%) and phase B (95% MeCN, 5%
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phase A). Gradient elution was performed as redo@enin, % B = 10; 620 min, % B = 90;

25 min, % B = 90; 26 min, % B = 10; 31 min, % B& 1

4.1.1 General procedure for the synthesis of 1Nsstuited nitroindolegla—e)

As a typical procedure, the synthesis of 1-benfegitro-1H-indole 1a is described in detail.
Into a two-necked 50 mL round-bottomed flask, 0.6667.7 mmol, 3 eq.) of NaH, 60%
dispersion in mineral oil, was placed and washetth valuene (3 x 10 mL). With stirring, a
solution of commercial 5-nitroindole, 1.50 g (9.2#nol, 1 eq.) in 5 mL of anhydrous DMF,
was dropped into the flask, and the initial yelloalor changed to red with the formation of
H, gas. After 30 min at room temperature, a solutrbenzoyl chloride, 3.21 mL (27.7
mmol, d=1.21 g/mL, 3 eq.) in 3 mL dry DMF, was addend the reaction mixture was
stirred for 2 h. The reaction was monitored by TaRalysis (eluent tolueneHex/EtOAc,
1:1:1). At the end of the reaction, 25 mL of watexs added, and the solvent was evaporated
under reduced pressure, leaving a residue, whishewttacted with EtOAc (3 x 50 mL). The
organic phase, washed with water and dried oveydiohs NaSQ,, was concentrated under
vacuum giving a crude yellow solid (2.446 g). Thisde product was purified with a silica
gel chromatographic column (3 x 35 cm, 23800 mesh, eluent toluemeHex/EtOAc, 1:1:1,

yielding 2.345 g of a pure yellow solid.

4.1.1.1 1-Benzoyl-5-nitro-1H-indolél1a). Yield: 94.9%. R = 0.83 (eluent toluene/
Hex/EtOAc, 1:1:1)*H NMR (400 MHz, DMSO-g¢) 5 = 8.67 (d, J=2.25 Hz, 1H, H-4), 8.43
(d, J=9.12 Hz, 1H, H-7), 7.74 (m, 1H, H-4"), 8.2R1(J=9.12 Hz and 2.37 Hz, 1H, H-6), 7.82
(m, 2H, H-2' and -H-6'), 7.64 (m, 2H, H-3' and H)5'7.62 (d, J=3.64 Hz, 1H, H-2), 7.00
ppm (dd, J=3.78 Hz and J=0.60 Hz, 1H, H}3% NMR (75 MHz, DMSO-g) & = 109.74 (C-

3),113.19 (C-6), 117.05 (C-7), 120.55 (C-4), 12962’ and C-6"), 130.27 (C-3’ and C-5'),
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131.56 (C-4’), 132.39 (C-2), 133.55 (C-3a), 133(@7a), 139.43 (C-1), 144.66 (C-5),
169.24 ppm (C=0); HRMS (ESI-MS, 140 eWvz [M+H"] calculated for GsH13N,Os",

267.0779; found, 267.0787.

4.1.1.2 1-Methanesulfonyl-5-nitro-1H-indolélb). Compound 1b was prepared as for
compoundla by reacting 0.888 g of NaH 60% (37.03 mmol, 3 eqd 2 g (12.34 m mol) of
5-nitroindole dissolved in 5 mL of DMF and 2.86 nof methanesulfonyl chloride (37.03
mmol, d=1.48 g/mL, 3 eq.). Reaction time: 2 h (Tleljent EtOAat-Hex, 2:1). 2.564 g of a
solid bright yellow solid was obtained, and thissweed in the next synthetic step without
further purification. Yield: 91.9%. & 0.54 (eluent EtOAc/n-Hex, 2:13H NMR (400 MHz,
DMSO-a;) 6 = 8.67 (d, J=2.20 Hz, 1H, H-4), 8.25 (dd, J=9.1&&hd J=2.30 Hz, 1H, H-6),
8.05 (d, J=9.16 Hz, 1H, H-7), 7.85 (d, J=3.68 H4, H-2), 7.08 (dd, J=7.08 Hz and J=0.72
Hz, 1H, H-3), 3.60 ppm (s, 3H, SCHy); ¥3c NMR (101 MHz, DMSO-¢) 6 = 42.07
(SO,CHg), 109.22 (C-3), 114.08 (C-7), 119.81 (C-6), 130(BR), 130.58 (C-3a), 137.71 (C-
7a), 143.96 ppm (C-5); HRMS (ESI-MS, 140 eWyz [M+H"] calculated for GHgN,O,S",

241.0283; found, 241.0236.

4.1.1.3 1-(4-methylbenzenesulfonyl)-5-nitro-1H-iled@.c). Compoundlc was prepared as
for compoundla by reacting 0.444 g of NaH 60% (18.51 mmol, 3 eqd 1 g (6.17 mmol)

of 5-nitroindole dissolved in 5 mL of DMF and 5.§3of p-toluenesulfonyl chloride (18.51
mmol, 3 eq.). Reaction time: 2 h (TLC, eluentiex/EtOAc, 9:1). 1.786 g of a solid bright
orange solid was obtained which was used in thé synthetic step without any additional
further purification. Yield: 91.6%. & 0.76 (eluent EtOAc/n-Hex, 9:13H NMR (400 MHz,

DMSO-d) & = 8.59 (d, J=1.88 Hz, 1H, H-4), 8.21 (dd, J=9.18atd J=2.26 Hz, 1H, H-6),
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8.15 (dt, J=9.18 Hz and J=0.98 Hz, 1H, H-7), 8.67 J=3.72 Hz, 1H, H-2), 7.94 (m,
AA'BB’, J=8.44 Hz, J=2.11 Hz and J=1.83 Hz, 2H, Héhd H-6"), 7.43 (m, AA'BB’,
J=8.58 Hz and J=0.62 Hz, 2H, H-3' and H-5'), 7.6@,(J=3.70 Hz and J=0.66 Hz), 1H, H-3),
2.23 ppm (s, 3H, -C¥; *°C NMR (75 MHz, DMSO-¢) § = 21.91 (-CH), 110.93 (C-3),
114.54 (C-7), 118.85 (C-4), 120.55 (C-6), 127.772(@nd C-6’), 130.90 (C-2), 131.34 (C-
3a), 131.37 (C-3’ and C-5'), 134.59 (C-4"), 137 &7a), 144.61 (C-5), 147.09 ppm (C-1));
HRMS (ESI-MS, 140 eV)m/z [M+H'] calculated for GHiaN,0,S', 317.0596; found,

317.0585.

4.1.1.4 5-Nitro-1-[4-(trifluoromethyl)benzenesuijd|-1H-indole (1d). Compoundld was
prepared as described for compodady reacting 0.670 g of NaH 60% (27.75 mmol, 3 eq.)
and 1.5 g (9.25 mmol) of 5-nitroindole dissolved SnmL of DMF and 3.39 g of 4-
(trifluoromethyl)benzenesulfonyl chloride (13.87 mim1.5 eq.). Reaction time: 1 h (TLC,
eluentn-Hex/EtOAc, 9:1). 2.845 g of a solid bright yell@hi powdery solid was obtained,
and this was used in the next synthetic step witlather purification. Yield: 82.7%. &
0.79 (eluent EtOAc/n-Hex/toluene, 1:1:F14 NMR (400 MHz, DMSO-¢) & = 8.60 (d,
J=2.12 Hz, 1H, H-4), 8.29 (m, AA'BB’, J=8.28 Hz, 2H-2’ and H-6’), 8.22 (dd, J=9.20 Hz
and J=2.16 Hz, 1H, H-6), 8.18 (d, J=9.16 Hz, 1H7)H8.13 (d, J=3.72 Hz, 1H, H-2), 8.01
(m, AA'BB’, J=8.44 Hz, 2H, H-3' and H-5"), 7.13 pprfd, J=3.72 Hz, 1H, H-1))*C NMR
(75 MHz, DMSO-d) 8 = 111.29 (C-3), 114.17 (C-7), 118.59 (C-4), 1201@%), 123.41 (q,
J=273.30 Hz, -C§j}, 127.8250 (q, J=3.65 Hz, C-3' and C-5’), 128.@62 and C-6’), 130.44
(C-2), 131.12 (C-3a), 134.84 (g, J=32.69 Hz, C-437.42 (C-7a), 140.53 (C-1'), 144.46
ppm (C-5); HRMS (ESI-MS, 140 eVij'z [M+H"] calculated for @H1oFsN20,S’, 371.0313;

found, 371.0309.
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4.1.1.5 N-cyclopropyl-5-nitro-1H-indole-1-carboxatai (le). To a stirred slurry of NaH
(0.630 g of a 60% mineral oil dispersion, 26.27 mrMBceq.) in THF (25 mL) at 0 °C, under
N, was cautiously added 5-nitroindole (1.42 g, 8hol, 1eq.) previously dissolved in THF
(5 mL). The reaction mixture was stirred at 0 °€66 min, then transferred, via cannula, to a
solution of 4-nitrophenyl chloroformate (2.11 g,.30nmol, 1.2 eq.) in THF (8.5 mL). The
resultant reaction mixture was stirred at ambierhgerature for 15 h (TLC, eluemt
Hex/EtOAc, 2:1), prior to removal of the solvent bgncentration in vacuo. The residue
obtained was suspended in EtOAc (100 mL), thear&ll and washed with EtOAc ang@&t
to give 2.515 g (87.6%) of a pale yellow solid. Theseulting activated carbamate 5-nitro-1-(4-
nitrophenoxycarbonyl)indole was immediately used faBows: a 2.0 M solution of
cyclopropylamine (0.382 mL, 5.48 mmol, d=0.824 g/rleq.) in THF (2.75 mL) was added
to a solution of 5-nitro-1-(4-nitrophenoxycarbomyfole (0.245 g, 0.686 mmol, 1eq.) in THF
(5 mL). The resultant reaction mixture was stiri@dambient temperature for 4 h and
monitored by TLC (eluentn-Hex/EtOAc, 2:1), prior to removal of the solveny b
concentration to dryness in vacuo. The residueirddawas partitioned between EtOAc (100
mL) and HO (100 mL). The layers were separated, and thecagughase was extracted with
EtOAc (2 x 30 mL). The combined organic extractsem@ashed with sat'’d NaHGJ100
mL), brine and finally dried over Nag@nd concentrated in vacuo to give a yellow solid
which was suspended inEx (35 mL), filtered and washed with,Bx (2 x 20 mL) to give
0.066 g of a pale yellow solid. Yield: 39.1%.R0.26 (eluenh-Hex/EtOAc, 2:1);*H NMR
(400 MHz, DMSO-g@) 8= 8.59 (d, J=2.25 Hz, 1H, H-4), 8.50 (d, J=2.31 H4, NH), 8.39 (d,
J=9.18 Hz, 1H, H-7), 8.15 (dd, J=9.21 Hz and J=H#01H, H-6), 8.02 (d, J=3.89 Hz, 1H,

H-2), 6.92 (dd, J=3.69 Hz and J=0.55, 1H, H-3)02A&ex J=3.12 Hz, 1H, NHd), 0.8-0.6
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ppm (M, 4H, -CHCH,-); *C NMR (75 MHz, DMSO-g) § = 6.75 (-CHCH;-), 22.75 (NCH-
CH,CHy-), 104.32 (C-3), 112.16 (C-7), 116.74 (C-6), 127(6-4), 127.30 (C-2), 129.55 (C-
3a),135.38 (C-7a), 140.95 (C-5), 160.11 ppm (CHBMS (ESI-MS, 140 eV)m/z [M+H"]

calculated for &H1,N3O5", 246.0879; found, 246.0871.

4.1.2 General procedure for the synthesis of 1Nsulbed aminoindolega—d

As a typical procedure, the synthesis of 1-ben&egmino-H-indole 2a is described in
detail. Into a two-necked 50 mL round-bottomed KJa3.241 g of 1-benzoyl-5-nitroH-
indole @a) (12.17 mmol, 1 eq.), 10.986 g of SA@HO (48.68 mmol, 4 eq.), 2 mL of HCI
37% and 30 mL of methanol were added. The reactiotture was refluxed for 3 h, and the
reaction progress was monitored by TL&Hex/EtOAc, 1:1). At the end, the solvent was
evaporated, the residue was taken up with aquea®@H\20% (20 mL), and the resulting
suspension was extracted with diethyl ether (4 m&). The combined extracts, washed with
brine and treated with anhydrousS&y, were evaporated to dryness on a rotary evaporator
to yield 1.536 g of a semisolid yellow product, reagp of three different reaction products.
In order to obtain the desired pure 1-benzoyl-5remiH-indole, the raw powder was
purified in a silica gel chromatographic column (x328 cm, 230-400 mesh, eluemt

Hex/EtOAc, 1:1, yielding 0.267 g of a pure yellowlid.

4.1.2.1 1-benzoyl-5-amino-1H-indol2aj. Yield: 19.5%. R= 0.33 (eluenin-Hex/EtOAc,
1:1); 'H NMR (400 MHz, DMSO-¢) § = 7.98 (d, J=8.73 Hz, 1H, H-7), 7.70 (m, 2H, Ha2d
H-6"), 7.66 (m, 1H, H-4"), 7.59 (m, 2H, H-3' and 5}, 7.16 (d, J=3.72 Hz, 1H, H-3), 6.75
(d, J=2.07 Hz, 1H, H-4), 6.65 (dd, J=8.74 Hz and.26 Hz, 1H, H-6), 6.51 (d, J=3.42Hz,

1H, H-2), 5.05 ppm (s, 2H, N§i *C NMR (75 MHz, DMSO-g) § = 101.99 (C-3), 113.14
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(C-7), 115.82 (C-6), 118.34 (C-4), 128.44 (C-2' a&bb’), 129.04 (C-3' and C-5'), 129.47
(C-4'), 131.83 (C-1’), 133.84 (C-2), 134.72 (C-34}7.46 (C-7a), 144.04 (C-5), 172.01 ppm
(C=0); HRMS (ESI-MS, 140 eV)n'z [M+H] calculated for @H1aN,0", 237.1028; found,

237.1031.

4.1.2.2 1-methanesulfonyl-5-amino-1H-ind@b). Compoundb was prepared as described
for compound2a by reacting 1 g (4.16 mmol, 1 eq.) of the appteri5-nitroindole
derivativelb and 4.69 g of Sngl2H0 (20.80 mmol, 5 eq.), obtaining 0.963 g of a gligh
brown solid. Yield: 80.6%; R= 0.37 (eluentn-Hex/EtOAc, 1:1);1H NMR (400 MHz,
DMSO-c) & = 7.48 (dt, J=8.76 Hz and J=0.66 Hz, 1H, H-7)47@& J=3.96 Hz, 1H, H-2),
6.75 (dd, J=2.20 Hz and J=0.50 Hz, 1H, H-4), 6d¥, 0=8.76 Hz and J=2.24 Hz, 1H, H-6),
6.59 (dd, J=3.64 Hz and J=0.75 Hz, 1H, H-3), 4185 2H, NH), 3.24 ppm (s, 3H, SCH3);
¥C NMR (101 MHz, DMSO-g) § = 41.06 (SGCHs), 105.02 (C-4), 108.96 (C-3), 113.92 (C-
7), 114.21 (C-6), 127.28 (C-3a), 127.82 (C-2), B832(C-7a), 145.95 ppm (C-5); HRMS

(ESI-MS, 140 eV)m/z [M+H"] calculated for GH11N-0,S", 211.0541; found, 211.0542.

4.1.2.3 1-[4-(trifluoromethyl)benzenesulfonyl]-54am-1H-indole 2d). Compound2d was
prepared as described for compoudal by reacting 1.25 g (3.37 mmol, 1 eq.) of the
appropriate 5-nitroindole derivatived and 3.80 g of Sngl2H,0O (16.87 mmol, 5 eq.),
obtaining 1.160 g of a slightly brown solid. Yield9.9%; R = 0.30 (eluentn-
Hex/EtOAc/toluene, 1:1:1)}H-NMR (400 MHz, DMSO-¢)= &: 7.77 (m, J=8.40 Hz, J=1.98
and J=1.76 Hz, 2H, H-3' and H-5’), 7.67 (d, J=8H#8 1H, H-7), 7.58 (d, J=3.60 Hz, 1H, H-
2), 7.30 (m, J=8.12 Hz, 2H, H-2’ and H-6), 6.77 (&2.04 Hz, 1H, H-4), 6.73 (dd, J=8.72
Hz and J=2.09 Hz, 1H, H-6), 6.61 (dd, J=3.64 Hz dnd.60 Hz, 1H, H-3), 4.98 ppm (bs,

2H, -NH); *C NMR (101 MHz, DMSO-g) & : 105.92 (C-4), 110.02 (C-3), 114.18 (C-7),
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114.51 (C-6), 124.55 (q, J=245.01 Hz,4;A27.00 (C-3' and C-5"), 127.50 (C-2), 127.81
(C-3a), 130.45 (C-2’ and C-6’), 133.83 (g, J= 33HH4, C-4’), 134.69 (C-7a), 143.98 (C-5),
145.87 ppm (C-1'); HRMS (ESI-MS, 140 eM)yz [M+H"] calculated for GsH;,FsN,0,S",
341.0572; found, 341.0569.

4.1.3 General procedure for the synthesis of 1Nssubed aminoindole&c, 5a, 5b, 5d, 5e.

As a typical procedure, the synthesis of 1-(4-mibiyzenesulfonyl)-5-aminoH:-indole 2c

is described in detail. Into a three-necked flals&@® mL, previously dried in an oven, about
0.300 g of C/Pd 10% and approximately 60 mL of E¢tQiere placed. After connecting the
flask to an elastomer balloon containing dg&s, the mixture was stirred at room temperature
for 1 h in order to saturate the suspension of @R H,. Then, 1.9 g (6.00 mmol) of the
appropriate 5-nitroindole derivativéc in 15 mL of EtOAc was added dropwise to the
suspension, and the mixture was stirred undgratHatmospheric pressure and heated by
means of an oil bath at 560 °C for 15 h, monitoring the progress of thectiem by TLC
analysis (EtOAadil-Hex, 9:1). At the end of the reaction, the mixtuvas filtered, and the
solution was concentrated to dryness on a rotaap@ator to give 1.680 g of semisolid dark

purple sticky product.

4.1.3.1 1-(4-methylbenzenesulfonyl)-5-amino-1Hbiac). Yield: 97.8%. R= 0.76 (eluent
n-Hex/EtOAc, 9:1),1H NMR (400 MHz, DMSO-¢) 6 = 7.77 (m, AA'BB’, J=8.40 Hz, J=1.98
Hz and J=1.76 Hz, 2H, H-2’' and-61), 7.67 (d, J=8.76 Hz, 1H, H-7), 7.58 (d, J=3168) 1H,
H-2), 7.30 (m, AA'BB’, J=8.12 Hz, 2H, H-3' and H-%’6.77 (d, J=2.04 Hz, 1H,-H), 6.73
(dd, J=8.72 Hz and J=2.09 Hz, 1H6) 6.61 (dd, J=3.64 Hz and J=0.60 Hz, 1H, H-3)54.
(bs, 2H, -NH), 2.26 ppm (s, 3H, -C# °C NMR (101 MHz, DMSO-g¢) § = 21.40 (-CHj),

105.92 (C-4), 110.02 (C-3), 114.18 (C-7), 114.516}C127.00 (C-2’ and C-6), 127.50 (C-
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2), 127.81 (€3a), 130.45 (€3’ and C-5’), 132.27 (C-4"), 134.69 (C-7a), 143(@85), 145.87
ppm (G1’); HRMS (ESI-MS, 140 eV)m/z [M+H"] calculated for GsH1sN,0,S", 287.0854;
found, 287.0851.

4.1.3.2 1-benzoyl-2,3-dihydro-5-amino-1H-indota)( Yield: 98.8%. R= 0.54 (eluentn-
Hex/EtOAc, 5:4);H NMR (400 MHz, DMSO-¢) & = 7.94 (d, J=8.40, 1H, H-6), 7.49 (m, 6H,
H-7, H-2', H-3', H-4", H-5" and H-6"), 6.48 (d, J=89, 1H, H-4), 4.98 (bs, 2H, -N} 3.87 (t,
J=8.15 Hz, 2H, K2), 2.93 ppm (t, J=8.14, 2H.k); *C NMR (101 MHz, DMSO-g) § =
29.27 (N-CHCHy,), 51.24 (NCH,CH;), 110.98 (C-4), 113.94 (C-6), 115.98 (C-7), 12824

2" and C-6), 128.99 (C-3’ and C-5"), 129.32 (C-4132.37 (C-3a), 134.23 (C-7a), 135.54
(C-1), 143.82 (C-5), 166.83 ppm (C=0); HRMS (ESBM140 eV):m/z [M+H"] calculated

for CisH1sN,O", 239.1184; found, 239.1179.

4.1.3.3 1-methanesulfonyl-2,3-dihydro-5-amino-1Heille 6b). Yield: 94.8%. R = 0.15
(eluentn-Hex/EtOAc, 2:1)le NMR (400 MHz, DMSO-¢) 6 = 6.95 (d, J=8.48 Hz, 1H, H-7),
6.50 (m, J=2.37 Hz, 1H, H-4), 6.39 (dd, J=8.50 Hd 4=2.34 Hz, 1H, H-6), 4.91 (bs, 2H, -
NH,), 3.82 (t, J=8.24 Hz, 2H, N#G:CH,), 2.96 (t, J=8.20 Hz, 2H, N-GBHy), 2.81 ppm (s,
3H, SQCHs); *C NMR (101 MHz, DMSO-g) § = 28.30 (N-CHCH,), 33.48 (SGCHy),
50.39 (NCH,CH,), 111.26 (C-4), 112.92 (C-6), 115.57 (C-7), 131(883a), 133.66 (C-7a),
146.17 ppm (C-5); HRMS (ESI-MS, 140 eWyz [M+H"] calculated for GH1aN,0,S',

213.0698; found, 213.0663.

4.1.3.4 1-[4-(trifluoromethyl)benzenesulfonyl]-2JByydro-5-amino-1H-indole(5d). Yield:
98.2%. R= 0.51 (eluenn-Hex/EtOAc/toluene, 1:1:1)*H-NMR (400 MHz, DMSO-g) & =
7.90 (m, J=8.98 Hz, 2H, H-3' and H-5’), 7.40 (m8X18 Hz, 2H, H-2' and H-6’), 7.19 (d,

J=8.52 Hz, 1H, H-7), 6.41 (dd, J=8.50 Hz and J=H261H, H-6), 6.33 (d, J=2.16 Hz, 1H,
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H-4), 4.99 (s, 2H, -NbB), 3.85 (t, J=8.11 Hz, 2H, #B), 2.56 ppm (t, J=8.10 Hz, 2H,13);
¥C NMR (101 MHz, DMSO-d6p = 28.17 (C-2), 50.69 (C-3), 111.00 (C-4), 113.€36),
116.93 (C-7), 126.27 (g, J=3.80 Hz, C-3’ and C-527.35 (g, J=269.56 Hz, QF128.57 (C-
2" and C-6'), 132.44 (C-3a), 133.35 (q, J=32.32 Bz4’), 134.44 (C-7a), 140.59 (C-1),
146.93 ppm (C-5).; HRMS (ESI-MS, 140 e\Wz [M+H"] calculated for @H14FN,0,S",

341.0572; found, 341.0569.

4.1.3.5 N-cyclopropyl-2,3-dihydro-5-amino-1H-inddlecarboxamide ¢). Yield: 91.2%. R

= 0.23 (eluenn-Hex/EtOAc, 2:1);1H NMR (400 MHz, DMSO-¢) 6= 7.56 (d, J=8.43 Hz,
1H, H-7), 6.46 (m, 2H, H-4 and NH), 6.35 (dd, JZBHz and J=2.32 Hz, 1H, H-6), 4.63 (s,
2H, -NH), 3.77 (t, J=8.58 Hz, 2H, #R), 2.99 (t, J=8.53 Hz, 2H,#B), 2.60 (sex, J=3.46 Hz,
1H, NH-CH-CH,CH,-), 0.6-0.4 ppm (m, 4H, -C}H,-); *C NMR (101 MHz, DMSO-g¢) §

= 6.42 (-CHCH,-), 23.47 (C-3), 27.89 (C-2), 46.89 (NEH-CH,CH,-), 111.27 (C-4),
112.39 (C-6), 115.04 ppm (C-7), 130.32 (C-3a), 833 C-7a), 143.82 (C-5), 162.35 ppm
(C=0); HRMS (ESI-MS, 140 eV)n/z [M+H"] calculated for @H16N3:O", 218.1293; found,

218.1245.

4.1.4 General procedure for the synthesis of ateytkerivative8b—d and6a, 6b, 6d and6e.

As a typical procedure, the synthesis &Z)-Ethyl 3-(1-(methanesulfonyl)H-indol-5-
ylamino)-3-phenylacrylat8b is described in detail. In a 100 mL round-bottorfladk, 1.4 g
(6.66 mmol, 1 eq.) of 1-methanesulfonyl-5-amind-hdole 2a in 25 mL of absolute ethanol
was condensed with 1.73 mL (9.99 mmol; d=1.11 g/rhl5 eq.) of commercial ethyl
benzoylacetate and 0.5 mL of glacial acetic acidh& presence of 100 mg of Drierite

(anhydrous CaS£p. The mixture was refluxed for about 24 h, thectem being monitored
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by TLC analysis (eluem-Hex/EtOAc, 2:1). Even though the reaction wasaarhplete after
24 h, the mixture was cooled and filtered to remthe Drierite; the resulting solution was
evaporated to dryness under vacuum and the req@d40 g) purified by silica gel
chromatography (3 x 35 cm, 23000 mesh, eluem-Hex/EtOAc, 2:1) to yield 1.54 g of a
deep yellow powdery solid.

4.1.4.1(E,Z)-Ethyl 3-(1-(methanesulfonyl)-1H-in@deydamino)-3-phenylacrylate3b). Yield:
60.2%. R= 0.65 (eluenn-Hex/EtOAc, 2:1);'H NMR (400 MHz, DMSO-g) 5 = 10.25 (s,
1H, NH), 7.58 (d, J=8.80 Hz, 1H, H-7), 7.49 (d, B&Hz, 1H, H-2), 7.36 (m, 5H, 2-,3"-,4"-
,5'-,6"-H), 7.02 (d, J=2.16 Hz, 1H, H-4), 6.84 (di:8.82 Hz and 2.18 Hz, 1H, H-6), 6.62 (dd,
J=3.68 Hz and J=0.72 Hz, 1H, H-3), 4.94 (s, 1H, @&8C 4.15 (q, J=7.09 Hz, 2H,
OCH,CHs), 3.38 (s, 3H, SECHs), 1.24 ppm (t, J=7.10 Hz, 3H, OGEHs); °C NMR (101
MHz, DMSO-d;) & = 14.76 (OCHCH3), 41.35 (SGCH;), 59.21 (GCH,CH;), 90.70 (C€-H),
109.09 (C-3), 113.26 (C-7), 115.26 (C-4), 120.626[C127.80 (C-2), 128.45 (C-2' and C-
6'), 128.94 (C-3' and C-5), 130.00 (C-4’), 130.7€-3a), 131.07 (C-1'), 135.80 (C-7a),
136.22 (C-5), 159.490=C-H), 169.45 ppmGOO-CH,CHs); HRMS (ESI-MS, 140 eV)m/z
[M+H™] calculated for GoH21N204S", 385.1222; found, 385.1213.

4.1.4.2 (E,Z2)-Ethyl 3-(1-(p-toluenesulfonyl)-1H-atéb-ylamino)-3-phenylacrylate 3¢).
Compound3c was prepared as described for compoBimdy reacting 3.177 g (11.10 mmol)
of the appropriate 5-aminoindole derivatR& obtaining after column chromatography 2.336
g of a brownish sticky semisolid product. Yield.d%. R= 0.62 (eluenh-Hex/EtOAc, 2:1);
'H NMR (400 MHz, DMSO-¢) 5 = 10.18 (s, 1H, NH), 7.79 (m, AA'BB’, J=8.32 HzH2H-

2" and H-6"), 7.69 (d, J=3.64 Hz, 1H, H-2), 7.65 (&8.84 Hz, 1H, H-7), 7.35 (m, AA'BB’,
J=8.61 Hz, 2H, H-3' and H-5’), 7.31 (m, 5H, H-2H-3",H -4, H-5" and H-6"), 6.92 (d,

J=1.88 Hz, 1H, H-4), 6.78 (dd, J=8.61 Hz and J=H&821H, H-6), 6.61 (d, J=3.68 Hz, 1H,
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H-3), 4.92 (s, 1H, C=C-H), 4.12 (q, J=7.14 Hz, 2BCH,CHj3), 2.31 (s, 3H, -Ch), 1.22 ppm
(t, J=7.17 Hz, 3H, -OCKCHs); *C NMR (101 MHz, DMSO-g) & = 14.85 (-OCHCHS,),
21.46 (-CH), 59.34 (-OCHCHs3), 90.99 (C£-H), 109.72 (C-3), 113.65 (C-7), 115.30 (C-4),
120.87 (C-6), 127.13 (C-2’ and C-6’), 128.24 (C-228.53 (C-2” and C-6"), 129.03 (C-3”
and C-5"), 130.11 (C-4"), 130.65 (C-3’ and C-5230.91 (C-3a), 131.26 (C-1"), 134.53 (C-
4, 135.85 (C-7a), 136.69 (C-5), 145.95 (C-1), 913 (C=C-H), 169.48 ppm
(COOCHCHs); HRMS (ESI-MS, 140 eV):mz [M+H"] calculated for GegHosN,O,S",

461.1535; found, 461.1539.

4143 (E,Z)-Ethyl-3-(1-(4-(trifluoromethyl)benasualfonyl)-1H-indol-5-ylamino)-3-
phenylacrylate 3d). Compound3c was prepared as described for compo8indy reacting
1.160 g (3.41 mmol) of the appropriate 5-aminoieddérivative2d, obtaining after column
chromatography 1.020 g of a yellow powdery solidel®: 58.1%. R= 0.78 (eluentn-
Hex/EtOAc, 8:2)'H NMR (400 MHz,DMSO-@)= 5: 10.18 (s, 1H, NH), 7.79 (m, AA'BB’,
J=8.32 Hz, 2H, H-2’ and H-6'), 7.69 (d, J=3.64 HH, H-2), 7.65 (d, J=8.84 Hz, 1H, H-7),
7.35 (m, AA'BB’, J= 8.61 Hz, 2H, H-3' and H-5’), 31 (m, 5H, H-2", H-3",H -4”, H-5"
and H-6"), 6.92 (d, J=1.88 Hz, 1H, H-4), 6.78 (d&8.61 Hz and J=1.82 Hz, 1H, H-6), 6.61
(d, J=3.68 Hz, 1H, H-3), 4.92 (s, 1H, C=C-H), 4(42J=7.14 Hz, 2H, -OC¥H3), 1.22 ppm
(t, J=7.17 Hz, 3H, -OC}CHs); °C NMR (101 MHz, DMSO-g) § = 14.84 (-OCHCHb),
59.37 (-OCHCHjs), 90.90 (C=C-H), 109.71 (C-3), 113.64 (C-7), 185(B8-4), 120.89 (C-6),
127.11 (C-2’ and C-6’), 128.28 (C-2), 128.52 (C-ahd C-6"), 128.99 (q, J=269.28 Hz,
CFs), 129.01 (q, J=3.85 Hz, C-3” and C-5"), 130.65-8’ and C-5’), 130.91 (C-3a), 131.26

(C-1"), 133.28 (q, J=32.35 Hz, C-4") 134.53 (C}4135.85 (C-7a), 136.69 (C-5), 145.95 (C-
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1), 159.39 (C=C-H), 170.01 ppm (COO@EH:); HRMS (ESI-MS, 140 eV)m/z [M+H"]

calculated for GsH,,FsN,0,S", 515.1252; found, 515.12.49.

4.1.4.4 (E,2)-Ethyl 3-(1-(benzoyl)-2,3-dihydro-1htiol-5-ylamino)-3-phenylacrylate 64).
Compoundba was prepared as described for compaBimtby reacting 1.96 g (8.22 mmol) of
the appropriate 5-aminoindole derivatiya obtaining after column chromatography 0.940 g
of a brown viscous oil. Yield: 27.7%.;R 0.70 (eluentn-Hex/EtOAc/toluene, 1:1:1)'H
NMR (400 MHz, DMSO-g) & = 10.14 (s, 1H, NH), 7.95 (m, 2H, H-2" and H-67).,68 (m,
1H, H-4’), 7.60 (m, 1H, H-4"), 7.60-7.32 (m, 8H,-&", -3”, -5”, -6” and H-3’, -5’, and H-6,
H-7), 6.72 (d, J=1.32 Hz, 1H, H-4), 4.90 (s, 1HQE+), 4.14 (q, J=7.08 Hz, 2H, -OGEH3)
3.92 (t, J=8.23 Hz, 2H, H-3), 2.90 (t, J=8.32 Hi, M-2), 1.20 ppm (t, J=7.09 Hz, 3H, -
CH,CHs); *C NMR (101 MHz, DMSO-g) § = 15.24 (-OCHCHs), 29.23 (C-3), 52.26 (C-2),
58.92 (-OCHCHjz), 91.07 (C=C-H), 114.23 (C-7), 116.32 (C-4), 1B9(2-6), 127.11 (C-2'
and C-6"), 128.52 (C-2" and C-6"), 129.91 (C-34nd C-5"), 130.23 (C-3' and C-5),
130.91 (C-3a), 131.18 (C-1"), 133.84 (C-4") 132.§C-4"), 135.75 (C-7a), 136.82 (C-5),
146.23 (C-1'), 158.83 (C=C-H), 165.24 (NC=0), 171 8pm (COOCHCHz); HRMS (ESI-

MS, 140 eV)nmvz [M+H"] calculated for GsH2sN-O3", 413.1865; found, 413.1859.

4.1.45 (E,2)-Ethyl 3-(1-(methanesulfonyl)-2,3-difor1H-indol-5-ylamino)-3-
phenylacrylate §b). Compound6b was prepared as described for compo8indy reacting
0.460 g (2.16 mmol) of the appropriate 5-aminoieddérivativeSh, obtaining after column
chromatography 0.540 g of a brown sticky oil. Yiedd.8%. R= 0.37 (eluenh-Hex/EtOAc,
2:1); 'H NMR (400 MHz, DMSO-g) & = 10.11 (s, 1H, NH), 7.38 (m, 1H, H-4"), 7.34 (A,

H-2’, -3, -5' and 6'), 6.96 (d, J=8.56 Hz, 1H, H;®.72 (d, J=2.20 Hz, 1H, H-4), 6.52 (dd,
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J=8.72 Hz and J=2.22 Hz, 1H, H-6), 4.90 (s, 1H, ¢HC 4.31 (q, J=7.09 Hz, 2H,
OCH,CHj), 3.86 (t, J=8.46 Hz, 2H, H-2), 2.93 (t, J=8.44 B, H-3), 2.90 (s, 3H, SCH;),
1.23 ppm (t, J=7.08 Hz, 3H, OGEHs); *C NMR (101 MHz, DMSO-¢) 5 = 14.74
(OCH,CH3), 27.68 (C-3), 34.38 (S@Hy), 50.31 (C-2), 59.21 (OH,CHs), 90.63 (C€-H),
113.64 (C-7), 120.18 (C-4), 122.20 (C-6), 128.38(@nd C-6"), 129.92 (C-3' and C-5'),
130.03 (C-4’), 133.07 (C-3a), 135.75 (C-7a), 136@6l"), 138.14 (C-5), 159.19CEC-H),
169.39 ppm (COOCKCH3); HRMS (ESI-MS, 140 eV):m/z [M+H"] calculated for

C20H23N204S+, 3871379, fOUﬂd, 387.1381.

4145 (E,Z)-Ethyl 3-(1-(4-(trifluoromethyl)benssalfonyl)-2,3-dihydro-1H-indol-5-
ylamino)-3-phenylacrylate6fl). Compoundéd was prepared as described for compo8imd
by reacting 1.560 g (4.55 mmol) of the appropriataminoindole derivativéd, obtaining
after column chromatography 1.29 g of a bright oxllpowdery solid. Yield: 54.8%. R
0.75 (eluenh-Hex/EtOAc, 8:2);1H—NMR (400 MHz, DMSO-4g) 6 = 10.15 (s, 1H, NH), 7.92
(m, J=8.98 Hz, 2H, H-3" and H-5"), 7.45 (m, J=8.81z, 2H, H-2" and H-6"), 7.38 (m, 1H,
H-4'), 7.34 (m, 4H, H-2', -3", -5’ and -6'), 6.961( J=8.56 Hz, 1H, H-7), 6.72 (d, J=2.20 Hz,
1H, H-4), 6.52 (dd, J=8.72 Hz and J=2.22 Hz, 1H5)H4.96 (s, 1H, C=C-H), 4.24 (g, J=7.09
Hz, 2H, OCHCHs), 3.96 (t, J=8.46 Hz, 2H, H-2), 2.86 (t, J=8.44 BEl, H-3), 1.15 ppm (t,
J=7.08 Hz, 3H, OChCHs); **C-NMR (101 MHz, DMSO-g) & = 14.74 (OCHCHs), 27.68
(C-3), 50.31 (C-2), 59.21 (OGBHs), 90.63 (C=C-H), 113.64 (C-7), 120.18 (C-4), 120.2
(C-6), 126.47 (g, J=3.75 Hz, C-3” and C-5"), 128 (q, J=265.67 Hz, GF 128.38 (2'- and
6'-C), 128.81 (C-2" and C-6"), 129.92 (3'- and-&), 130.03 (C-4’), 133.07 (C-3a), 134.72

(g, J=32.81 Hz, C-4"), 135.75 (C-7a), 136.46 (G1'38.14 (C-5), 159.19 (C=C-H), 169.39
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ppm (COOCHCHs3); HRMS (ESI-MS, 140 eV)mz [M+H"] calculated for GsH24F3N»04S",

517.1409; found, 517.1401.

4.1.4.6 (E,Z)-Ethyl 3-(1-(N-cyclopropyl-1-carboxa®)-2,3-dihydro-1H-indol-5-ylamino)-3-
phenylacrylate §e). Compoundée was prepared as described for compo8ndy reacting
0.128 g (0.589 mmol) of the appropriate 5-aminoladterivative5e, obtaining after column
chromatography 0.139 g of a dark brown tarry oiliel: 60.4%. R = 0.56 (eluent
CHCly/MeOH, 95:5);'H NMR (400 MHz, DMSO-g) 5 = 10.08 (s, 1H, NH), 7.52 (d, J=8.55
Hz, 1H, H-7), 7.33 (m, 5H, H-2’, -3', -4', -5’ an®"), 6.62 (M, 2H, H-4 and NH), 6.41 (dd,
J=8.55 Hz and J=2.16 Hz, 1H, H-6), 4.83 (s, 1H, B%C4.12 (q, J=7.08 Hz, 2H, -
OCH,CHz), 3.74 (t, J=8.71 Hz, 2H, #R), 2.90 (t, J=8.70 Hz, 2H,+8), 2.51 (m, 1H, -N-
CH-CH,CHy-), 1.23 (t, J=7.08 Hz, 3H, -G)§ 0.6-0.4 ppm (m, 4H, -Ci&H,-); 13C NMR
(101 MHz, DMSO-@) & = 6.35 (-CHCH,-), 14.96 (-CH), 21.24 (C-3), 45.95 (NH-CH),
47.15 (-OCHCH;), 59.06 (C-2), 90.24 (G3H), 115.21 (C-7), 116.15 (C-6), 118.43 (C-4),
127.13 (C-3a), 127.45 (C-2' and C-6"), 128.74 (Gad C-5'), 130.14 (C-4"), 132.16 (C-7a),
132.74 (C-1), 146.09 (C-5), 159.16C#CH), 161.45 (NC=ONH), 170.23 ppm
(COOCHCHs3); HRMS (ESI-MS, 140 eV):m/iz [M+H™] calculated for GaH,eN30s,

329.1974; found, 392.1971.

4.1.5 General procedure for the synthesis of plpgmyoloquinolinonestb-d, 7a, 7b, 7d and
8a, 8b, 8d.

As a typical procedure, the synthesis of 3-methaf@syl-7-phenyl-61-pyrrolo[3,2-
flquinolin-9-one4b is described in detail. In a two-necked rounddrogd flask, 20 mL of

diphenyl ether was heated to boiling. To this 0.3834.2 mmol) of the appropriate
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phenylacrylate derivativBb was added portionwise, and the resulting mixtues wefluxed
for 15 min. After cooling to room temperature, 2% wf diethyl ether was added, and the
mixture was left for 12 h. The precipitate was edled by filtration and washed many times
with diethyl ether. The product (0.437 g) was addally purified by silica gel column
chromatography (2.5 x 30 cm, 2380 mesh, eluent CHZMeOH, 95:5), obtaining 0.303 g
of a slightly brown solid.

4.1.5.1 3-methanesulfonyl-7-phenyl-6H-pyrrolo[§@uinolin-9-one @b). Yield: 89.9%; R

= 0.16 (blue fluorescent spot, eluent CEHMIEOH, 95:5); mp: 321.5 °C (decomposition);
UV-Vis (H20/MeOH, 99:1):Amax (A) = 274 (A=0.874), 347 nm (A=0.432); fluorescence
(H20): Aexc= 350.1 nmAems= 488.8 nm; IR (KBr)v = 3403.2QNH), 3088 (C-H aromatic),
2958(C-H aliphatic), 1610.20C=0), 1449.01 (C=C) 1170.20 EnfSO:N); 'H NMR (400
MHz, DMSO-&) & = 11.87 (s, 1H, NH), 8.19 (d, J=9.12 Hz, 1H, H-AP2 (d, J=3.52 Hz,
1H, H-1), 7.87 (m, J=6.60 Hz and J=4.20 Hz, 2H, l4s&] H-6"), 7.82 (d, J=9.08 Hz, 1H, H-
5), 7.72 (d, J=3.48 Hz, 1H, H-2), 7.62 (m, 1H, 4-H.60 (m, 2H, H-3" and H-5’), 6.45 (d,
J=1.80 Hz, 1H, H-8), 3.50 ppm (s, 3H, §Bbk); *C NMR (101 MHz, DMSO-d6p = 41.90
(SO.CHg), 109.08 (C-8), 109.78 (C-1), 116.19 (C-5), 1171BPa), 117.85 (C-4), 125.95 (C-
9b), 127.56 (C-2), 127.80 (C-2' and C-6’), 129.863 and C-5’), 129.56 (C-1'), 130.70 (C-
4", 133.82 (C-3a), 137.79 (C-5a), 148.37 (C-7)7.48 ppm (C-9); HRMS (ESI-MS, 140
eV): 'z [M+H"] calculated for GH;sN,0sS’, 339.0803; found, 339.0798; RP-C18 HPLC:
tr=11.7 min, 97.5%.

4.1.5.2 3-(p-toluenesulfonyl)-7-phenyl-6H-pyrrold@&]quinolin-9-one 4c). Compound4c
was prepared as described for compouihd by reacting 2.336 g (5.07 mmol) of the
appropriate phenylacrylate derivati@e to yield 1.197 g of a slightly brown solid product

Yield: 56.9%; R= 0.64 (blue fluorescent spot, eluent CEMEOH, 9:1); mp: 277.6 °C
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(decomposition); UV-Vis (HO/MeOH, 99:1)Amax (A) = 275 (A=0.985), 347 nm (A=0.569);
fluorescence (bD): Aexc= 350.1 nmAems= 489.1 nm; IR (KBr)v = 3410.5qNH), 3080 (C-
H aromatic), 296%C-H aliphatic), 1611.4QC=0), 1460.01 (C=C) 1170.17 &n§SO:N); *H
NMR (400 MHz, DMSO-¢) 6 = 11.85 (s, 1H, NH), 8.29 (d, J=9.18 Hz, 1H, H-4P0 (m,
1H, H-2), 7.89 (m, AA'BB’, J=8.54 Hz, 2H, H-2" arld-6’), 7.88 (m, 1H, H-1), 7.83 (m, 2H,
H-2” and H-6"), 7.79 (d, J=9.18 Hz, 1H, H-5), B§m, 3H, H-3”, H-5" and H-4"), 7.38
(m, 2H, H-3” and H-5"), 6.40 (s, 1H, H-8), 2.30pm (s, 3H, -CH); **C NMR (75 MHz,
DMSO-c) & = 21.91 (-CH), 109.62 (C-8), 111.66 (C-1), 117.04 (C-5), 11§B&a), 118.51
(C-4), 127.54 (C-2’ and C-6"), 127.61 (C-9b), 1ZB(Z-2" and C-6"), 128.49 (C-2), 129.84
(C-3” and C-5"), 130.59 (C-4"), 131.14 (C-3' an€-5’), 131.20 (C-1"), 134.94 (C-4)),
135.08 (C-3a), 139.07 (C-5a), 146.49 (C-1'), 149657), 178.48 ppm (C-9); HRMS (ESI-
MS, 140 eV):vz [M+H"] calculated for GsH:oN-05S', 415.1226; found, 415.1299; RP-C18
HPLC: &=14.7 min, 99.7%.

4.1.5.3  3-((4-(trifluoromethyl)benzene)sulfonylpifenyl-6H-pyrrolo[3,2-flquinolin-9-one
(4d). Compound4d was prepared as described for compodbndy reacting 1.555 g (3.02
mmol) of the appropriate phenylacrylate derivatdeeto yield 0.414 g of a brownish solid
product. Yield: 29.3%; R= 0.65 (blue fluorescent spot, eluent CEMEOH, 9:1); mp: 341
°C (decomposition); UV-Vis (BD/MeOH, 99:1): Amax (A)= 270 (A=0.279), 345 nm
(A=0.169); fluorescence @D): Aex=345.7 NMAems=491.1 nm; IR (KBr):v = 3402.5QNH),
3078 (C-H aromatic), 296€-H aliphatic), 1608.3(C=0), 1458.01 (C=C) 1169.37 (99,
1325.12 crit (C-F); *H NMR (DMSO-d): & = 11.90 (s, 1H, NH), 8.32 (dd, J=9.16 Hz and
0.68 Hz, 1H, H-4), 8.23 (m, J=8.28 Hz, 2H, H-2’ dnb’), 7.99 (m, 1H, H-2), 7.99 (m, 2H,
H-3” and H-5"), 7.93 (d, J=3.32 Hz, 1H, H-1) 7.§M, 2H, H-2" and H6") 7.82 (d, J=9.08

Hz, 1H, H-5), 7.59 (m, 1H, 4’), 7.59 (m, 2H, H-3&H-5), 6.46 ppm (bs, 1H, H-8}°C
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NMR (DMSO-d): & = 109.30 (C-8), 112.06 (C-1), 117.23 (C-5), 117(629a), 118.03 (C-
4), 126.41 (C-9b), 126.62 (q, J=247.235CR27.29 (C-2), 127.65 (g, J=32.40Hz, C-3" and
C-5"), 127.94 (C-2" and C-6"), 128.10 (C-2’ an@-6’), 129.48 (C-3’ and C-5'), 130.85 (C-
4'), 131.24 (C-3a), 134.52 (q, J=32.40, C-4"), 185 (C-1"), 139.53 (C-5a), 141.19 (C-1"),
155.26 (C-7), 180.72 ppm (C-9); HRMS (ESI-MS, 140):emVz [M+H"] calculated for

Ca4H16FaN205S', 469.1027; found, 469.1040; RP-C18 HPL&:16.45 min, 98.5%.

4.1.5.4 3-benzoyl-1,2-dihydro-7-phenyl-6H-pyrrol@3]quinolin-9-one T{a) and 1N-
benzoyl-2,3-dihydro-6-phenyl-5H-pyrrolo[2,3-g]quite8-one ga).

Compound¥a and8a were prepared as described for compodimtly reacting 1.100 g (2.66
mmol) of the appropriate phenylacrylate derivatago yield 0.443 g of a raw powdery solid
consisting of the two isome& and8a. The two desired compounds were purified by liquid
column chromatography (eluent CH®IeOH, 95:5).
3-benzoyl-1,2-dihydro-7-phenyl-&pyrrolo[3,2f]quinolin-9-one  7a). 0.128 g were
obtained. Yield: 15.3%; & 0.49 (blue fluorescent spot, eluent CEHMIeOH, 9:1); mp: 322
°C (decomposition); UV-Vis (ED/MeOH, 99:1):Amax (A) = 221 (0.717), 293 (0.670), 343
nm (0.320)Amin (A) = 258 (0.226), 318 nm (0.172); fluorescencg@H Aexc = 300 NMAems=
451 nm; IR (KBr): v = 3180, 2950, 2880, 1615, 1490 ¢niH NMR (400 MHz, DMSO)-g)

6= 11.69 (s, 1H, NH), 7.82 (m, 2H, H-2" and H-6")6T (m, 7H, H-3", -4”, -5”, H-2" and H-
6’, H-4 and H-5), 7.52 (m, 3H, H-3’, -5’ and 4’), 2! (d, J=1.82 Hz, 1H, H-8), 4.09 (t, J=8.65
Hz, 2H, H-2), 3.68 ppm (t, J=8.65 Hz, 2H, H-1J¢ NMR (DMSO-@): § = 25.34 (C-3),
50.17 (C-2), 115.24 (C-4), 109.45 (C-8), 117.839¢0; 121.73 (C-5), 122.24 (C-9b), 127.12
(C-2" and C-6’), 127.64 (C-2” and C-6"), 128.4C{3"” and C-5"), 128.58 (C-3’ and C-5’),

129.45 (C-4"), 130.14 (C-4"), 132.13 (C-1), 132.3C-3a), 135.23 (C-1"), 139.45 (C-5a),
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154.13 (C-7), 165.34 (C=0), 178.34 ppm (C-9); HRKESI-MS, 140 eV):m/z [M+H"]
calculated for GHq1gN-O,", 367.1447; found, 367.1439; RP-C18 HPLR=12.38 min,

97.4%.

IN-benzoyl-2,3-dihydro-6-phenylHb-pyrrolo[2,3-g]quinolin-8-one  8a). 0.141 g were
obtained. Yield: 16.8%; & 0.37 (greenish fluorescent spot, eluent GAROH, 9:1); mp:
319 °C (decomposition); UV-Vis (#®D/MeOH, 99:1)Amax (A) = 222 (0.514), 284 (0.498),
350 nm (0.320)Amin (A) = 258 (0.226), 318 nm (0.172); fluorescencedH Aexc = 350 nm,
Aems = 468 nm; IR (KBr): v = 3380, 3190, 2960, 1610, 1480 ¢mH NMR (400 MHz,
DMSO)-tk) 8= 11.72 (s, 1H, NH), 7.84 (m, 2H, H-2" and H-6")72 (m, 7H, H-3", -4”, -5",
H-2’ and H-6", H-4 and H-9), 7.55 (m, 3H, H-3', -Bhd 4°), 6.35 (s, 1H, H-7), 4.01 (t, J=8.72
Hz, 2H, H-2), 3.28 ppm (t, J=8.71 Hz, 2H, H-1¢ NMR (DMSO-@): & = 26.28 (C-3),
49.24 (C-2), 116.16 (C-4), 108.24 (C-7), 118.1384); 120.34 (C-9), 121.04 (C-3a), 126.92
(C-2' and C-6'), 127.04 (C-2" and C-6"), 127.9C3" and C-5"), 128.18 (C-3" and C-5),
129.05 (C-4"), 130.14 (C-4"), 131.14 (C-1'), 138.1C-9a), 136.14 (C-1"), 140.36 (C-4a),
153.16 (C-6), 166.18 (C=0), 177.90 ppm (C-8); HRKESI-MS, 140 eV):m/z [M+H"]
calculated for GHq1gN-O,", 367.1447; found, 367.1448; RP-C18 HPLGR=12.02 min,

97.5%.

4.1.5.5 3-methanesulfonyl-1,2-dihydro-7-phenyl-6i@o[3,2-fl]quinolin-9-one {b) and
1N-methanesulfonyl-2,3-dihydro-6-phenyl-5H-pyrr@d-g]quinolin-8-one &b).
Compound¥b and8b were prepared as described for compotinly reacting 0.488 g (1.27

mmol) of the appropriate phenylacrylate derivatbeto yield 0.210 g of a raw powdery solid
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consisting of the two isome® and8b. The two desired compounds were purified by liquid
column chromatography (eluent CH@®eOH, 95:5).
3-methanesulfonyl-1,2-dihydro-7-phenyl-6H-pyrrol@3]quinolin-9-one (7b). 0.084 g of a
pale yellow solid were obtained. Yield: 19.4%; R 0.21 (blue fluorescent spot, eluent
CHCIs/MeOH, 95:5); mp: 311.4 °C (decomposition); Vis (H,O/MeOH, 99:1)Amax (A) =
206 (1.435), 270 (1.341), 345 nm (0.642}n (A) = 195 (0.453), 247 (0.600), 314 nm
(0.344); fluorescence @@): hexc = 350 NMMAems= 458 nm; IR (ATR ZnSek = 3370, 3010,
2978, 1640, 1478, 1057 ¢i*H NMR (400 MHz, DMSO-¢) & = 11.64 (s, 1H, NH), 7.82
(m, 2H, H-2' and H-6"), 7.68 (d, J=9.23 Hz, 1H, M-Z.63 (d, J= 8.87 Hz, 1H, H-5), 7.58 (m,
3H, H-3', H-5' and H-4"), 6.25 (s 1H, H-8), 4.02 (t, J=8.60 Hz, 2H, H-2), 3.70)8.56 Hz,
2H, H-3), 2.97 ppm (s, 3H, SOHs); *C NMR (101 MHz, DMSO-¢) 5 = 30.15 (C-1), 35.05
(SO.CHg), 51.63 (C-2), 108.77 (C-8), 119.32 (C-5), 119684), 119.79 (C-9a), 128.14 (C-
2" and C-6’), 129.84 (C-3' and C-5’), 129.95 (C-4131.00 (C-1), 131.28 (C-9b), 134.88 (C-
3a), 138.74 (C-5a), 150.45 (C-7), 178.97 ppm (CHRMS (ESI-MS, 140 eV)m/z [M+H"]
calculated for @H;i7/N,OsS", 341.1211; found, 341.1250; RP-C18 HPL@=10.99 min,
96.8%.

1N-methanesulfonyl-2,3-dihydro-6-phenyl-5H-pyrr@d-g]quinolin-8-one(8b). 0.068 g of

a yellowish solid were obtained. Yield: 15.7; R 0.10 (blue fluorescent spot, eluent
CHCIly/MeOH, 95:5); mp: 317.7 °C (decomposition); Vis (H,O/MeOH, 99:1)Amax (A) =
210 (1.137), 275 (0.875), 352 nm (0.44%}n (A) = 190 (0.104), 247 (0.650), 314 nm
(0.346); fluorescence @@): hexc = 350 NMMAems= 475 nm; IR (ATR ZnSek = 3250, 2986,
1615, 1476, 1055 crfy *H NMR (400 MHz, DMSO-¢) 5 = 11.70 (s, 1H, NH), 7.91 (s, 1H,
H-9), 7.81 (m, 2H, H-2" and H-6), 7.64 (s, 1H, Hi-Z.59 (m, 3H, H-3", H-5" and H-4’), 6.30

(bs, 1H, H-6), 4.01 (t, J=8.26 Hz, 2H, H-2), 3.28J8.16 Hz, 2H, H-1), 3.03 ppm (s, 3H,
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SO,CHs); **C NMR (101 MHz, DMSO-g) § = 27.91 (C-1), 34.40 (SOHs), 50.49 (C-2),
107.24 (C-7), 107.35 (C-9), 115.80 (C-4), 125.0¢, 127.80 (C-2’ and C-6'), 129.48 (C-
3’ and C-5'), 130.84 (C-4), 134.60 (C-1’), 137.88-8a), 138.51 (C-3a), 139.011 (C-4a),
149.48 (C-7), 176.66 ppm (C-8); HRMS (ESI-MS, 140):emVz [M+H"] calculated for

CigH17N205S", 341.1211; found, 341.1226; RP-C18 HPL&:110.52 min, 98.5%.

4.1.5.6 3-((4-(trifluoromethyl)benzene)sulfony2-tihydro-7-phenyl-6H-pyrrolo[ 3, 2-
flquinolin-9-one {d) and 1N-((4-(trifluoromethyl)benzene)sulfonyl)-2jAydro-6-phenyl-
5H-pyrrolo[2,3-g]quinolin-8-one &d).

Compound¥d and8d were prepared as described for compodimtly reacting 1.100 g (2.12
mmol) of the appropriate phenylacrylate derivatdeo yield 0.920 g of a raw sticky viscous
tar. The tar was triturated with & and purified by liquid column chromatography @it
CHCIy/MeOH, 9:1) yielding 0.587 g of a powdery whiteidotonsisting of an irresolvable
mixture of the two isomergd and8d. Yield: 58.6%; R= 0.61 (eluent CHGIMeOH, 9:1);
mp: 301 °C (decomposition); UV-Vis ¢g@/MeOH, 99:1): 275 nm (A=0.337), 351 nm
(A=0.258); IR (KBr):v= 3432.80 (NH), 3078 (C-H aromatic), 2980 (C-H hkéhfic), 1600
(C=0), 1498 (C=C) 1171.51 ($N), 1323.63 crit (C-F);'H NMR (400 MHz, DMSO-g¢): &

= 11.69 (s, 1H, NH), 11.67 (s, 1H, NH), 8.21 (m8.34 Hz, 2H), 8.14 (s, 1H), 8.02 (d,
J=9.17 Hz, 1H), 7.98 (m, 4H), 7.92 (d, J=9.46 HH#),17.80 (m, J=8.22 Hz, 2H), 7.72 (d,
J=3.03 Hz, 1H), 7.69 (m, J=8.23 Hz, 2H), 7.66 B.66 Hz, 2H), 7.61 (m, 2H), 7.41 (t,
J=2.05 Hz, 1H), 7.36 (s, 1H), 6.58 (s, 1H), 6.321(d), 4.07 (t, J=7.81 Hz, 4H), 3.54 (t,
J=7.83 Hz, 2H), 3.15 ppm (t, J=8.23 Hz, 2¢ NMR (101 MHz, DMSO-g): § = 27.33,
29.03, 50.21, 50.87, 104.52, 105.27, 106.95, 11223.50, 118.56, 119.39, 119.65, 121.42,

121.55, 124.83 (q, J=4.01 Hz), 126.29, 126.67 £@49.26 Hz), 126.88 (g, J=247.28 Hz),
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127.38, 127.59, 127.92, 128.09, 128.48, 128.99,0629129.37, 129.99, 130.43, 130.74,
131.60, 133.72 (q, J=33.01 Hz), 134.02 (q, J=3HZp, 136.93, 137.25, 139.86, 150.67,
152.13, 179.12, 180.02 ppm; HRMS (ESI-MS, 140 eWjz [M+H™] calculated for
CoaH18FsN20sS', 471.1234; found, 471.1221; RP-C18 HPLG=15.50 min, 82.0% and
tr=16.47 min, 17.4%. (NB: 32 H in NMR. If this regsents both isomers, shouldn’t there be

34 H, unless some are silent?)

4.1.5.7 3-benzoyl-7-phenyl-6H-pyrrolo[3,2-flquino!®-one 4a). Into a two-necked 50 mL
round-bottomed flask, 0.041 g (1.7 mmol, 3 eq.NaH, 60% dispersion in mineral oil, was
placed and washed with toluene (3 x 10 mL). Witlrisg, a solution of 7-phenyl+3,6H-
pyrrolo[3,24f]quinolin-9-one 9, prepared as previously reported [8]), 0.150 §4{0nmol, 1
eqg.) in 7 mL of anhydrous DMF, was dropped into ftesk. After 30 min at room
temperature, a solution of benzoyl chloride, 0.2 ¢(hl7 mmol, d=1.21 g/mL, 3 eq.) in 2 mL
dry DMF, was added, and the reaction mixture wasesdt for 2 h. The reaction was
monitored by TLC analysis (eluent CHGlleOH, 9:1). At the end of the reaction, 25 mL of
water was added, and the solvent was evaporategl ueduced pressure, leaving a residue,
which was extracted with EtOAc (3 x 50 mL). Theamig phase, washed with water, a 10%
NaCO; solution, and brine was dried over anhydrouss;S@ and concentrated under
vacuum to yield a crude yellow solid (0.171 g). Shiude product was purified with a silica
gel chromatographic column (3 x 35 cm, 230-400 mECkL/MeOH, 9:1), yielding 0.057

g of a pure yellowish solid. Yield: 27.2%;: R 0.48 (blue fluorescent spot, eluent
CHCIy/MeOH, 9:1); mp: 316.8 °C (decomposition); UV-VI4,0/MeOH, 99:1)Anax (A) =
204 (0.992), 279 (1.557), 352 nm (0.281)in (A)= 195 (0.322), 237 (0.443), 336 nm

(0.225); fluorescence @), exc = 277 NMAems = 460 nm; IR (KBr).v = 3327 (NH), 1790
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(C=0 amidic), 1678 (C=0), 1660 ¢h{C=C);'H NMR (400 MHz, DMSO-¢): & = 11.87 (s,
1H, NH), 8.60 (d, J=9.16 Hz, 1H,-#), 7.88 (m, 2H, 2’ and H-6"), 7.87 (d, J=2.96 Hz, 1H,
H-1), 7.82 (m, 2H, 2" and H-6"), 7.80 (d, J=8.42 Hz, 1H, #3), 7.73 (m, J=7.51 Hz,
J=2.12 Hz and J=1.22 Hz, 1H;44), 7.65 (m, 2H, H3” and H-5"), 7.61 (m, 3H, H3', H-5’
and H-4’), 7.51 (d, J=3.56 Hz, 1H-B), 6.44 ppm (d, J=1.16 Hz, 1H;8); °C NMR (101
MHz, DMSO-d): & = 109.13 (C-8), 110.23 (C-1), 116.18 (C-5), 117@Da), 120.64 (C-4),
127.33 (C-9b), 127.93 (C-2’ and-€), 129.23 (G3' and G5’), 129.37 (G2), 129.46 (C-3’
and C-5"), 129.75 (C-2" and 6"), 130.79 (G4'), 131.51 (G1’), 132.79 (C-4"), 134.20 (C-
1"), 137.00 (G3a), 138.96 (C-5a), 149.20 (C-7), 168.99 (NC=0R.43 ppm (C-9); HRMS
(ESI-MS, 140 eV)m/z [M+H"] calculated for g4H:7,N,0,", 365.1385; found, 365.1382; RP-

C18 HPLC: £=13.95 min, 96.5%.

4.1.5.8 N-cyclopropyl-7-phenyl-6H-pyrrolo[3,2-flquinolin-9fe-3-carboxamide 4€). To a
stirred slurry of NaH (0.041 g of a 60% mineral digpersion, 1.73 mmol, 3 eq.) in THF (2
mL) at O °C, under By was cautiously added 7-pheny8H-pyrrolo[3,2{]quinolin-9-one
(9, 0.15 g, 0.57 mmol, 1eq., prepared as reportedpi@viously dissolved in THF (7 mL).
The reaction mixture was stirred at 0 °C for 60 ntimen transferred, via cannula, to a
solution of 4-nitrophenyl chloroformate (0.140 g6® mmol, 1.2 eq.) in THF (2 mL). The
resultant reaction mixture was stirred at ambierhgerature for 15 h (TLC, eluemt
Hex/EtOAc, 2:1), prior to removal of the solvent bgncentration in vacuo. The residue
obtained was suspended in EtOAc (100 mL), thear&l and washed with EtOAc and@&t
to yield 0.255 g (99.0%) of a pale yellow solid.eTresulting activatetll-(4-nitro)phenyl-7-
phenyl-61-pyrrolo[3,2f]quinolin-9-one-3-carboxamide was immediately usedfollows: a

2.0 M solution of cyclopropylamine (0.382 mL, 5.48nol, d=0.824 g/mL, 8 eq.) in THF
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(2.75 mL) was added to a solution of the activatatbamate (0.255 g, 0.60 mmol, 1eq.) in
THF (5 mL). The resultant reaction mixture wasretirat ambient temperature for 4 h and
monitored by TLC (eluent CHgMeOH, 85:15) prior to removal of the solvent by
concentration to dryness, in vacuo. The residuainét was partitioned between EtOAc (100
mL) and HO (100 mL). The layers ware separated, and thecagughase was extracted with
EtOAc (2 x 30 mL). The combined organic extract washed with saturated NaHgQ@ 00
mL) and brine, dried over Nag@nd concentrated in vacuo to give a yellow sdiak tvas
suspended in ED (35 mL), filtered and washed with Bt (2 x 20 mL) to give 0.062 g of a
yellowish solid. Yield: 30.1%. R= 0.29 (eluent CHGIMeOH, 85:15); mp: 314 *C
(decomposition); UWVis (H,O/MeOH, 99:1):Amax (A) = 338 (0.081), 270 (0.162), 204 nm
(0.169); Amin (A) = 312 nm (0.046), 246 nm (0.079); fluoresce(idgO): hexc = 215.00 nm,
Aem = 430.00 nm; IR (KBr)v = 3311.56 (NH), 1618 (C=C) ¢ '"H NMR (400 MHz,
DMSO-d): 8 = 11.80 (s, 1H, NH), 8.56 (d, J=9.12 Hz, 1HANH 8.40 (d, J=2.91 Hz, 1H,
C=ONH), 7.91 (d, J=3.54 Hz, 1H, H-2), 7.85 (m, 2H2’ and H6"), 7.75 (d, J=2.67 Hz, 1H,
H-1), 7.68 (d, J=9.15 Hz, 1H,-Bl), 7.58 (m, 3H, H-3', Kb’ and H4’), 6.41 (bs, 1H, IB),
2.81 (m, J=3.24 Hz, 1H, NH-CH), 0.8060 ppm(m, 4H;CH,CH,-); 3¢ NMR (101 MHz,
DMSO-a): & = 6.31 (-CHCHS,-), 23.82 (NH-CH), 108.05 (C-1), 108.93 (C-8), 1B(LC-5),
117.86 (C-9a), 120.14 (C-4), 124.15 (C-9b), 1258%), 127.86 (2’ and G6’), 129.43
(C-3" and G5’), 130.59 (G4’), 130.85 (G1"), 131.39 (C3a), 134.85 (5a), 153.12 (7),
165.21 (NC=ONH), 178.43 ppm (C-9); HRMS (ESI-MSQ®V): mVz [M+H"] calculated for

C21H1gN30,", 344.1999; found, 344.1994; RP-C18 HPL&:110.93 min, 98.5%.

4.2 Biological assays

39



4.2.1 Cell growth conditions and antiproliferatigsesay

Human T-leukemia (CCRF-CEM and Jurkat), human Béena (RS4;11, SEM) cells and
human myeloid leukemia (HL-60, THP-1, MV4;11) cellwere grown in RPMI-1640
medium (Gibco, Milano, Italy). Breast adenocarcimo(MCF-7), human cervix carcinoma
(HeLa), non small cell lung adenocarcinoma (A54®&) Auman colon adenocarcinoma (HT-
29) cells were grown in DMEM medium (Gibco, Milaritaly), all supplemented with 115
units/mL penicillin G (Gibco, Milano, Italy), 11pg/mL streptomycin (Invitrogen, Milano,
Italy), and 10% fetal bovine serum (Invitrogen, &b, Italy). Stock solutions (10 mM) of the
different compounds were obtained by dissolvingrthe DMSO. Individual wells of a 96-
well tissue culture microtiter plate were inocuthtevith 100 uL of complete medium
containing 8 x 1% cells. The plates were incubated at 37 °C in a idified 5% CQ
incubator for 18 h prior to the experiments. Afteedium removal, 10QL of fresh medium
containing the test compound at different conceinima was added to each well in triplicate
and incubated at 37 °C for 72 h. Cell viability wassayed by MTT test as previously
described [26]. The GJ was defined as the compound concentration requaredhibit cell
proliferation by 50%. Peripheral blood lymphocytéBBL) from healthy donors were
obtained by separation on Lymphoprep (Fresenius Kid@ge AS) gradient. After extensive
washing, cells were resuspended (1.0 % ddlls/mL) in RPMI-1640 with 10% fetal bovine
serum and incubated overnight. For cytotoxicity ledons in proliferating PBL cultures,
non-adherent cells were resuspended at 5°xcélls/mL in growth medium, containing 2.5
pg/mL PHA (Irvine Scientific). Different concentratis of the test compounds were added,
and viability was determined 72 h later by the M@EBt. For cytotoxicity evaluations in
resting PBL cultures, non-adherent cells were mesuded (5 x 10cells/mL) and treated for

72 h with the test compounds, as described above.
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4.2.2 Effects on tubulin polymerization and on bhaime binding to tubulin

To evaluate the effect of the compounds on tubagsemblyin vitro [15], varying
concentrations of compounds were preincubated Wi@hpM bovine brain tubulin in
glutamate buffer at 30 °C and then cooled to 0A@er addition of 0.4 mM GTP (final
concentration), the mixtures were transferred to °O cuvettes in a recording
spectrophotometer and warmed to 30 °C. Tubulinmabewas followed turbidimetrically at
350 nm. The I was defined as the compound concentration thabited the extent of
assembly by 50% after a 20 min incubation. Theitgbdf the test compounds to inhibit
colchicine binding to tubulin was measured as desdr [16], except that the reaction

mixtures contained M tubulin, 5uM [*H]colchicine and §1M test compound.

4.2.3 Molecular Modeling

Compounds in Table 1 were built and their partiarges calculated after semi-empirical
(PM6) energy minimization using the MOE2015 [27pbgmram. Fourteen crystallographic
structures were selected to perform docking stu@ées SI_Table 1). Only the ligands
occupying the colchicine binding site and the drotehain in the proximity of 4.3 were
considered and subjected to the structure preparabiol of MOE 2015. Finally, Protonate
3D tool was used to assign the ionic state of eamhplex [28]. To identify the more
appropriate docking protocol for the eleven come&gxwe performed a self-docking
benchmark using DockBench 1.01, a tool that contpdine performance of 14 different
posing/scoring protocols [29]. The active site wia$ined using a radius of 12 A from the
centre of mass of the co-crystallized ligand. Hagdnd was docked 20 times. All synthesized

compounds were docked using GOLD using PLP [30hgughe virtual screening tool of
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DockBench adopting the parameters already usechenbenchmark study. Finally, the
obtained conformations were rescored with the dpkk MOE function. The similarity
studies were carried out with VROCS consideringTiersky coefficient [31].

To facilitate the visualization and analysis ofadabtained from the docking simulations, we
implemented an in-house tool, named MMsDocking @id®aker, for the automated
production of a video that shows the most relewkuking data, such as docking poses, per
residue IEhyd and IEele data, experimental bindlata and scoring values. Videos were
mounted using MEncoder [32], starting from imagbtamed with the following procedure:
the heat maps in the background were drawn with BINDT 4.6 [33] starting from per
residue IEhyd and IEele data computed with MOE. Tdimensional depictions of
compounds were generated using the open-source irdioematics toolkit RDKit [34].
Representations of docking poses within the bindiite) were constructed using CHIMERA

[35].

4.2.4 Flow Cytometric Analysis of Cell Cycle Distriion

5 x 1¢ Hela or Jurkat cells were treated with differebmeentrations of the test compounds
for 24 h. After the incubation period, the cellsreveollected, centrifuged, and fixed with ice-
cold ethanol (70%). The cells were then treatedh Wisis buffer containing RNase A and
0.1% Triton X-100 and stained with Pl. Samples wamalyzed on a Cytomic FC500 flow
cytometer (Beckman Coulter). DNA histograms werealyred using MultiCycle for

Windows (Phoenix Flow Systems).

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

Fluos, Roche Diagnostics).

4.2.6 Analysis of mitochondrial potential and R@aeOxygen species (ROS)

The mitochondrial membrane potential was measurdti whe lipophilic cation JC-1
(Molecular Probes, Eugene, OR, USA), while the potion of ROS was followed by flow
cytometry using the fluorescent dye@CFDA (Molecular Probes), as previously described

[11].

4.2.7 Evaluation of the metabolic stability of camapd4a in human liver microsomes

4.2.7.1 Incubation procedur€ompound4a (final concentration, 1QM) was incubated in a
medium (final volume, 0.2 mL) containing 0.1 M KO, (pH 7.4) and 1.0 mg/mL of pooled
mixed-gender human liver microsomes (Xenotech LlL@nexa, USA; HLMs), in the
absence or presence of 1 mM NADPH (Sigma-Aldri€gntrol incubations were performed
in the absence of both HLMs and NADPH (buffer omgubations). The reactions were
started by adding the microsomes following a 3-thermal equilibration at 37°C, conducted
at 37°C for different time periods (i.e. 0, 15, & 60 min), and terminated by adding 0.1
mL of ice-cold acetonitrile. Samples were then girged (4°C) at 20,0apfor 10 min, and
aliguots of the supernatants were analyzed by HRItKC fluorescence detection, as described

below.
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4.2.7.2 HPLC analysisThe chromatographic system consisted of a Hewlstikéd 1100
HPLC system (Agilent Technologies Inc., formerly vidett-Packard, Palo Alto, USA)
equipped with a degasser, a quaternary pump, aosaupler, a column oven, and a
fluorescence detector; chromatographic data welteated and integrated using the Agilent
ChemStation software. Chromatographic conditionseves follows: column, Agilent Zorbax
SB C18 (4.6 x 75 mm, 3.5 um); mobile phase, 0.1%08€ in HO (solvent A) and 0.1%
HCOOH in acetonitrile (solvent B); elution prograisgcratic elution with 95% solvent A for
2 min., linear gradient from 5 to 40% solvent B 8nmin., followed by a further linear
gradient from 40 to 60% solvent B in 2 min, andsatratic elution with 60% solvent B for 7
min; post-run time, 5 min; flow rate, 1.0 mL/minnjection volume, 50 pL; column
temperature, 30°C; detection, fluorescence (excitatwavelength, 344 nm; emission
wavelength, 493 nm). Under the above conditions, ritention time ofla was 13.4 min.
Metabolic stability ofda, expressed as percent of compound remaining, afasilated by
comparing the corresponding chromatographic pee& at each time point relative to that at

time O min.
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Supplementary Material: Supporting Information filontains: the 14 tubulin-ligand
complexes retrieved from the PDB, the superpositibthe 14 tubulin-ligand complex used
in the benchmark, docking benchmark results obthimigh DockBench and HRMS spectra
and HPLC traces of all the final tested compou#a®, 7a,b,d and8a,b,d. Movie.qif file

contains an Animation of the energetically mostofable pose of all the final tested

compounds and the gold standafdobtained by molecular docking simulation.
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Table 1. In vitro cell growth inhibitory effects of compousda-g, 7a,b,d, 8a-b, and11

cmp

4b

4d

7a
7b
7d
8a
8b

11°

Gls (nM)
CCRF-CEM HL-60 RS4;11 Jurkat SEM MV 4;11 THP-1 HelLa AB549 HT-29 M CF-7
12+0.2 240.8 0.3+0.1 1616 0.9+0.1 2+0.9 5+1 0.240.0 10+6 0.1+0.08 0.2+0.1
42+7 215+81 18+9 3414 2316 49+16 92431 3619 3+0.7 7+2 152495
32+1 335174 48116 55+13 33+15 65+18 222+71 2612 H2+ 5+1 195451
32+1 39+16 147443 81+3 3312 86122 4249 2242 6318 +23 5+2
92+14 155463 27+3 145461 11+4 85+12 66119 212+61 1+B2 255+75 96131
10454212 26404309 256+133 13454302 918+211 15434223 21661614 331455 918+268 1586+145 11124178
235+56 291+13 3514 372+26 271+1 352+36 71+2 563+65 451+54 623159 521+96
435+085 1625+35 211+32 256+21 336125 356163 8461152 373125 541+29 255+62 47547
818+154 37404233 132451 23164407 1656+185 1978+326 23231945 1447+416 35621624 54364852 63231845
>10000 >10000 >10000 >10000 >10000 >10000 >10000 38#HK126 >10000 >10000 >10000
17+4 240.6 0.1+0.05 0.3+0.03 0.4+0.01 19+8 74425 .6+0.6 9+0.4 1+0.5 5+1

¥ Cso= compound concentration required to inhibit turmelt proliferation by 50%. Data are expressed asiiean + SE from the dose-response curves of sittlae

independent experimenlstata taken from ref.[13]
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Table 2. Cytotoxicity of4a-b for human peripheral blood lymphocytes (PBL)

ICs0(uM)*
4a 4b
PBLiesting 28.0£2.3 >100
PBLpa° 15.246.¢ >10(

& Compound concentration required to reduce cell gnamhibition by 50%.
® PBL not stimulated with PHA.
¢ PBL stimulated with PHA.

Values are the mean £+ SEM from three separate enests.



Table 3. Inhibition of tubulin polymerization and colching binding by compoundta-e and CA-4

Tubulin assembfy  Colchicine binding

Compound
ICs50tS.D. UM) % inhibition £S.D.

4a 0.89+0.04 70x2
4b 1.2+0.01 42 + 4
4c 1.1+0.04 37+5
4d 24 +0.; 29 ¢
de 2.2+0.5 18+4

CA-4 1.2+0.1 98+0.7

2 Inhibition of tubulin polymerization. Tubulin wag 10 uM.

® Inhibition of [PH]colchicine binding. Tubulin and colchicine werelaand 5 uM concentrations, respectively.
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Figurelegends
Figure 1.

Structure-activity relationships of 7-phenyl-pyw8,2{f]quinolinones.

Figure2

Panel A. Superposition dfa (green sticks, grey surface) and plinabulin (ggtgks) derived from
the shape similarity calculations. Panel B. Thergstically most favorable pose d& (in green)
obtained by molecular docking simulation using pihetein conformation of the plinabulin complex
(PDB ID: 5C8Y). The ribbon as well as the residt@es of the colchicine binding site are colored
according the subunit to which they belong: white B-tubulin and magenta foa-tubulin.
Hydrogen atoms are not shown. Panel C. Per-residalysis of the protein-ligand interaction for

compound 4a (green) and plinabulin (red).

Figure3

Percentage of cells in each phase of the cell dycldeLa (Panel A) and Jurkat cells (Panel B)
treated with compoundéa or 4b at the indicated concentrations for 24 h. Cellsewixed and
labeled with Pl and analyzed by flow cytometry asatibed in the Experimental Section. Data are

presented as mean of two independent experimetiissimilar results.

Figure4

Flow cytometric analysis of apoptotic cells aftezatment of HelLa cells witda or 4b at the
indicated concentrations after incubation for 248&rh. The cells were harvested and labeled with
annexin-V-FITC and PI and analyzed by flow cytompeData are presented as mean + SEM of

three independent experiments.

Figure5
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Flow cytometric analysis of apoptotic cells aftezattment of Jurkat cells witha or 4b at the
indicated concentrations after incubation for 2418. The cells were harvested and labeled with
annexin-V-FITC and PI and analyzed by flow cytorpeata are presented as mean + SEM of

three independent experiments.

Figure6

Assessment of mitochondrial membrane potent.f) after treatment of HeLa (Panel A) or

Jurkat (Panels B) cells with the indicated compaun@ells were treated with the indicated
concentration of compound for 24 or 48 h and theamsed with the fluorescent probe JC-1 for
analysis of mitochondrial potential. Cells wererttamalyzed by flow cytometry as described in the

Experimental Section. Data are presented as m&#M:of three independent experiments.

Figure7

Assessment of ROS production after treatment ofaH@anel A) or Jurkat (Panel B) cells with the
indicated compounds. Cells were treated with tlécated concentration of compound for 24 or 48
h and then stained with,HDCFDA for the evaluation of ROS levels. Cells wéten analyzed by
flow cytometry as described in the Experimentalti®ac Data are presented as mean = SEM of

three independent experiments

Figure 8. Assessment of metabolic stability of 4a in humaarlimicrosomesA) 4a (10 uM) was
incubated in the presence of human liver microsofde®d mg/mL; HLMS;==A==), HLMs plus
NADPH (1 mM;==e==), or buffer only (0.1 M KHPQ,, pH 7.4;--0--), for 0, 15, 30 or 60 min at
37°C. The data are expressed as percent of payemarind 4a) remaining at each time compared

with time 0 min, and represent the mean + SDnof 3 or 4 independent determinationB) (
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Representative stacked HPLC-fluorescence tracesigg#rnatants from mixtures containie (10

uM) and HLMs (1.0 mg/mL), incubated for 0, 15, 3068rmin at 37°C. Mda metabolite.
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comp R

1a, 5a-8a GHsCO

1b-8b CHSO,
1c-4c CHCeH,SO,
1d-8d CECsH4SO,

1e, 5e, 6e GHsNHCO

Scheme 1. a) benzoyl chloride, methansulfonyl chloridemethylbenzensulfonyl chloridep-

trifluoromethylbenzensulfonylchloride, NaH (60%),nhgdrous DMF, rt, 2 h, 92%;p-
nitrophenylchloroformate and cyclopropylamine, THBh, 87%; b) SnGRH,O, HCl 37%,

methanol, reflux, 36 h, 53%; c) ethylbenzoyl acstatbsolute ethanol, cat @EOOH, drierite,
reflux, 36 h, 60%; d) diphenyl ether, reflux, 15nnir9%; e) H, Pd/C 10%, EtOAc, atmospheric

pressure, 50 °C, 24 h, 95 %.
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Scheme 2: a) benzoyl chloride, NaH (60%), anhydrous DMF, rt,,33%; c)p-nitrophenylchloro

formate; NaH (60%), cyclopropyl amine, THF, rt, 330%.
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Highlights

* A small library of 7-pyrrolo[3,Zquinolinones was synthesized

* The most active compourdh showed GJgs ranging from 0.1 to 16 nM

» Compound4a did not induce significant cell death in normahfan lymphocytes
» Compoundsd4a strongly inhibited tubulin assembly assay withH@g of 0.89 uM

* Compound4a induce apoptosis through the mitochondrial pathway



