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Abstract

Microtubule-targeting agents (MTAS) are a clasglofically successful anti-cancer drugs. The
emergence of multidrug resistance to MTAs impodes need for developing new MTAS
endowed with diverse mechanistic properties. Beazegines were recently identified as a
novel class of MTAs. These anticancer agents wesetighly characterized for their antitumor
activity, although, their exact mechanism of acti@mained elusive. Combining chemical,
biochemical, cellular, bioinformatics and structurafforts we developed improved
pyrrolonaphthoxazepines antitumor agents and thenle of action at the molecular level was
elucidated. Compoun@j, one of the most potent analogues, was confirmgX{pay as a
colchicine-site MTA. A comprehensive structural estigation was performed for a complete
elucidation of the structure-activity relationshipSelected pyrrolonaphthoxazepines were
evaluated for their effects on cell cycle, apoa@sid differentiation in a variety of cancer cells,
including multidrug resistant cell lines. Our rasullefine compoun@j as a potentially useful

optimized hit for the development of effective carapds for treating drug-resistant tumors.



1. Introduction

Microtubules (MTs) are the principal componentiué tell cytoskeleton involved in a variety
of crucial cell processes in eukaryotes such asvtgroproliferation, trafficking, motility and
autophagy [1-3]. In particular, MTs are found inmmaalian cells and are involved in two
different mitosis phases: interphase and divisign§ITs consist ofB-tubulin heterodimers that
polymerize in a polarized way by a nucleation-ektian mechanism adding non-covalently
dimers at the ends of MTs and forming hollow tubgse terminal parts of the MT (denoted the
plus- and minus-end) are continuously alternatietgvben elongation and shortening periods - a
property denoted dynamic instability [4] and whishhighly regulated by accessory proteins in
cells. It is well-known that cancer cells displayaitered mitosis rate. Therefore, interfering with
MT dynamics by microtubule-targeting agents (MTA®presents one of the most important
targets in cancer therapy [5]. MTAs can displayfedént interaction sites on both and -
tubulin [6, 7]. The most well-characterized siteslude: i) the well-known taxane site, targeted
by compounds such as taxa),(located orp-tubulin in a profound hydrophobic cleft; ii) thites
targeted by laulimalide2] that binds td3-tubulin in a different pocket from the taxane sitg
the vinca site located at the plus-end edge neaGhP binding site of-tubulin, targeted by
compounds such as vinblastirg);(and iv) the colchicine site situated at the tiubintradimer
interface between the- andp-tubulin subunit and targeted by MTAs such as dolok @) and
nocodazole (Figure 1) [8]. Additional very well cheterized sites are the maytansine site [9]
and the pironetin site [10]. The colchicine siteore of the most important binding pockets for
MTAs and compounds acting on this site (nocodazéle,are well-known microtubule-

destabilizing agents (MDAS).



5, Nocodazole 6a-r as defined in Table 1

Figure 1. Representative MTASL(5) and general structure of titte compouGdsr.

Alteration of MT dynamics can lead to cell cycleest and consequently to cell death by
apoptosis in dividing cells. Additionally, the cdyay of MTAs to interact with the autophagy
process, could suggest an additional therapeutieflidoy blocking or stimulating the process.
Part of the cytotoxic effect of compourly indeed, comprises the capability of blocking
autophagosome maturation [11], while the other MBAsh as3 and4 are able to stimulate
autophagy. This latter mechanism could contribatiaéir anticancer activity [12-15]. Following
our interest in the field [16-18], in this scenanyrrolo-1,5-benzoxazepines, typified by the 4-
acetoxy-5-(1-naphthyl) naphtho[2pyrrolo[2,1d][1,4]Joxazepine BPNOX, Table 1) and

analogues were developed as MDAs and were thorgularacterized assessing their antitumor



activity. In particular, compounBNOX and related analogues were shown to inhibit thevtro

of a number of cancer cell lines such as ovarianimama cell lines, oral squamous carcinoma
cells, acute lymphoblastic leukemia cells, neurstiolama cells, human colon cancer cells,
malignant hematopoietic cells, breast tumor cgltestate cancer cells, embryo cell lines and
other myeloma and leukemia cells [17, 19-26]. Witk aim of further improving the class of
benzoxazepine anticancers (antitumor potency and-kike properties) and to fully elucidate
their mechanism of action, we extended our stubjeturther decorating and/or modifying the
original scaffold at different levels [27]. In pi&dlar, taking into account the high lipophilicity
of the early developed analogues, typified RIYOX (cocrystallization/soaking dPNOX and
related molecules with tubulin was unsuccessfub, attempted to attenuate lipophilicity by
introducing specific structural modifications swuahpolar groups and/or heteroatoms. We herein
present a multidisciplinary approach to the discpwd# novel naphthoxazepine analogues with
improved physicochemical properties, and a crysgadiphic study to unveil the binding site and
mode of action on tubulin and microtubules of thmvei analogues is discussed. A set of
pyrrolonaphth(benz)oxazepindPNOX) was synthesized6é-r, Table 1) and appropriate
biochemical studies were undertaken for establgshiime affinity of selected analogues on
isolated tubulin. The effects of the novel compainere also evaluated against a relevant panel
of different types of cancer cells including MDRIldees. Finally, we carried out studies to
assess the influence of the newly developed déreston the cell cycle, apoptosis and
differentiation and to establish their effect ore thutophagy process. These studies provided
essential insight into the mechanism of actiorhefhiew benzoxazepines and useful hints for the

future design of improved analogues. A SAR studyissussed. This work identified compound



6] as the most promising anticancer agent of the eviseries, potentially useful as a novel

interesting hit for the development of effectivemgmunds for treating drug-resistant tumors.

Table 1.Novel PNOX derivativeba-r.
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2. Results and Discussion

2.1 Chemistry

The general retrosynthetic scheme for the synthafsisovel compound$a-r is described in
Figure 2. As represented, the synthesis of thepielobenzoxazepinone template could derive
from an alkylation reaction between pyrrolylphem@rivatives §) and the suitable-bromo
esters 9a-g providing the arylalkyl ether skeleton to undergdramolecular cyclization
generating key ketonés

Due to the lengthy and often problematic synthesisbromobenzyl derivatives and in order to
identify a more general and expedite chemical rdatearget compounds, we subsequently
envisioned a novel straightforward Mitsunobu-basmde for the construction of the key aryl-
alkyl ether template. Accordingly, a glioxylateenmnediate could represent a convenient access
to the requireda-hydroxyester derivativeslQa-g to undergo Mitsunobu reaction with the
pyrrolylphenol derivatives8). This revised path also provided a 3-step shaxtete to the
desired pyrrolobenzoxazepinone templatén Figure 2 we also reported the fragments ergjage

for the construction of the key cyclic ketonsub-grouped according to the employed route.
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Figure 2. Retrosynthetic pathways for the construction & gyrrolobenzoxazepinone core

and representation atbromoester derivativea-eanda-hydroxyesterd0a-g

In Scheme 1 is reported the synthetic route for ¢bestruction of the quinoline-based
bromoderivative®a-c bearing an 8-, 5- and 3-quinolyl aromatic porticegspectively. In a first
instance, 8-bromoquinoling3a was obtained by Skraup reaction on 2-bromoanilihen the
presence of glycerol, nitrobenzene and Fe(ll) sallfander strongly acidic conditions. Due to the
poor yields provided by this method, a second rewge envisaged, employing 8-aminoquinoline
12, Cu(ll) bromide andtert-butyl nitrite [28]. 8-Bromoquinolinel3a and the commercially
available 5-bromoquinolinel3b were reacted withN,N-dimethylformamide (DMF) in the
presence oh-butyllithium at -78 °C providing the correspondifigrmyl derivatives14a,h
Subsequently, aldehyde homologation was performgdelacting intermediated4a,b with

(methoxymethyl)triphenylphosphonium  chloride  in  thepresence  of  sodium



bis(trimethylsilyl)amide as the base. The resultinglexthersl5a,b were effectively cleaved in
acidic medium providing the homologated aldehyde8a,b [29]. Oxidation with N-
iodosuccinimide (NIS), in the presence of potasstarbonate and methanol [30], led to the
corresponding methyl estet3a,lh which underwent radicalic bromination in the gmese ofN-
bromosuccinimide (NBS), thus providing the desibeaimo-derivative®a,hb.

The chemical route employed for the synthesis ofiaund9c entirely traced that adopted for
the synthesis of compoun@s,b. Accordingly, formylation of the bromoderivatiue3 followed

by homologation of the resulting aldehyd® provided the corresponding enol ether finally
hydrolyzed to the corresponding homologated alde2@d The oxidation of this latter to methyl

ester, followed by radicalic bromination, led tbemmediate compourk.

10



Scheme 1Synthesis ofi-bromoester derivativeda-c®
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®Reagents and conditions: (a) Glycerol, PBNBeSQ7H,0, conc. HSQ,, 150 °C, 7 h; (b)
CuBr,, tBUONO, dry MeCN, 75 °C, 12 h; (¢)BuLi (2.5 M solution inn-hexane), DMF, dry
THF, -78 °C, 10 min; (d) (methoxymethyl)triphenyg@phonium chloride, NaN(TMg) dry
THF, 0 °C, 2 h; (e) 6 N HCI, acetone, 50 °C, 3 ;NIS, K;CO;, MeOH, rt, 3 h; (g) NBS,
AIBN, CCl,, 85 °C, 12 h.

The synthesis of compour@dl is reported in Scheme 2. 8-Aminoquinolii2was brominated at
5-position with NBS in acetonitrile providing inteediate21. This latter was reacted witk-
chlorosuccinimide (NCS) to afford 5-bromo-7-chl@aminoquinoline derivativ@2. Reductive
deamination in the presence of sodium nitrite apgophosphorous acid provided 5-bromo-7-
chloroquinoline23 [31]. Conversion o3 into the corresponding aldehyde derivatR4ewas
achieved by treatment with DMF in the presence-btithyllithium. The following steps for the
synthesis of compoun@d entirely traced those reported in Scheme 1 for sixethesis of

compounds9a-c Accordingly, formation of enol ethé&5 was followed by hydrolysis to the

11



corresponding homologated aldehy&i Oxidation of this latter to methyl est2¥ followed by

radicalic bromination led to bromo-derivati9d.

Scheme 2Synthesis ofi-bromoester derivatived.®
Br Br
N a A b A
N” N7 cl N~
NH;, NH, NH;
12 21 22
C
|
= Os_H Br
SN c N” cl N7
25 24 23
\f
0 o} o}
H OMe MeO
9 h
~ X~ X
— — —
Cl N Cl N Cl N
27 9d

26
®Reagents and conditions: (a) NBS, MeCN, 25 °C, {bh;NCS, MeCN, 75 °C, 12 h; (c)
H3PO,, NaNQ, conc.HSQ,, water, from 25 °C to 60 °C, 3 h; (d)BuLi (2.5 M solution inn-
hexane), dry DMF, dry THF, -78 °C, 15 min; (e) (hmetymethyl)triphenylphosphonium

chloride, NaN(TMS), dry THF, 0 °C, 3 h; (f) 6 N HCI, acetone, 25 £h; (g) NIS, KCOs,
MeOH, 25 °C, 3 h: (h) NBS, AIBN, CGI85 °C, 8 h.

Compoundewas synthesized as reported in Scheme 3. 5-Metbaigne28 was treated with
dry ethyl acetate in the presence of lithiuoms(trimethylsilyl)lamide. The resulting3-
hydroxyester29 was dehydrated in the presence of trifluoroacatid providing a mixture of
regioisomers30 and 31, both submitted to catalytic hydrogenation, empigycyclohexene as
hydrogen source to afford intermedi&@®2 immediately submitted to oxidation with DDQ in
order to provide the corresponding aromatic derres®3 [32]. Radicalic bromination with NBS

led to bromo-derivativBe

12



Scheme 3Synthesis ofi-bromoester derivativee®
OMe OMe OMe OMe
Lo~ 00
o) HO EtO Eo. |
28 29 oo 5 30 o 3
|

OMe

OMe OMe

0 =1 .

Br OFt OFEt OFt
%e 0 30

32 o

®Reagents and conditions: (a) LIN(TMSJiry EtOAc, dry THF, from -78 °C to -70 °C, 1 Iv)(
toluene, TFA, 110 °C, 3 h; (c) ciclohexene, 1,4xdibe, 10% Pd/C, 101 °C, 12 h; (d) toluene,
DDQ, 110 °C, 3 h; (e) NBS, AIBN, C&I80 °C, 12 h.

The synthesis o#éi-hydroxyesterslOa-d is reported in Scheme 4. Bromoquinoliri&a,b were
converted into their corresponding ethyl glyoxysaterivatives34a,b by treatment with diethyl
oxalate in the presence whbutyllithium [33]. Selective reduction of the ketfunctionality was
achieved by reaction with sodium borohydride in @HF, providingoa-hydroxyester derivatives
10a,h The synthesis of compound®c,d bearing 2-alkyl substituted quinoline rings stdrte
from 8-bromo-2-methylquinolineé35 prepared from 2-bromoaniline and crotonaldehyde as
previously reported [34]. 8-Bromo-2-ethylquinoliBé was derived fron85 by treatment with
methyl iodide after deprotonation with lithium digropylamide (LDA). Both bromoquinoline
derivatives 35 and 36 were reacted with diethyl oxalate in the presenten-butyllithium
providing glyoxalyl derivative87a,b Reduction of the ketone functionality in the mese of

sodium borohydride led to the corresponding alcehot,d

13



Scheme 4Synthesis ofi-hydroxyesterd Oa-d®

Yo Xj Yj
XJ a X/ b X/
E
Br o OFt HO™ Ny OF
13a,X =N, Y = CH O 34a,b 0 10a,b

13b, X=CH, Y=N

N a

N

NMe

Br 35
‘ OEt OEt

37a R =Me 100d
N/ 37b, R=Et

Br 36
®Reagents and conditions: @BulLi, (2.5 M solution inn-hexane), diethyl oxalate, dry THF, -

78 °C, 10 min; b) NaBk dry THF, 25 °C, 30 min; (c) LDA, Mel, dry THF,dm -78 °C to 0 °C,
5h.

The synthesis of compound®e-gis described in Scheme 5. IsoquinolB&was brominated at
C-5 by treatment with NBS in the presence of sudfacid providing bromoderivativa9 [35].
Reaction with diethyl oxalate in the presencendjutyllithium followed by reduction in the
presence of sodium borohydride led to alcdlas

The synthesis of compourikDf started from piperonylic acidO which was converted into the
corresponding Weinreb amide that was reacted wittthphmagnesium bromide in dry
tetrahydrofuran readily providing the desired mét#tstone4l. This latter compound was then
submitted to intramolecular Cannizzaro reactionfggered with selenium dioxide in the
presence of Amberlyst A-26 in a dioxane/water mitproviding then-hydroxyacid derivative
[36], immediately converted to the correspondinghyleester10f with methyl iodide in the

presence of potassium carbonate.

14



The biphenyl derivativelOg was prepared starting from bromoderivati¢2 This latter
compound was converted into its glyoxylate derwa#3 and to alcohollOg as previously

described.

Scheme 5Synthesis ofi-hydroxyesterd Oe-g*

0
Br HO OEt
—_—
_N _N _N
38 39 10e
o 0 MeO  OH
Me
HO tq O
g
JarraasiXRas
o 0
40 9 a1 10f
! _b ‘ o A\ ‘ OH
Br OFEt OFEt
® (Y DR
42 43 109

®Reagents and conditions: (a) NBSS@y, from -25 C° to 25 °C, 24 h (In}BuLi (2.5 M inn-
hexane), diethyl oxalate, dry THF, -78 °C, 10 n{r); NaBH,, dry THF, 25 °C, 4 h; (dN,O
dimethylhydroxylamine hydrochloride, EDCI, HOBT, BHEA, dry dichloromethane (DCM), O
°C, 12 h; (e) MeMgBr (3 M solution in THF), dry THE h, 0 °C; (f) Se@ Amberlyst A-26,
dioxane, water, 24 h, 90 °C; (g) Mel,®0O;, dry DMF, 25 °C, 3 h.

The synthesis of final compoundia-p is reported in Scheme 6. Arylpyrroléa,b were
submitted to alkylation or Mitsunobu reaction acliog to the availability ofu-bromo- ora-
hydroxyester derivatives providing aryl-alkyl etbetda-j. Key compoundsa and 6] were
synthesized employing both the original alkylatronte and then the shorter Mitsunobu route, in
order to scale up molecules for further biologes$ays. Subsequently, alkaline hydrolysis with
aqueous sodium hydroxide afforded carboxylic agdvatives45a-j. These latter intermediates

were submitted to intramolecular Friedel-Craftsctiem in the presence of phosphorous

15



pentachloride providing key cyclic ketonéa,j. Final compoundsa was obtained by adding
acetyl chloride to the potassium enolate deriviygtieatment of the cyclic ketonga with
potassium tert-butoxide. Carbamate-containing compoungls and 6¢ were obtained by
treatment of the same potassium enolate with diplegbamoyl chloride and diethylcarbamoyl
chloride, respectively. Compourédl was obtained by reacting the potassium enolatetaine
7a with N*N'-diethylpentane-1,4-diamine and triphosgene in phesence ofN,N-DIPEA.
Compoundse-i were also obtained by enolization of suitable ketYf,g employing potassium
tert-butoxide and following reactions with acetyl chdta, dimethyl- or diethylcarbamoyl
chloride.

In the case of the cyclic ketof®, bearing the 5-substituted quinolyl moiety, thelemation in
the presence of potassiuert-butoxide led to complete decomposition of the ketolherefore,
after a series of attempts, the use of sodusfirimethylsilyl)amide at -78 °C was identified as
the best condition to efficiently form the enolateibsequently reacted with acetyl chloride
providing final compoundbj. The same enolization protocol was also succdgsplplied to

final compound$k-p.

16



Scheme 6Synthesis of final compounés-p.®

a

DS

N
8a,b —

Ar,
o
N\
NS

7a-j
e forg (
6a-p as defined in Table 1

Cpd Al'1 Ar2 R de Ar1 Arz R
44al naphthol2,3] Ny Me| 44f | naphtho[2,3] No-Me Et
¥ Pz
N Et
44b naphtho[2,3] Xy Me| 44g| naphtho[2,3] A Et
N7 =
A
44c| naphtho[2,3] ] Me| 44h| naphtho[2,3] X Et
N N
=
N \
44d naphtho[2 3] Me| 44i | naphtho[2,3] ;—Q\ Me
N/
age| naphthol2,3] a4j|  benzo g/‘ Et

®Reagents and conditions: (a)®0s, 18-crown-6, dry DMF, 90 °C, 12 h fdda-e (b) PPh,
DIAD, dry DCM, from 0 °C to 25 °C, 24 h fe¥4a,band44f-j; (c) 5% NaOH, THF, MeOH, rt,
2 h for45 a-c, e-h,j 0.25 N LiOH, MeCN, 25 °C fo45d,i; (d) PC}, dry DCM, 40 °C, 12 h; (e)
KOtBu, acetyl chloride, dry THF, rt, 8 h féa,e,gor NaN(TMS), acetyl chloride, dry THF, -78
°C, 4 h for6j-p; (f) KOtBu, dimethylcarbamoyl chloride, dry THF, rt, 8 loy 6b,h or KOtBu,
diethylcarbamoyl chloride, dry THF, rt, 8 h, fdcfi; (g) KOtBu, triphosgene,N',N*
diethylpentane-1,4-diamindl,N-DIPEA, 25 °C, 14 h, fo6d.

The preparation of compounds,r is reported in Scheme 7. Keto#é[37] was converted into

the corresponding oximé7 by treatment with hydroxylamine hydrochloride hetpresence of

pyridine. Conversion to the corresponding enamm@&aining compoundq was performed

with acetic anhydride in the presence of sodiunulbis [38]. Ketone46 was also treated with

17



potassium hydride, and the corresponding potassinotate was reacted with triphosgene and

N,N-dietilbutan-1,3-diamine, finally providing finabspoundo6r.

Scheme 7Synthesis of compounds,r.?

46

(.
6r

®Reagents and conditions: (a) MPHHCI, piridine, dry MeOH, 120 °C, 12 h; (b) 4@,
NaHSQ, Cul, 1,2-DCE, 120 °C, 12 h; (c) KH (30% suspensio mineral oil), triphosgene,
N,N*-diethylpentane-1,4-diamind,N-DIPEA, dry THF, 25 °C, 12 h.

Solubility for 6j and PNOX was experimentally measureth silico we determined the
solubility values of a series of MTAs. Calculatigmerformed by QikProp (QikProp, version 4.3,
Schrodinger, LLC, New York, NY, 2015) highlightetet improved solubility of6j (-6.272
mol/dnt) over PNOX (-6.814 mol/dm) and other well-known drugs such as tivantinihZ76
mol/dnt), DJ-101 (-6.685 mol/df and lexibulin (-6.499 mol/df. On the other hand,
experimental data from literature and calculatetulstity of 6] proved to be lower than
combretastatin (calculated -4.517 molfinand colchicine 4) (calculated -4.961 mol/din
experimental 7 mg/mL).

The water solubility o6j andPNOX were experimentally determined also by HPLC anslys
[39]. HPLC experiments demonstrated that the intatidn of a specific structural modification
has improved water solubility & over PNOX (solubility at pH = 7.4 was 26.0# for PNOX,
and 458.2M for 6j (0.2 mg/mL), see Table S1), being similar to thegeorted for nocodazole

(< 1 mg/mL) and tivatinib (< 1 mg/mL).
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2.2  Biological investigation.
2.2.1 Cell based assays in HL-60 and GIST-T1 cells

As a preliminary approach to determine the potéofigthe newly synthesized derivatives we
performed a screening on the HL-60 cell line teedwmine the cell viability following treatment
(Table 2).This preliminary investigation was performed onnaa$f set of quinolyl-derivatives
(6a-c,j,) and also ketone intermediatés,b were includedCell viability was assessed using an
AlamarBlue cell viability assay (cells were seed#d4000/well in a 96-well plate and cell
viability measured after 72 h of drug treatment)isTiest highlighted an exceptional potency for
some of the tested compounds which exhibited vesgngsing 1G values in the high nanomolar

range 6a, 1Cso = 262.7 nM;6b, 1Csp = 299.5 NnM 6], I1Cs0 = 294.5 nM).

Table 2.Viability tests as I6 (UM) values for a panel of compounds tested in@8Lcells.

HL-60
Cmpd

IC 50 (MM)

6a 0.2627
6b 0.2995

6C 4.582
6j 0.2945

6l 6.462

7a 1.075

b 2.767

HL-60 cells (300,000 cells/ml) were seeded intovd#8} plates and were treated in triplicate
with vehicle (0.1% (v/v) DMSO) or the indicated cpounds for 72 h. The cells were then
incubated in 10% (v/v) AlamarBlae and its reduction to a fluorescent state measated
excitation 544 nm and emission 590 nm using a Aneétl fluorimeter. IGyvalues are the mean
of at least three separate determinations. Staretests were all within 10% of the mean.
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Based on these data we sought to explore the effioh the best performing analogues in
inhibiting the survival of the gastrointestinal atral tumor cell line GIST-T1. The results
indicated that the compounds were active in inmgitell viability even at 1 uM. Viability was

further inhibited by applying a concentration of@der of magnitude higher (Figure 3).
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Figure 3. Percentage of cell viability in a gastrointestisalomal tumor cell line (GIST-T1)
treated with6a, 6b and6j each tested at both 1 uM and 10 uM. Viability \easessed using an
AlamarBlue cell viability assay cells were seedéd4@00/well in a 96-well plate and cell

viability was measured after 48 h of drug treatm@&ata represents mearnhe S.E.M of three

biological replicates.

This preliminary investigation prompted us to expahe structure-activity relationships at
both the C4 and C5 of the pyrrolonaphthoxazepingdems, to systematically interrogate the
ability of our compounds to interfere with cell tygorogression and to evaluate the potential
pro-apoptotic effect in HL-60 cells. Thus, intrafeasomal DNA fragmentation was determined
by flow cytometry [40] on HL-60 cells treated with 10 uM concentration of the new
derivatives in comparison witRNOX (Figure 4A). The results show that most compounds
induced a significant enhancement in the percentdgapoptotic cells (with hypodiploid or
“sub-Gy¢/G;” DNA content) compared to vehicle. Flow cytometranalysis of cell cycle

progression also determined that the pro-apopéstects of the new compounds correlate with
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the blockage of the cell cycle in the G2M phasg\iFé 4B), further suggesting that compounds-

induced apoptosis is secondary to cell cycle arrest
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Figure 4. Effect ofcompound$°NOX, 6a, 6d-j, 61,n,q,r on apoptosis in HL-60 cells. Cells were
treated with 10uM of title compounds for 24 h and DNA content wagasured by flow
cytometry. Control samples were treated with veh{€.1% DMSO). The bar graphs show the
percentage of cells in the sul{G; peak (% apoptosis) (A) and the percentage of aelthe

G2M phase (B). Data are mearsD (n > 3), *i< 0.05, **p< 0.01, ***p< 0.001vsvehicle.

From these preliminary tests we found that the awpment of the water solubility was

achieved while leaving unaltered or even improvithg pro-apoptotic potential of the new

analogues.

2.2.2 Effect of selected compounds on tubulin polymerizatn.
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The effect of the selected compounB&NQOX and6ad,f,g,h,j,m,n) on tubulin polymerization
was monitored by performing turbidity time courseeriments to monitor absorbance at 350
nm (Figures 5-7 and Table 3). Since microtubuledange structures, their formation is reflected

in turbidity of the solution, allowing to follow thassembly reaction [41].
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Figure 5. Turbidity time course for the assembly of 25 pMulin at 37 °C in the presence of
27.5 uM of the compounds followed at 350 nm. Blle& (DMSO, vehicle), red lineRNOX),
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Figure 6. Turbidity time course for the assembly of 25 pMulin at 37 °C in the presence of
27.5 pM of the compounds followed at 350 nm. Blank (DMSO, vehicle), green linesd),

yellow line 6f), pink line @h), red line 6m), blue line 6n).
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Figure 7. Stoichiometry of the tubulin depolymerization lretpresence of compound®dNOX,

64, 6e 69, 6] and the reference compound podophyllotoxin.

As it can be seen (Figures 5 and 6), when addechgtimetrically all the compounds tested
were able to inhibit the polymerization of pureuiib in conditions in which the protein is able
to assembly into microtubules (black lines) indiegtthat they directly interact with tubulin and
that the interaction results in the inhibition bétpolymerization capacity of the protein.

Following on, we wanted to estimate the stoichiogneeeded to inhibit the assembly reaction.
As shown in Figure 7, all the compounds are abl@nkdbit the assembly of tubulin at sub-
stoichiometric ratios with tubulin in a colchicitige manner, suggesting that they may inhibit
the tubulin association by binding to the colchécsite. To support this hypothesis, we planned
to determine the binding constant by competitiopegiments. In view of the chemical structure
of the compounds it was possible to hypothesizettiey would exhibit fluorescent behavior in

the near UV. Accordingly, it was found that the gmunds were fluorescent at 450 nm upon
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excitation at 320 nm. Upon addition of an excestubtilin, the fluorescence of the compounds
increased. We then tried to use this property terdgne the binding constant by a competition
assay with the colchicine site MDA podophylloto{#?]. However, it was found that upon
podophyllotoxin addition the samples became turbitk attributed this behavior to the low
solubility of the compounds in the medium, which feand to be lower than 5 uM in our test
conditions. To overcome the problem, we designedmathod based on analytical
ultracentrifugation in which the compounds disstadaby competition with podophyllotoxin
were sedimented and we could measure the amouobropound bound in the presence of
podophyllotoxin at the solubility limits of the cqound, which are of the order of sub-uM (see
Experimental Section). From these measurementditioing constants of the compounds could
be determined (Table 3) and the binding site waditoed to be the one @f, because of the

competition with podophyllotoxin (Figure S1).

Table 3. Binding constantsKpb) of the compounds to dimeric tubulin calculatedAlyC at 25

°C (10 M™).

Cpd | PNOX 6a 6d 6e 6f 69 6h | 6j | 6m | 6n

Kb 14.4+1.5115+37114+484.4+1.19+5(0.3+0.15+1{7+3|16+4(2+1

2.2.3 Structural insight into the 6j-tubulin complex

We sought to solve th@-tubulin complex structure by X-ray crystallograpfirgure 8A) in
order to define the mode of interaction of the n@aralogues at the molecular level. To this end,
we soaked6j into a crystal formed by a protein complex composd# two af-tubulin
heterodimers (J), the stathmin-like protein RB3 (R) and tubulirayine ligase (TTL); the

complex is denoted ;R-TTL [43, 44]. Using this approach, thg-tubulin structure was

24



determined to 2.4 A resolution (Figures 8B and JAble S2). Any attempt usifgNOX was

unsuccessful mainly due to its poor solubility.

A quinolinyl

BTub

Figure 8. X-ray crystallographic studies @j. (A) Chemical structure d@j. The A, B, C and D
cycles are part of the naphto-pyrrolo-benzoxazepmeiety. The quinolinyl moiety is
highlighted by a dashed box. (B) Overall view oé tK-ray crystal structure of th&-tubulin

complex. Thea- and B-tubulin subunits are represented in dark and lighay surface
representation, respectivel§j. and the guanosine nucleotide molecules are shovgneien and

orange spheres representation, respectively.

6j binds to the colchicine site of tubulin, whichfamed by residues of helices H7 and H8,

strands S8 and S9 and loop T7 ffubulin and of loop T5 ofx-tubulin (Figure 9A). The
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superimposition of th@-tubulin chains of the free (PDB ID 4155 [43]) aB¢gbound tubulin
structures revealed a flip of the T7 looppsefubulin as well as a change in the conformation of
the T5 loop ofa-tubulin upon ligand binding (Figure S2). Theseustural adaptations are
necessary to accommodate the ligand in its binglitegand have already been observed for other
colchicine-site ligands [45, 46].

We then investigated the detailégtubulin binding mode. The fused system, acetoxy a
quinolyl moieties of6j are buried into the colchicine site, making mosttteé hydrophobic
interactions with thep-tubulin part of the dimer (Figures 8A,B). The irastetion is further
stabilized by a hydrogen-bond formed between thbarg/l of the acetoxyl group @) and
Q247 of the T7 loop of-tubulin, as well as a water-mediated contact betw&e nitrogen of
the quinolyl moiety o6j and the main chain carbonyl 6237 and amine groups p1240 and
BC241 from the H7 helix of-tubulin. Moreover, the pyrrolonaphthoxazepine mpois stacked
between the sidechains of both K254 and K352 resiad-tubulin. The NZ nitrogen of K352
is 5.7 A distant from the center of the pyrrolegriof 6j, suggesting that a cationstacking
interaction can be established (Figure 9).

To compare the tubulin-binding mode @ff with that of4, we superimposed thgtubulin
chains from thed-tubulin (PDB ID 402B [45]) andj-tubulin structures (RMSD chain D df
onto chain D of6j 0.29 A over 2732 atoms; Figure 9B). We observedumational common
groups betweed and 6] molecules that occupy the same position in thespeetive binding
pockets. The major differences are observed forcthrdormations of both thaT5 andpT7
loops. Compared t4, the bulky pyrrolonaphthoxazepine moiety6pinduces a flip obT179 by

establishing more hydrophobic contacts todfi®-loop (Figure 9B). The conformational flip of

the BT7 loop is induced by the acetoxyl moiety @jf by displacing the side chain of L248.
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Together with L255 this residue is involved in #stabilization of the trimethoxy-substituted A
ring of 4. The hepta-membered C ring moietydosuperimposes with the naphthyl group of the
naphthoxazepine moiety 6§, thereby establishing comparable hydrophobic aist tubulin.
One common feature is a water-mediated contactdsstwhe 2-methoxy group df and the
main chain carbonyl group ¢V238 and the main chain amine groupB@241 ofp-tubulin; in
the vicinity, a water-mediated contact is also fednwith the nitrogen of the quinolyl moiety of
6] (see above and Figure 9A4)A250 appears to be largely involved in hydrophotootacts
with both compounds (with pyrrole moiety 6f and with the hepta-membered ring and the
trimethoxyphenyl moiety off) (for an overall view of superposition between gmunds4 and

6j see Figure S3).

/Bsg

K352 \ N VG T’{
A36 A3
259 ¢ 1240

, \am’s

aT179 ” A250

27



Figure 9. Detailed interactions between tubulin afd (A) Close-up view of the interaction
mode betweer®j and tubulin.6j and interacting tubulin residues are shown in graed grey
sticks representation, respectively. Tubulin seaondtructural elements are labeled with blue
letters. (B) Superimposition of tt&g-tubulin @] in green sticks) and-tubulin (PDB ID 402B4

in violet sticks) complex structures. In both figay oxygen, nitrogen and sulfur atoms are
colored in red, blue and yellow, respectively. Hygn bonds are represented by black dotted
lines, and the water molecules are displayed asdasphere. Tubulin secondary structural

elements are labeled with blue letters.

Together, these results defi6g as a new tubulin colchicine binder. It is welladdished that

colchicine-site ligands inhibit microtubule polyneation by preventing the “curved-to-straight”
conformational switch accompanying tubulin assenntly microtubules [45, 46]. Inspection of
the 6] binding mode in the “curved” gR-TTL) and “straight” (PDB ID 1JFF) tubulin states

revealed that the ligand destabilizes microtubblea similar mechanism (not shown).

Moreover, for providing a comprehensive analysisudlthe binding mode of the new compound
6j into the colchicine binding site, in addition tbet above performed analysis with the
colchicine (PDB ID 402B), we further analyzed 4®ulin-ligand complexes in which the
ligands targeted the colchicine binding site (PO&:13DU7, 3HKC, 3HKD, 3N2G, 3N2K,
402A, 4YJ2, 4YJ3, 5CA0, 5CA1, 5CB4, 5C8Y, 5GON, 847JCB, 5JVD, 5LYJ, 5NG1,
SMY7E, 5M7G, 5M8G, 50SK, 507A, 5XAF, 5XAG, 5XLZ, 54K 5XKG, 5XKH, 5XLT,
5YLJ, 5YLS, 5YL2, 574U, 6BRF, 6BR1, 6BRY, 6BS2, 6EK6FKJ). The analysis highlighted
the crucial role of the hydrophobic contacts foreracting with the colchicine binding site.
Accordingly, the quinoline moiety and the tricyclgortion of 6j were overlapped by the

hydrophobic portions of the examined ligands torggty interact with the binding site. Notably,
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with respect to the selected ligan@gjs the only compound able to target the resigiQ47 by

a H-bond with its acetoxyl group. In fact, nondlwé other examined ligands is able to form the
mentioned contact. This further investigation pethbut the novel pattern of interaction that
could be useful for the rational design of ligaratdle to maximize the contacts into the

colchicine binding site on tubulin.

2.2.4 Molecular Dynamics (MD) simulation on the 6gubulin complex.

In order to assess the contribution of structuraletines to the affinity obj for tubulin in the
colchicine site, as well as to evaluate the stighdf the binding mode found by crystallographic
studies, we performed a Molecular Dynamics (MD)wgation employing Desmond software on
the 6j-tubulin complex (Figure 10). The MD study could@be able to establish the role of the
water molecule in the binding mode @jf For the calculation we used chains C and D froen t
crystal structure after appropriate preparatioe tbe Experimental Section for further details).
During the MD simulation, after about 20 ns, thenptex showed an overall stability with low
Root Mean Square Deviation (RMSD) of the proteid #re ligand (Figure 10A). Regarding the
pattern of interaction 06j with tubulin, we noted that the main contacts werantained as
underlined by the dynamic analysis of the simufatinteraction diagram (Figure 10B). In
particular, the pyrrolobenzoxazepine moiety is iaed in i) strong contacts with thetubulin
V181 with additional hydrophobic contacts with M258316, and 1318 of-tubulin and ii) a
strong catione stacking with K352 off-tubulin. The quinoline nucleus interacts by selvera
hydrophobic contacts with C241, L242, L248, A25@5k, A354 and 1378 of-tubulin.
Hydrophobic interactions are the main contacts ffostern the affinity o6j for the colchicine
site. In fact, as reported in Figures 10C,D we ei@dimited number of polar contacts, mainly

water mediated, as confirmed by the crystal strectihe nitrogen of quinoline nucleus is able
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to maintain the water mediated H-bonds with G2374Xand T240 and in addition can form a
water mediated H-bond with the backbone of V23& @betyl function lacks a direct H-bonding

with Q247 that becomes sporadically water mediated.
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Figure 10. Molecular dynamics o6j-tubulin complex outputs. (A) RMSD (Root Mean Saar
Deviation) of the compleXj-tubulin (RMSD of the protein in a line formed biué circles;
RMSD of the ligand in a line formed by red circleRMSD were calculated between the final
conformation and the starting conformation throtigéh 100 ns of the MD simulation. (B)-
tubulin interactions monitored throughout the siati@n. The represented water molecule
interacting with G237, V238, T240 and C241 is tlaens, different to the water molecule
interacting with Q247. (C) Protein-ligand interacts are categorized into four types: H-bonds,
hydrophobic, ionic and water bridges. (D) Hydropileatontacts of the ligand into the colchicine

binding site over the course of the trajectory.
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2.2.5 Structure-activity Relationship studies.

Combining the experimental datidh and AGying; in the following discussioAGying Values are
referred toAGping250d and molecular docking studies, a systematic actlisive SAR study of
the synthesized compoundiafr) was performed for investigating the behaviorha teveloped
compounds within the colchicine binding site of flrubulin and to explain their activity and
potency. Regardin@j, we found that the adopted molecular docking pralt¢scoring function
GoldScore implemented in GOLD software) was abledwectly accommodate the ligand into
the active site with low RMSD (0.45) with respezthe crystal structure (Figure S4). feprthe
AGping Value confirms its strong binding to the colcheibinding site of3-tubulin Kb = 7 +
3x10' MY AGying = -10.7 kcal/mol). The effect of different posiiing of the heterocyclic
nitrogen atom was explored and, in general, wiipeet to the original members, an increase of
binding affinity was found, although to differenttents. In fact, compoundda and 6m (8-
substituted quinoline and 5-substituted isoquirglirespectively) act as low and high nanomolar
tubulin binders, respectivelKb 6a = 115 + 37x10 M™; Kb 6m = 16 + 4x10 M™). Notably,
compoundéa was found to be one of the most potent tubulirdéis of the series. Even though
compoundsa and6m are accommodated in a similar fashion as foundbfdiFigure 11 and
Figure S5 respectively), the different positiontloé nitrogen atom on quinoline nucleus clearly
influences their binding mode. Althouda,m cannot form the water mediated contacts shown
by 6j, they display a higher hydrophobic contributioniethis responsible for the increased
tubulin affinity especially in the case 6k In fact, compoundsa is able to maximize the
hydrophobic contacts with the residues V238, L2328 and 1378. The reported data highlights
the strong binding behavior with a reduction/bying (AGping 6a = -12.4 kcal/mol and\Gying

6m = -11.2 kcal/mol (Table 3).

31



Figure 11. Complex of6a-tubulin (orange sticksy-tubulin in magenta cartoon afetubulin in

dark green cartoon) as found by means of molecldeking calculation.

In contrast, the introduction of an ethyl group te quinoline ring of6éa at 2-position
(compound6g in Figure S6) significantly decreased potency rgfatubulin 6g, Kb = 0.3 *
0.1x10 M™% AGying = -8.8 kcal/mol). This could most likely be asetbto the increment of the
steric hindrance on the quinoline substituent.ths reason, the docking study on the mentioned
compounds highlighted a slightly different orierdatof the core of the molecules with reduced
interaction with K352. This binding mode brings the/gen atom of the carbonyl group at 3.5 A
from the sidechain of Q247 precluding the speguiidar contacts. The introduction of a Me
group on the quinoline ring da at C-2 led to a compoun@e with a significant binding
affinity against tubulin Kb = 4.4 + 1.1x16 M™). This confirms the relevant role of the
hydrophobic patch at the colchicine binding sitegéded by the quinoline substituted ring
(Figure S7), maintaining interaction with Q247. Th&,;,q of -10.4 kcal/mol also supports its
high affinity for the colchicine binding site.

The introduction of more hydrophobic nuclei as ampound€PNOX and6e seems to be well

tolerated, although with a slight decrease of igdiffinity. This observation supports the easier
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displacement of the water molecule when more hylvbr nuclei were introduced®NOX and
6€), without a significant decrease of affinity, indting that the water molecules should not be
fundamental for the activity of the ligands basadtle scaffold herein described. In fact, these
compounds present comparable binding affinitiegutaulin, although slightly lower, to that
found for 6j. Remarkably, the introduction of a nitrogen atomCas as in6j led to a more
soluble compound with respect RNOX (hydrophobic analogue) while maintaining tubulin
affinity (Figure S8 and Table AGping PNOX = -10.4 kcal/mol). The introduction of a different
fused ring such as benzodioxole at a differenttmwsias in6n (Figure S9) seems to be well
tolerated, with a slight decrease of binding affirien, Kb = 2 + 1x16 M™; AGping = -10.0
kcal/mol) with respect t6j, while the 3-quinoline moiety dl is not tolerated as confirmed by
the docking calculation (Figure S10). This is do¢he different interactions showed for the two
compounds @l and6n). In particular,6n forms water mediated H-bond as found &prbut the
different orientation of the Rsubstituent did not allow the compound to reachoptimal
accommodation to establish polar contacts with Q24ié to the fact that the oxygen from the
carbonyl group was found at 3.6 A from the Q24% sitlain (Figure S9). On the contraéy,
with a quinolin-3-yl substituent differently oriestt with respect to that &j, showed a limited
potency mainly due to the steric hindrance andcatheence of the water mediated interactions. In
particular, the different orientation of the quimel moiety did not allow compounél to
establish efficient hydrophobic interactions witR38, L242, 1318 and 1378, the stacking with
K352 and H-bonding with the Q247 side chain (caybagroup at 3.9 A) (Figure S10).
Modification of the R site (carbamates) led to a sub-series of analogitesdifferent affinity
against tubulin. The introduction of the dimethyiam group 6h) gave a potency similar to

PNOX (6h, Kb = 5 + 1x106 M™; AGping = -10.5 kcal/mol). Compoungh is accommodated into
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the colchicine binding site in a similar fashioruma for 6 (Figure S11). The diethylamino
derivative6f showed a potency similar 6 (Figure S12)&f, Kb = 9 + 5x10 M™; AGpjq = -10.9
kcal/mol). Further, the elongation of the chainRatposition as in compounéd, bearing a
urethane functionality containing a flexible latechain with extra protonatable nitrogen, led to
one of the best compounds in term of binding affitowards tubulin. Additionally, both
enantiomers 06d showed a similar accommodation into the colchidimeing site, indicating
the lack of a stereoselective interaction. As deplién Figure S13, despite the flexible ch&d,
showed a relevant number of docked solutions ofi blo¢ R- (82%) andS-enantiomer (74%),
with a further polar contact established betweengiotonated nitrogen of the flexible lateral
chain and the backbone of T353 by both enantiorfasordingly, compoundd showed &b

=114 + 48x10M™* and aAGyng Of -12.3 kcal/mol.

2.2.6 Effect of selected compounds on tumor celhés.

A subset of the most promising analogues was ctaraed for their potential anticancer
properties in different tumor cell lines, includibgth sensitive and multidrug resistant cells.
2.2.6.1 Effect on A2780 and A2780AD human ovariaraccinoma cells, NIH3T3 and P-gp
overexpressing NIH-MDR-G185 cells

The effects of compound3NOX, 6a, 6d-h, 6j, 6I-n on A2780 and A2780AD human ovarian
carcinoma cells, mouse embryo NIH 3T3 and P-gp exmessing NIH-MDR-G185 (3T3Col)
cells was investigated. A2780 and 3T3 cells aresitea to chemotherapy, whereas A2780AD
and 3T3Col cells have acquired resistance by mearR-glycoprotein overexpression. We
determined the 163 values of the aforementioned compounds and comphesd with those

measured fot, 3 and4 (Table 4).
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As it can be seen all the compounds are effectiidling cancer cells in the low micro/high
nanomolar ranges, which is in agreement with tiheibg affinities in the high nanomolar range.
It should be noticed that the §¢values determined are within the solubility ramgehe drugs
(except for6g, whose Gy 1 uM is far over the determined solubility 0.06¥)thus the values
obtained should be considered with this limitatenmd are probably overestimated being the
actual values lower than those resulting from theag. Interestingly all the compounds are
extremely effective in the resistant cell linegJigating that either they are poor substrates for P
glycoprotein (one of the main reasons for antituahdrug resistance) [47] or that their affinity

for tubulin is stronger than for P-glycoprotein [48

Table 4. Cytotoxicity assessment of different compoundghengrowth of two human ovarian

carcinoma cell lines (A2780 and A2780AD) and twobeyo cell lines (NIH 3T3 and NIH-

MDR-G185)2

Cpd A2780F A2780AD R/S 3T3 3T3col R/S
PNOX 249+ 1 240 = 3 0.9¢ 126 + ¢ 306 + 2« 2.42

6a 76 + 17 79 + 1¢ 1.0Z 34 +¢ 68 + 1: 2
6d 1900 + 20! 1350 + 5( 0.71 2300 + 30 2500 + 60! 1.0¢
6e 285 + 2¢ 310 =+ 2 1.0¢ 126 + 1( 278 + 1¢ 2.2(
6f 3050 + 25 2250 + 5 0.7 4950 + 75| 9000 + 10! 1.81
69 1000 = 0.0: 950 + £ 0.9¢ 540 + 7¢ 790 + 10 1.4¢
6h 900 + 10 826.5+1 0.91 408.5 + 1051.5+14  2.57

6j 80 + 1z 92 + 1¢ 1.1¢ 42 +¢ 84 +16 2
6m  300.75+ 12 810 = 4¢ 2.6¢ 3753+ 876 + 14 2.37
6n 2050 + 5 7100 +260  3.46 2775+ 37 2040 + 52 0.77
1 3.3+0! 700+ 7¢  212.1C 25+ ¢ 4875 +100 19t
3 0.5 +0.0: 44 + ¢ 88 1+0.0: 704+ 70.2
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4 131+ 4 500 +2( 38.2 254 1117 +117 44

4Csg values of the ligands determined in ovarian cantia cells A2780, P-gp overexpressing
A2780AD cells, mouse embryo NIH 3T3 and P-gp ovpregsing NIH-MDR-G185. 16 value
is the concentration that gives 50% inhibition efl growth; °ICso values (nM) are the mean +
SE of three independent assa$&he relative resistance of the resistant cell linb&ined by
dividing the 1G of the resistant cell line by that of the parew#ll line.

2.2.6.2 Effect on A549, B16F10, B16F1, PC9 and HCEZBcells

We further characterizeBNOX in primary human melanocytes (HEMA), human primary
melanoma cell line A375 and metastatic melanoma/1 cell lines on their cell cycle profile
(Figures S14-S16), and we engaged further cellebassays for a sub-series of new compounds
with different binding affinity against tubulin. Iparticular, we assessed efficacy RMOX, 6a,
6j and6l against the following tumor cell lines: A549, luagenocarcinoma; B16F10, mouse
melanoma (metastatic); B16F1, mouse melanoma; R@§, adenocarcinoma; HCC827, lung
adenocarcinoma with EGFR mutation (Figure 12).

The efficacy o6a, 6] and6l on cell survival was investigated on different trmell lines both
of mouse and human origin, representative of metenand lung tumors. Cells were exposed to
increasing concentrations (0.1, 1 anduM) in medium containing 5% serum. Cell viability sva
evaluated by the MTT assay after 18 h of incubat®RiOX was kept as reference compound.
Data demonstrates théa and 6j showed an inhibitory effect overlapping the onieiteld by
PNOX, while 6] was devoid of any activity. The inhibitory effaghs marked in all tumor cell
lines except HCC827, characterized by a doublimg tof ca. 50-60 h (Figure 12).

Based on the computational and experimental da&,olserved that the tubulin affinity
correlates with growth inhibition of tumor cell &s. In fact, we noted th&a, possessing a
strong affinity against tubulin, is able to behaa® tumor cell growth inhibitor at higher
concentration with respect to compouneBlOX and 6j. Compound6l, containing the 3-

substituted quinoline is almost inactive againsttla¢ selected tumor cell lines. This is fully
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consistent with the predicted lack of affinity tawsa tubulin of6l that is not able to correctly

accommodate the quinoline nucleus into the colaokitinding site.

120 - B16F10

[uMm]

M)
0 01 1 10 M 0 01 1 10

HCC827
120

Figure 12. Effect of compound®NOX, 6a, 6] and6l against the following cell lines: A549,
lung adenocarcinoma; B16F10, mouse melanoma (m&@stB16F1, mouse melanoma; PC9,
lung adenocarcinoma; HCC827, lung adenocarcinortta B&FR mutation. Cells were exposed

to the test substances for 18 h in presence ofests

For PC9 and HCC827 cell lines we also performedeatern blot analysis in order to gain

additional information regarding their possible im@gism of action as pro-apoptotic agents. As
shown in Figure 13A, compound®NOX and 6] were able to promote caspase 3-mediated
apoptosis in the tested cell lines. Moreover, tlestern blot reported in Figure 13B documented
an increase of the inhibitory protein of cell cyp2l and reduction of cyclin D1. Based on these

results we can conclude that our developed compmowamd able to block tumor cell cycle
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(increasing p21 and reducing cyclin D1 expressam) induce apoptosis, being as effective as

A PC9 HCC827
Cleaved caspase 3 Cleaved caspase 3
Ctr PNOX 6j Ctr PNOX 6j
B PC9 HCC827
[ [—
ctr PNOX 6j Ctr PNOX 6j

Figure 13. Western blot analysis. (A) caspase 3 activati@);dell cycle proteins. Cells were

exposed td®NOX and6j (10 uM) for 18 h in presence of 5% serum.

2.2.6.3 Effects on cell cycle and differentiatiomiNB4 cell line

To extend the investigation of their biologicalesffs, compound&a, 6¢ 6j, andén were also
evaluated in the promyelocytic leukemia (APL) NB dine in terms of cell cycle progression,
cell death and cell differentiation. NB4 cells wereated with four different concentrations (50
and 100 nM, 1 and 10 puM) for 24 h, in comparisothNOX.

The compounds were able to induce a dose-depeibiterk in G1 phase, compared to the
control (Figure S17A) indicating that compounds af#e to affect cell cycle progression.
Interestingly, in the APL context the cell cycletk is mainly in G1 phaséNOX, 6a, 6¢ 6j),
suggesting a context-dependent effect on the typeelbcycle block. Furthermore, compound
6n, which in this context is less potent in cell degtduction, induces a G2/M block, indicating
a possible link with cell death and cell cycle Idecin addition, treatment for 24 h induced cell
death, revealed by the percentage of cells in drepBase (Figure S17B). Flow cytometric

analysis of propidium iodide stained cells showed tapability of the compounds to induce
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dose-dependent cell death (Figure 14A). Compo6Gndwas not able to affect cell-cycle
progression as well as cell death (Figures 14A $hdA,B). Moreover, effects on granulocytic
differentiation, revealed by CD11c staining, welsoaested in a dose dependent manner. The
differentiation induction reached a maximum valtid «M concentration and, then, decreased
likely due to the occurrence of cell death (Figt#B). To better understand the role of these
compounds on cell differentiation, NB4 cells warsated with these drugs at a concentration of
500 nM and in co-treatment with ATRA (All Trans Retic Acid), a renowned differentiation
modulator. While as expected in these timeframel§cgcle progression and cell death were less
affected by ATRA co-treatment (Figures 15A and SB3ANB4 differentiation was strongly
regulated by ATRA, and high values were reachecbmbination, particularly fo6j. A strong
differentiating effect was obtained after combioatwith 6] (Figure 15B). This biological effect

indicates potential therapeutic applications ifiedéntiation therapy.
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Figure 14. Biological assays on NB4 cells. (A) propidium ideiassay (B) CD11c expression
levels at 24 h after treatment with compouR#OX, 6a, 6€ 6] and6n used at 50 and 100 nM,

1 and 10 pM. Data are represented as mean + S.EoMlogical triplicates.
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Figure 15. Biological assays on the promyelocytic leukemiadNBith and without ATRA
treatment. (A) Propidium iodide assay and (B) CD&gpression levels at 24 h after treatment
with compound$’NOX, 6a, 6e 6] and6n used at the concentration of 0.5 uM with and witho
ATRA used at the concentration of 1 uM. Data apesented as mean = S.E.M. of biological

triplicates.

2.2.6.4 Effect on tongue carcinoma (SCC4), multiplenyeloma (NCI-H929), and Ca9.22
gingival squamous carcinoma (p53 mutated) cell liree

CompoundsPNOX, 6] and6p were also evaluated in for their effect on vidapilbn tongue
carcinoma (SCC4) and multiple myeloma (NCI-H929)d aCa9.22 gingival squamous
carcinoma (p53 mutated) cell lines (Table 5). Asvat, compound®NOX and6j demonstrated
comparable efficacy in SCC4 and NCI-H929 cells,l&ylsompoundsp demonstrated negligible

efficacy in both cell lines.
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Table 5. Cytotoxicity assessment of compourRISOX and6j and6p on the growth on tongue
carcinoma (SCC4) and multiple myeloma (NCI-H929)d aCa9.22 gingival squamous

carcinoma (p53 mutated) cell lines.

1Cs0 (UM)
Cpd h SCC4 NCI-H929° Ca9.2Z

24 nt nt 0.210
PNOX 48 0.160 0.376 0.170
72 nt nt 0.083
24 nt nt 31.6
6j 48 0.222 0.363 13.4
72 nt nt 4.5
24 nt nt 8.0
6p 48 9.37 >50 6.3
72 nt nt 4.5

%Cs values determined in tongue carcinoma (SCC4);cedlls were treated with increasing
concentrations of each compound for 48 h. Dataessnt the mean of three independent
experiments?leo values determined in multiple myeloma (NCI-H928)Ig; cells were treated
with increasing concentrations of each compound4frm. Data represent the mean of three
independent experimenf$Cs, values determined in Ca9.22 gingival squamousimama (p53
mutated) cells; cells were treated with increasiogcentrations of each compound for 24 h, 48 h
and 72 h. Data represent the mean of three indepeérekperiments. We have previously
reported the I values forPNOX in Ca9.22 cells [21] and they are shown here afmin
comparison purposes.

As PNOX and6j were giving promising |6 values these compounds were further tested for
their pro-apoptotic ability through flow cytometrenalysis of Annexin V/Propidium iodide

stained cells. This dual staining method can disiish between early apoptosis and late
apoptosis. As can be seen from Figure 16 (panesdAB), both compounds induced substantial

apoptosis (over 40%) following a 48 h treatmentSG@C4 and NCI-H929 cells. Regarding
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Ca9.22 cells (Figure 16, panel G),does not seem to be effective at 500 nM when cosdpi@

the other cell lines, whilép displays only modest efficacy.

A NCI-H929 48 h SCC448h

80:
E&A Early Apoptosis

E= Late Apoptosis

E&A Early Apoptosis
E= Late Apoptosis

% Apoptosis
3

% Apoptosis
]

]
S

o

Control Vehicl

Ca9.2248 h

E&A Early Apoptosis
E= Late Apoptosis

Figure 16. (A) NCI-H929 cells were seeded at a density ok183 cells/mL and were left
untreated (control) or treated with either vehi@d&o EtOH (v/v)) or 500 nM oPNOX and6j

for 48 h. (B) SCC4 cells were seeded at a density5a10" cells/mL and were treated with
either vehicle control (1% EtOH (v/v)) or 500 nM @jf or PNOX or 50 uM#6p for 48 h. (C)
Ca9.22 cells were seeded at a density of 3Dx#0s/mL and were treated with either vehicle
control (1% EtOH (v/v)) or 500 nMp, or 500 nM of6j for 48 h.

After incubation cells were harvested and staindth vinnexin V/Propidium lodide (PI) and
were analyzed by flow cytometry using BD FACs Acaoftware. 10,000 cells were gated on
vehicle treated cells. Values represent the me&rE#M of three independent experiments (n=3).

Statistical analysis was performed using a T-t&pt= 0.001".

2.2.7 Autophagy studies

Dysfunction of autophagy is implied in several dses including cancer where it may either
inhibit or promote cancer cell proliferation depergon the tumor setting [49]. To address the

impact of compounds on both basal and induced aappwe measured the accumulation of the
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LC3B-II protein by immunoblot. LC3B-II is indeed eusively located on autophagic vesicles
and it is one of the most widely used markers taitoo autophagy since LC3B-II levels are
considered directly correlated to the abundancautdphagosomes in the cells. However, since
autophagy is a dynamic process, accumulation ofB-€3vithin the cells does not necessarily
correspond to an increase of autophagy but coftilectea reduction in autophagosome turnover.
We therefore compared the amount of LC3B-II in coomul-treated samples both in presence or
absence of chloroquine (CQ), a well-known inhibitfr lysosomal activity and autophagy

(Figure 17).

A B

compound compound compound
or or or
compound+CQ harvest compound+CQ harvest compound+CQ harvest
1% * 1h45 * 15' * 1h45 * * 16h *
Full medium Starved Full medium
Full medium Starved Full medium
HL60 full medium HL60 starved HL60 full medium
T 2 e
[} [} [
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S & &
+CQ +CQ +CQ
FMPNOX 6 6g 6n FM PNOX § 6g 6n - PNOXG 6g 6n - PNOX6 6g 6n FM PNOX 6 6g 6n FM PNOXG 6g 6n
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”_,,-,. 7- . e — e = S S o= oms -
WB anti-actin WB anti-actin WB anti-actin

Figure 17. Immunoblot analysis of LC3B-Il levels in HL-60 tslcultured in serum
supplemented RPMI 1640 (full medium) or in EarlBalanced Salts (EBS) medium (starved)

and treated with 1M of compoundsPNOX, 6g, 6] or 6n in presence or absence of gb
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chloroquine (CQ) for 1 h 45 min (A) or 16 h (B). @@l immunoblot with anti-actin antibodies

of the same filters are shown. Densitometric ansilgsLC3B-11 amount from three independent
experiments was performed and normalized with algirel. Bar graphs show the relative
intensity of LC3B-II. *, p < 0.05 **, p < 0.01 veus full medium as calculated by Student’s T-

test.

HL-60 cells were treated with compounds for 1 hmMi and accumulation of LC3B-Il was
measured by immunoblot (Figure 17A). Significarghear levels of LC3B-Il, which were further
increased in presence of the lysosomal inhibitor @€&re found in samples treated WRNOX,

6g and6j compared with cells maintained in full medium rating that these compounds are
able to induce accumulation of autophagosomes i¥68ikcells in basal condition (Figure 17A).
Moreover,6g and6j appeared to be more effective when compared RN X (Figure 17A).

To investigate the effect of these compounds oopatgy induced by serum deprivation, cells
were starved for 15 min before the addition of ttempounds and the levels of LC3B-II
measured in presence or absence of CQ after Innibf treatment. Accumulation of LC3B-II
was significantly higher in serum starved samplesreated with6g, 6j and6n compared with
untreated an®NOX-treated samples indicating tlég and6j are the most effective derivatives
on the autophagic process in both basal and setamed conditions. Moreover, a reduction of
the LC3B-II protein was found in treated samplag, fot in the same samples co-treated with
CQ, following longer treatment (16 h) in serum deppented medium compared with untreated
cells. The enhancement of LC3B-Il accumulation amples treated with CQ, a lysosomal
inhibitor, compared with CQ-untreated samples maynidicative of a pro-autophagic effect of
compounds rather than of an inhibitory effect oa #utophagic process. In support of a pro-

autophagic effect of the novel analogues in HL-@ls¢ short treatment (1 h 45 min) with
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compounds in serum supplemented samples resultda imcrease of LC3II-B levels which is

further enhanced in samples co-treated with CQufEigL7A). Despite this analysis of the

autophagic flux (difference in the levels of LCBI-in presence or absence of lysosomal
inhibitors) which reflects the net amount of LC8lldelivered to lysosomes, suggests a pro-
autophagic effect, additional assays are requindoketter characterize the pro-autophagic effect
of novel compounds. Our preliminary data demonstrahat our novel analogues are able to
target the autophagic process and tBgtand 6] are the best performing analogues so far

identified when tested at 10 uM.

3. Conclusion

In summary, we explored the structure-activity tielaships of a pyrrolonaphthoxazepine class
of anticancer agents, and described the developaofemtseries of potent pro-apoptotic MDAS
with nanomolar affinity. Compounds were charactstizby crystallographic, biological,
bioinformatics and medicinal chemistry studies.plarticular, we have assessed the binding
affinity to tubulin for selected compounds and vewd solved the X-ray structure of one of the
most promising compounds in complex with tubulihisTallowed us to unveil the binding site
on tubulin for this class of MDASs, thus gainingigtgts into their binding mode and mechanism
of action. We assessed their ability to inhibit tw@wth of a large group of tumor cells,
including multidrug-resistant cell lines and we estigated the mechanism of action of a sub-
series of compounds on cell cycle in different deles, unveiling for some of them the
activation of caspase 3-mediated apoptosis. Findilg role of selected compounds on the
autophagic process was investigated by the queatiidn of LC3B-II protein. The obtained data
suggested a relevant therapeutic potential fondvely developed compourij and some of its

analogues as effective anticancer agents displagffigacy on multiple cancer cell lines.
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Additionally, the molecular insight derived fromadysis of the X-ray structure &j in complex
with tubulin will pave the way to the discovery nbvel optimized compounds as potential
antitumor agents.
4. Experimental Section
4.1. Chemistry

4.1.1. General Remarks.Unless otherwise specified, materials were pumthagrom
commercial suppliers and used without further peatfon. Reaction progress was monitored by
TLC using silica gel 60 F254 (0.040-0.063 pum) wd#tection by UV. Silica gel 60 (0.040-0.063
pum) was used for column chromatograpty.NMR and®*C NMR spectra were recorded on a
Varian 300 MHz spectrometer or a Bruker 400 MHzcsimeneter by using the residual signal of
the deuterated solvent as internal standard. Bglitatterns are described as singlet (s), doublet
(d), triplet (t), quartet (q), and broad (br); eue of chemical shifts) are given in ppm and
coupling constants]) in Hertz (Hz). ESI-MS spectra were performed hyAgilent 1100 Series
LC/MSD spectrometer. IR spectra were recorded Agikent Cary 630 FTIR spectrophotometer
and are reported as ¢ Melting points were determined in Pyrex capillanpes using an
Electrothermal 8103 apparatus and are uncorre¥ieltls refer to purified products and are not
optimized. All moisture-sensitive reactions weref@ened under argon atmosphere using oven-
dried glassware and anhydrous solvents. Final canggwere analyzed by combustion analysis
(CHN) to confirm purity > 95% (Table S3).

4.1.2 8-Bromoquinoline (13a).Method 1. FeSQ-7H,O (121 mg, 0.44 mmol) and PhNO
(2.78 g, 14.53 mmol) were heated at 110 °C. Inparsge flask 2-bromoanilinel (2.50 g, 14.53
mmol) and glycerol were sequentially added to céh&0, and the resulting mixture heated at

70 °C. This solution was then added to the PhIRESQ:7H,O at 110 °C and the mixture was
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heated at 150 °C for 7 h. After cooling to room pemature, the mixture was poured into ice and
neutralized to pH = 8 with 4 N NaOH. The aqueouasghwas extracted 10 times with EtOAc.
The combined organic layers were dried over anhygreodium sulfate, filtered and
concentrated. The residue was purified by flasloratography on silica gel (50% petroleum
ether in DCM) to afford the title compound as avimmil (60% vyield).

Method 2. To a solution of copper (Il) bromide (7.00 g, 3.8mol) andtert-butyl nitrite
(5.40 g, 52.28 mmol) in dry acetonitrile (90 mL) svadded 8-aminoquinoling2 (3.77 mg,
26.14 mmol) at room temperature and the mixture stiaed at 65 °C for 12 h. Acetonitrile was
evaporated, then g and water were added and the precipitate filtéfée aqueous phase was
extracted 3 times with ED. The combined organic layers were dried over drdys sodium
sulfate, filtered and concentrated. The residuepuaiied by flash chromatography on silica gel
(30% EtOAc in petroleum ether) to afford the titlempound as a brown oil (76% vyieldH
NMR (CDCls, 300 MHz)6 9.05 (dd, 1H,); = 1.5 Hz,J, = 4.2 Hz), 8.18 (dd, 1Hl; = 1.5 Hz,J,
= 8.4 Hz), 8.05 (dd, 1H} = 1.2 Hz,J, = 7.2 Hz), 7.78 (d, 1H] = 7.8 Hz), 7.50-7.38 (m, 2H);
ESI-MSm/z209.9 [M+H], 231.9 [M+Nal].

4.1.3 Quinoline-8-carbaldehyde (14a)To a solution ofi3a (100 mg, 0.48 mmol) in dry THF
(2.5 mL) at -78 °nBuLi (2.5 M in n-hexane, 300 pL, 0.72 mmol) was added dropwise. The
resulting solution turned to red and DMF (192 puld®2mmol) was added. After 10 min at -78
°C the mixture was quenched with water. The reacti@s poured into a saturated aqueous
solution of NaHC@ (10 mL) and extracted with EtOAc (3 x 10 mL). Teembined organic
layers were dried over anhydrous sodium sulfateeréid and concentrated. The residue was
purified by flash chromatography on silica gel (1®#Ac in n-hexane) to afford the title

compound as a yellow solid (53% yield NMR (CDCk, 300 MHz)s 11.44 (s, 1H), 9.03 (dd,
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J1=1.8Hz,J, = 4.2 Hz, 1H), 8.31 (ddl; = 1.2 Hz,J, = 7.2 Hz, 1H), 8.23 (ddy = 1.8 Hz,J,; =
8.1 Hz, 1H), 8.08 (dd}, = 1.5 Hz,J, = 8.4 Hz, 1H), 7.66 (i = 7.8 Hz, 1H), 7.50 (ddl; = 4.5
Hz, J, = 8.4 Hz, 1H); ESI-MSn/z158 [M+H]"; 180 [M+Naf.

4.1.4 Quinoline-5-carbaldehyde (14b)Compoundl4b was obtained from3b (500 mg, 2.4
mmol) following the procedure described for thepgamation ofl4a The residue was purified by
flash chromatography on silica gel (16% EtOAmthexane) to afford the title compound as a
yellow solid (66% yield)'H NMR (CDCk, 300 MHz)5 10.37 (s, 1H), 9.62 (d, 1H,= 8.7 Hz),
9.02 (t, 1H,J = 2.1 Hz), 8.38 (d, 1H] = 8.7 Hz), 8.07 (dd, 1H}) = 5.4 Hz,J, = 7.2 Hz), 7.92-
7.88 (m, 1H), 7.58 (dd, 1Hy = 4.5 Hz,J, = 8.7 Hz); ESI-M3n/z158 [M+H]'".

4.1.5 8-(2-Methoxyvinyl)quinoline (15a).(Methoxymethyl)-triphenylphosphonium chloride
(76 mg, 0.223 mmol) was suspended in dry THF (1.Q) nand then sodium
bis(trimethylsilyl)amide (1 M solution in THF, 300 plQ.3 mmol) was added at 0 °C. The
solution immediately became dark red colored. AB@minutes at 0 °C, aldehydda (40 mg,
0.255 mmol) dissolved in dry THF (1.0 mL) was added the resulting mixture was stirred at 0
°C for 30 min. The reaction was monitored by TLGteA 1 h stirring at room temperature;(
was added and the aqueous layer was extracted witiceethyl acetate. The combined organic
layers were dried over anhydrous sodium sulfateeréid and concentrated. The residue was
purified by flash chromatography on silica gel (1®#%Ac in n-hexane) to afford the title
compound as a yellow oil (63% yieldHd NMR (CDCk, 300 MHz) (mixture ofis andtrans
isomers)s 8.91 (td, 1HJ, = 1.8 Hz,J, = 3.9 Hz), 8.43 (dd, 1H}, = 1.5 Hz,J, = 7.5 Hz), 8.12
(dt, 1H J = 2.1 Hz,J, = 8.1 Hz), 7.69 (dd, 1HJ = 1.2 Hz,J, = 7.5 Hz), 7.62 (dd, 1H} = 1.2
Hz, J, = 8.1 Hz), 7.54-7.36 (m, 3H), 6.96 (d, 1Hs 13.2 Hz,), 6.71 (d] = 7.2 Hz), 6.45 (d1H,

J=7.2 Hz, 1H), 3.85 (s, 3H), 3.84 (s, 3H); ESI-ki& 186 [M+HT]".
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4.1.6 5-(2-Methoxyvinyl)quinoline (15b).Compoundl5b was obtained froni4b (400 mg,
2.55 mmol) following the procedure described foe toreparation ofl5a The residue was
purified by flash chromatography on silica gel (3®#Ac in n-hexane) to afford the title
compound as a yellow oil (84% yieldHd NMR (CDCk, 300 MHz) (mixture ofcis andtrans
isomers)s 8.91-8.87 (m, 1H), 8.41 (d, 1H= 8.4 Hz), 8.05 (d, 1H] = 7.2 Hz), 7.95 (dd, 1H}L
= 5.4 Hz,J, = 8.1 Hz), 7.70-7.60 (m, 1H), 7.48-7.36 (m, 2HPO7(dd, 1H,J; = 1.2 Hz,J, = 12.6
Hz), 6.42-6.36 (m, 1H), 5.81 (d, 1H= 6.9 HZ), 3.81-3.79 (m, 3H); ESI-M&/z186 [M+H]".

4.1.7 2-(Quinolin-8-yl)acetaldehyde (16a)Compound15a (30 mg, 0.162 mmol) was
dissolved in acetone (1.0 mL) and then 6 N HCI (0% was added dropwise. The mixture was
refluxed for 3 h. The solvent was evaporated aedéisulting aqueous mixture was taken to pH
= 8 with saturated aqueous NaH£@he aqueous layer was extracted with EtOAc (8 xri2).
The combined organic layers were dried over anhygreodium sulfate, filtered and
concentrated. The residue was purified by flaslomiatography on silica gel (30% EtOAcnn
hexane) to afford the title compound as a red5a##4 yield)."H NMR (CDCk, 300 MHz)5 9.93
(s, 1H), 8.91 (dd, 1H}k = 1.8 Hz,J, = 4.2 Hz), 8.18 (dd, 1H} = 1.2 Hz,J, = 8.1 Hz), 7.80 (d,
1H,J = 8.1 Hz), 7.61-7.41 (m, 3H), 4.28 (s, 2H); ESI-kh%& 180 [M+Na].

4.1.8 2-(Quinolin-5-yl)acetaldehyde (16b)Compoundl6b was obtained starting frohbb
(500 mg, 2.68 mmol) following the procedure desadilfor the preparation df6éa The title
compound was obtained as a dark yellow oil (94%dyi¢H NMR (CDCk, 300 MHz)§ 9.80-
9.78 (m, 1H), 8.95 (d, 1Hl= 3.6 Hz), 8.22 (d, 1H] = 8.7 Hz), 8.10 (d, 1H] = 8.4 Hz), 7.71 (¢,
1H,J = 7.8 Hz), 7.49-7.44 (m, 2H), 4.14 (s, 2H); ESI-kh%& 180 [M+Na].

4.1.9 Methyl 2-(quinolin-8-yl)acetate (17a)To a solution of compounti6a (300 mg, 1.75

mmol) in MeOH (2.0 mL)N-iodosuccinimide (987 mg, 4.38 mmol) and potassaarbonate
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(605 mg, 4.38 mmol) were sequentially added. Tlaetren was performed in a dark room. The
resultant dark brown mixture was stirred for 3 h2&t°C. Subsequently, water (1.0 mL) and
NaS,03-5H,0 (900 mg) were added. The aqueous phase wastextraith EtOAc (3 x 50 mL).
The combined organic layers were dried over anhygreodium sulfate, filtered and
concentrated. The residue was purified by flaslomiatography on silica gel (30% EtOAchn
hexane) to afford the title compound as a paleoyebil (57% yield).'H NMR (CDCk, 300
MHz) & 8.92 (dd,J; = 1.8 Hz,J, = 4.2 Hz, 1H), 8.14 (d, 1 H = 8.1 Hz), 7.76 (d, 1 HJ =
8.1Hz), 7.64 (d, 1 H) = 6.9 Hz), 7.52-7.38 (m, 2H), 4.30 (s, 3H), 3.702d); ESI-MSm/z202
[M+H] ", 224 [M+Nal].

4.1.10 Methyl 2-(quinolin-5-yl)acetate (17b)Compoundl7b was obtained froni6b (450
mg, 2.63 mmol) following the procedure describedtfe preparation o17a The residue was
purified by flash chromatography on silica gel (33#Ac in n-hexane) to afford the title
compound as a pale yellow amorphous solid (70%lyi& NMR (CDCk, 300 MHz)$ 8.94 (t,
1H,J = 2.4 Hz), 8.38 (d, 1H] = 8.7 Hz), 8.08 (d, 1H] = 8.7 Hz), 7.68 (t, 1HJ= 7.5 Hz), 7.50-
7.44 (m, 2H), 4.08 (s, 2H), 3.69 (s, 3H); ESI-Mi&z202 [M+H]", 224 [M+Na].

4.1.11 Methyl 2-bromo-2-(quinolin-8-yl)acetate (9a)To a solution of compounti7a (130
mg, 0.64 mmol) in CGI(10 mL) N-bromosuccinimide (126 mg, 0.71 mmol) and a catalyt
amount of AIBN were added in sequence. The mixivae refluxed for 24 h in the presence of a
lamp (radicalic reaction). Subsequently the solwgas evaporated and DCM was added. The
organic layer was washed twice with water (10 mhyl ahen dried over anhydrous sodium
sulfate, filtered and concentrated. The residue puafied by flash chromatography on silica gel
(30% EtOAc in petroleum ether) to afford the titklempound as a colorless oil (60% yielt.

NMR (CDCh, 300 MHz)3 8.96 (dd, 1H,; = 2.4 Hz,J, = 4.2 Hz), 8.20-8.12 (m, 2H), 7.84 (dd,
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1H,J; = 1.5 Hz,J, = 8.1 Hz), 7.58 (tJ = 8.1 Hz, 1 H), 7.45 (dd, 1H, = 3.9 Hz,J, = 8.1 Hz),
6.95 (s, 1H), 3.79 (s, 3H); ESI-M8/2281 [M+H]".

4.1.12 Methyl 2-bromo-2-(quinolin-5-yl)acetate (9h)Compoundb was obtained from7b
(350 mg, 1.74 mmol) following the procedure desadilfor the preparation & The mixture
was refluxed for 2 h. The residue was purified asli chromatography on silica gel (33%
EtOAc inn-hexane) to afford the title compound as a colsrtEb(51% yield)."H NMR (CDCE,
300 MHz)$ 8.95 (d, 1H,J = 3.6 Hz), 8.50 (d, 1H] = 8.4 Hz), 8.12 (d, 1H] = 8.4 Hz), 7.80-
7.78 (m, 1H), 7.69-7.66 (m, 1H), 7.49-7.46 (m, 16ip5 (s, 1H), 3.77 (s, 3H); ESI-M8/2280
[M+H] ™.

4.1.13 Quinoline-3-carbaldehyde (19XCompoundl9 was obtained starting froa8 (500 mg,
2.40 mmol) following the procedure described foe toreparation ofl4a The residue was
purified by flash chromatography on silica gel (1&#Ac in n-hexane) to afford the title
compound as a yellow solid (45% yieldf NMR (CDCk, 300 MHz)5 10.23 (s, 1H), 9.34 (s,
1H), 8.61 (s, 1H), 8.17 (d, 1H,= 8.7 Hz), 7.97 (d, 1H) = 7.8 Hz), 7.86 (t, 1HJ = 7.2 H2),
7.64 (t, 1HJ= 7.8 Hz); ESI-MSn/z158 [M+H]'.

4.1.14 2-(Quinolin-3-yl)acetaldehyde (20)Starting from19 (600 mg, 3.82 mmolB-(2-
methoxyvinyl)quinolinavas obtained following the procedure describedtifier preparation of
15a The residue was purified by flash chromatographgilica gel (20% EtOAc in-hexane) to
afford 3-(2-methoxyvinyl)quinolinas a yellow oil (500 mg, 70% vyield)H NMR (CDCk, 300
MHz) (mixture ofcis andtransisomers) 8.97 (s, 1H), 8.85 (s, 1H), 8.42 (s, 1H), 8.032#, J
= 8.7 Hz), 7.88 (s, 1H), 7.78-7.43 (m, 15H), 7.81%H,J = 1.5 Hz), 6.35 (dd, 1H}, = 1.8 Hz,
J, = 7.2 Hz), 5.92 (d, 2HJ = 12.9 Hz), 5.37 (d, 1H] = 6.0 Hz), 3.88 (d, 3HJ = 1.8 Hz), 3.76

(d, 3H,J = 1.5 Hz); ESI-MSmM/z 186 [M+H]". Compound20 was obtained starting frod(2-
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methoxyvinyl)quinoling€l.0 g, 5.41 mmol) following the procedure desedlior the preparation
of 16a The title compound was obtained as a yellow @1% vyield).'"H NMR (CDCk, 300
MHz) & 9.88 (s, 1H), 8.74 (d, 1H,= 2.1 Hz), 8.10 (d, 1H] = 8.1 Hz), 8.01 (s, 1H), 7.80 (d, 1H,
J=8.1Hz), 7.71 (t, 1HJ = 1.2 Hz), 7.58 (t, 1H) = 1.2 Hz), 3.92 (s, 2H); ESI-M8/z 180
[M+Na]".

4.1.15 Methyl 2-bromo-2-(quinolin-3-yl)acetate (9c)Starting from20 (1.0 g, 5.85 mmol)
compoundmethyl 2-(quinolin-3-yl)acetatevas obtained following the procedure described for
the preparation ol7a The residue was purified by flash chromatographysilica gel (33%
EtOAc in n-hexane) to afford the title compound as a paléoyebil (29% yield).'H NMR
(CDCls, 300 MHz)5 8.84 (d, 1H,J = 1.8 Hz), 8.11-8.07 (m, 2H), 7.79 (d, 1H= 7.8 Hz), 7.69
(dt, 1H,J; = 1.8 Hz,J, = 8.7 HZ), 7.54 (dt, 1HJ; = 1.2 Hz,J, = 7.2 HZ), 3.82 (s, 2H), 3.72 (s,
3H); ESI-MSm/z202 [M+HT", 224 [M+NaJ. Starting frommethyl 2-(quinolin-3-yl)acetat(850
mg, 1.74 mmol) compoun®c was obtained following the procedure described tloe
preparation of9a. The mixture was refluxed for 2 h. The residue vpasified by flash
chromatography on silica gel (25% EtOAcmihexane) to afford the title compound as a brown
oil (71% vyield).*H NMR (CDCk, 300 MHz)$ 9.03 (d, 1H,J = 1.8 Hz), 8.35 (s, 1H), 8.11 (d,
1H, J= 8.4 Hz), 7.83 (d, 1H] = 7.8 Hz), 7.75 (dt, 1H};, = 0.6 Hz,J, = 6.9 Hz), 7.57 (dt, 1H}
= 0.9 Hz,J, = 6.9 Hz), 5.54 (d, 1H] = 1.5 Hz), 3.82 (d, 3HJ = 2.4 Hz); ESI-MSm/z280.9
[M+H] ™.

4.1.16 5-Bromo-8-aminoquinoline (21)To solution of compound? (1.0 g, 6.94 mmol) in
46.0 mL of acetonitrile, a portion of NBS (605 n3g40 mmol) was added. The reaction mixture
was stirred at 25 °C for 15 min, then a secondigof NBS (667 mg, 3.75 mmol) was added.

The reaction was stirred for 1 h at 25 °C. Theasalwas evaporated under reduced pressure and
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the residue taken up with EtOAc and washed withewé&® x 50 mL). The organic layer was
dried over anhydrous sodium sulfate, filtered amdcentrated. The residue was purified by flash
chromatography on silica gel (10% EtOAc in petrabeether) to afford the title compound as an
amorphous yellow solid (51% yield)}d NMR (300 MHz, CDC}) & 8.76 (d, 1H,J = 6.0 Hz),
8.43 (d, 1H,J = 9.0 Hz), 7.56 (d, 1HJ = 12.0), 7.48 (g, 1HJ = 3.0 Hz), 6.80 (d, 1H] = 6.0
Hz); ESI-MSm/z222.9 [M+HT.

4.1.17 5-Bromo-7-choro-8-aminoquinoline (22)To a solution of compoundl (800 mg,
3.61 mmol) in 77.0 mL of acetonitril&-chlorosuccinimide (458 mg, 3.43 mmol) was added at
25 °C. The reaction mixture was then stirred at°C5for 12 h. After cooling to room
temperature, acetonitrile was removed under redpcesisure. The residue was taken up with
EtOAc, and washed with water (3 x 70 mL). The orgéayer was dried over anhydrous sodium
sulfate, filtered and concentrated. The residuepuaiied by flash chromatography on silica gel
(7% EtOAc in petroleum ether) to afford the titengpound as an amorphous orange solid (70%
yield). *H NMR (300 MHz, CDCJ) 6 8.78 (d, 1H,J = 4.2 Hz), 7.69 (s, 1H), 8.43 (d, 1Bi= 8.7
Hz), 7.50 (g, 1HJ = 4.2), 5.46 (br, 2H)**C NMR (75 MHz, CDC}) & 148.5, 148.4, 135.5,
133.0, 130.7, 127.4, 126.3, 122.3, 121.9. ESI+W$258.0 [M+HJ .

4.1.18 5-Bromo-7-chloroquinoline (23).To a suspension of compour2® (650 mg, 2.52
mmol) in 25 mL of water, concentrated,$0, was added dropwise at 0 °C until complete
dissolution of the starting material was achiev&dolution of NaNQ@ (348 mg, 5.05 mmol) in
6.5 mL of water at 0 °C was added to the resulbright yellow solution. The mixture was
stirred for 15 min and subsequently it was addexd cannula to a 50% aqueous solution of
HsPQO; (6.0 mL) at 65 °C. The resulting mixture was stiria 60 °C for 3 h. After cooling to

room temperature, 330, was neutralized through addition of 5 mL of a ANEHOH solution.
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The aqueous layer was extracted with EtOAc (3 180 and the organic layers dried over
anhydrous sodium sulfate, filtered and concentrafBlde residue was purified by flash
chromatography on silica gel (7% EtOAc in petroleether) to afford the title compound as a
yellow amorphous solid (12% yield)4 NMR (400 MHz, CDCY) & 8.84 (d, 1H,J = 3.2 Hz),
8.40 (d, 1HJ = 8.4 Hz), 8.00 (s, 1H), 7.73 (s, 1H), 7.41 (g, It 4.4 Hz); ESI-MSM/z243.9
[M+H] ™.

4.1.19 7-Chloroquinoline-5-carbaldehyde (24).Compound 24 was obtained from23
following the procedure described for the preparatf 14a The residue was purified by flash
chromatography on silica gel (11% EtOAc in petrateether) to afford the title compound as a
yellow amorphous solid (48% yieldH NMR (400 MHz, CDC}) § 10.22 (s, 1H), 9.46 (d, 1H,
= 8.8 Hz), 8.94 (dd, 1H}; = 1.2 Hz,J, = 4.0 Hz), 8.30 (d, 1H] = 1.6 Hz), 7.94 (d, 1H] = 2.0
Hz), 7.52 (q, 1H,) = 4.4 Hz); ESI-MSM/2192.0 [M+H] .

4.1.20 7-Chloro-5-(2-methoxyvinyl)quinoline (25).Compound25 was obtained fron24
following the procedure described for the preparatf 15a The residue was purified by flash
chromatography on silica gel (25% EtOAc in petrateether) to afford the title compound as a
yellow amorphous solid (62% yieldfH NMR (300 MHz, CDCJ), mixture of cis - trans
isomers,s 8.91-8.87 (m, 2H), 8.39 (t, 3H,= 6.9 Hz), 8.09 (d, 1HJ = 2.1 Hz), 7.97 (s, 1H),
7.45-7.38 (m, 3H), 7.02 (d, 1H,= 12.6 Hz), 6.46 (d, 1H] = 6.9 Hz), 6.31 (d, 1H] = 6.3 Hz),
5.77 (d, 1HJ = 6.9 Hz), 3.86 (s, 3H), 3.81 (s, 3H); ESI-M82220.0 [M+HT".

4.1.21 2-(7-Chloroquinolin-5-yl)acetaldehyde (26)Compound26 was obtained fron25
following the procedure described for the preparatof 16a The product was isolated as a

brown oil and submitted to the next step withoutHer purification (73% yield):*H NMR (300
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MHz, CDCL), 5 9.83 (s, 1H), 8.97 (d, 1H}, = 6.0 Hz), 8.28-8.25 (m, 2H), 7.55-7.51 (m, 2H),
4.15 (s, 2H); ESI-M3$n/z206.0 [M+HT.

4.1.22 Methyl 2-(7-chloroquinolin-5-yl)acetate (27)Compound27 was obtained fron26
following the procedure described for the preparatf17a The residue was purified by flash
chromatography on silica gel (20% EtOAc in petrateether) to afford the title compound as a
white amorphous solid (59% yieldH NMR (300 MHz, CDCJ), § 8.93 (dd, 1HJ; = 1.5 Hz,J,
= 4.2 Hz), 8.32 (d, 1H) = 7.8 Hz), 8.07 (d, 1H) = 1.5 Hz), 7.47-7.43 (m, 2H), 4.04 (s, 2H),
3.70 (s, 3H); ESI-M$n/z236.0 [M+H]".

4.1.23 Metil 2-bromo-2-(7-chloroquinolin-5-yl)acetée (9d). Compound9d was obtained
starting from27 following the procedure described for the preparabf 9a. The residue was
purified by flash chromatography on silica gel (2E#Ac in petroleum ether) to afford the title
compound as a colorless oil (65% yielt). NMR (300 MHz, CDCJ), § 8.97 (dd, 1HJ, = 1.5
Hz,J, = 4.5 Hz), 8.52 (d, 1H] = 1.5 Hz), 8.21 (d, 1H] = 1.5 Hz), 7.83 (d, 1H] = 2.1 Hz), 7.54
(9, 1H,J1 = 4.5 Hz,J, = 8.7 Hz), 5.98 (s, 1H), 3.70 (s, 3H); ESI-M$2315.9 [M+H]".

4.1.24 Ethyl 2-(1-hydroxy-5-methoxy-1,2,3,4-tetralgronaphthalen-1-yl)acetate (29).To a
solution of LHMDS (1M in THF, 14.74 mL, 14.74 mmal) dry THF (15.8 mL) cooled to -78
°C, a solution of dry EtOAc (1.34 mL, 13.64 mmal)dry THF (1.36 mL) was added dropwise.
A solution of tetralone28 (2.0 g, 11.34 mmol) in dry THF (2.6 mL) was addetiile
maintaining an internal temperature below -70°Ce Tésulting mixture was stirred at -70 °C for
1 h, quenched with 2 N HCI (10 mL), and allowedwarm up to 25 °C. The mixture was
extracted with EtOAc (2 x 10 mL) and the combinedamic layers were washed with brine,
dried over anhydrous sodium sulfate, filtered amdlcentrated. The residue was purified by flash

chromatography on silica gel (10% EtOAcriinexane) to afford the title compound as a yellow
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oil (76% yield).'H NMR (400 MHz, CDC}) § 7.20 (m, 2H), 6.75 (m, 1H), 4.2 (4,= 6.4 Hz,
2H), 3.80 (s, 3H), 2.70 (m, 4H), 2.10 (m, 1H), 1@®5 1H), 1.25 (tJ = 7.2 Hz, 3H); ESI-MS
m/z287.0 [M+HT.

4.1.25 Ethyl 2-(5-methoxy-3,4-dihydronaphthalen-14acetate (30) and ethyl 2-(5-
methoxy-3,4-dihydronaphthalen-1()-ylidene)acetate (31)Hydroxyester29 (2,270 mg, 8.6
mmol) was dissolved in toluene/TFA (17 mL/0.4 mbhpahe mixture was stirred at 110 °C for 3
h. The mixture was then cooled to 25 °C, dilutethvttOAc and washed with a 1 N NaOH
solution (5 mL) and water (5 mL). The organic laygas washed with brine, dried over
anhydrous sodium sulfate, filtered and concentraf€de resulting dark yellow residue
containing a 1:2 mixture of olefin80 and 31 was directly used in the next step (quantitative
yield). *H NMR (300 MHz, CDCJ) § 7.25 (m, 0.5H), 7.15 (m, 1H), 6.80 (m, 1.5H), 6(35
0.3H), 6.00 (t, 0.7H), 4.20 (m, 2H), 3.80 (s, 3BM0 (s, 1.5H), 3.20 (m,0.5H), 2.80 (m, 2H),
2.30 (m, 1.5H), 1.85 (m, 0.5H), 1.25 (t, 1H), 1(B®H).

4.1.26 Ethyl 2-(5-methoxynaphthalen-1-yl)acetate 8. A mixture of olefins31 and 32
(1866 mg, 7.58 mmol) was dissolved in cyclohexeiogahe (7.7 mL/2.6 mL). A catalytic
amount of 10% Pd-C was then added and the mixteméed to reflux for 12 h. The mixture was
cooled to 25 °C, filtered through a pad of celtel aafter carefully washing the pad with EtOAc,
concentrated under reduced pressure. The abovdueesiontaining intermediat82 was
dissolved in toluene (16.4 mL). To this was add&JX3,614 mg, 7.96 mmol), and the mixture
heated at reflux for 3 h. The mixture was then eddo 25 °C, and the resulting solids were
removed by filtration using EtOAc as the solvenheTiltrate was concentrated to dryness and
the product was purified by flash chromatographyitina gel (4% EtOAc in petroleum ether) to

afford the title compound as a yellow oil (30% wliefH NMR (400 MHz, CDCY) § 8.27 (t,J =

56



5.2 Hz, 1H), 7.55 (d] = 8.6 Hz 1H), 7.48-7.41 (m, 3H), 6.85 (b= 7.6 Hz, 1H), 4.15 (g} = 7.2
Hz, 2H), 4.09 (s, 2H), 4.00 (s, 3H), 1.20Xt 7.2 Hz, 3H);*C NMR (75 MHz, CDC}) § 171.6,
155.8, 133.1, 130.3, 128.5, 126.3, 125.9, 124.7,8/2116.0, 103.8, 60.9, 55.5, 39.6, 14.1. ESI-
MS m/z245.2 [M+H], 267.3 [M+Na].

4.1.27 Ethyl 2-bromo-2-(5-methoxynaphthalen-1-yl)astate (9e). Compound 9e was
obtained starting fron83 following the procedure described for the preparmaf 9a. The
residue was purified by flash chromatography oitaigel (5% E{O in petroleum ether) to
afford title compound as a yellow oil (30% yiel#1 NMR (400 MHz, CDC}) & 8.32 (d,J = 8.4
Hz, 1H), 7.79 (dJ = 7.2 Hz, 1H), 7.64 (d] = 8.4 Hz, 1H), 7.50 (] = 8.0 Hz, 1H), 7.42 (] =
8.0 Hz, 1H), 6.85 (d) = 7.6 Hz, 1H), 6.11 (s, 1H), 4.25 @= 7.6 Hz, 2H), 3.99 (s, 3H), 1.22 (t,
J = 7.2 Hz, 3H); ESI-M$n/z325.0 [M+H]".

4.1.28 Ethyl 2-oxo-2-(quinolin-8-yl)acetate (34a)lo a solution of compounti3a (250 mg,
1.22 mmol) in dry THF (2.5 mL)-BuLi (2.5 M solution inn-hexane, 1.50 mmol) was added
dropwise at -78 °C. After 10 min diethyl oxalat&%luL, 1.22 mmol) was added at -78 °C. The
reaction mixture was stirred at -78 °C for 10 mlii.€ monitoring) and then quenched with 3
mL of a saturated solution of NaHG.(O he aqueous layer was extracted with EtOAc (3nwL}.
The combined organic layers were dried over anhygrsodium sulfate, filtered and
concentrated. The residue was purified by flastorlatography on silica gel (7% EtOAc in
petroleum ether) to afford the title compound aeliow amorphous solid (20% yieldH NMR
(CDCls, 300 MHz)3 8.89 (dd, 1HJ, = 1.5 Hz,J, = 3.9 Hz), 8.34 (dd, 1H], = 1.5 Hz,J, = 7.2
Hz), 8.23 (dd, 1HJ, = 1.5 Hz,J, = 8.4 Hz), 8.10 (dd, 1H], = 1.2 Hz,J, = 8.1 Hz), 7.69 (t, 1H,

J = 7.8 Hz), 7.50-7.46 (m, 1H), 4.44 (m, 2H), 1.423H, J = 6.9 Hz); ESI-MSm/z 230.0

[M+H]*, 252.0 [M+Na], 481.0 [2M+Nal].
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4.1.29 Ethyl 2-ox0-2-(quinolin-5-yl)acetate (34b)XCompound34b was prepared stating from
13b following the procedure described for the preparatf34a The residue was purified by
flash chromatography on silica gel (20% to 50% EtOA n-hexane) to afford the title
compound as a yellow amorphous solid (22% yiéld)NMR (300 MHz, CDCJ) & 9.39 (d,J =
8.7 Hz, 1H), 9.01 (dJ = 4.1 Hz, 1H), 8.40 (d] = 8.4 Hz, 1H), 8.08 (dl = 7.2 Hz, 1H), 7.81 (4
= 7.9 Hz, 1H), 7.60 (dd), = 8.7,J, = 4.1Hz, 1H), 4.50 (q) = 7.1 Hz, 2H), 1.46 () = 8 Hz,
3H); ESI-MSm/z230.1 [M+HT.

4.1.30 Ethyl 2-hydroxy-2-(quinolin-8-yl)acetate (18). To a solution of compoun84a (130
mg, 0.57 mmol) in dry THF (5 mL), NaBH13 mg, 0.34 mmol) was added at 25 °C. The
reaction mixture was stirred at 25 °C for 30 mirLCT monitoring), and then quenched with
saturated aqueous NYEI (1 mL). THF was evaporated under reduced presand the aqueous
residue extracted with EtOAc (3 x 10 mL). The condoi organic layers were dried over
anhydrous sodium sulfate, filtered and concentrafBlde residue was purified by flash
chromatography on silica gel (10% to 20% EtOAodihexane) to afford the title compound as a
pale yellow amorphous solid (26% yield NMR (CDCk, 300 MHz)5 8.87 (dd, 1H,J); = 1.8
Hz, J, = 4.5 Hz), 8.20 (dd, 1H}L = 1.8 Hz,J, = 8.4 Hz), 7.80 (dd, 1H}; = 1.5 Hz,J, = 8.1 Hz),
7.71(d, 1HJ = 6.9 Hz), 7.57-7.52 (m, 1H), 7.44 (q, 1H 3.9 Hz), 5.66 (s, 1H), 4.26-4.05 (m,
2H), 1.12 (t, 3H,J = 4.2 Hz); ESI-MSM/z232.0 [M+H], 254.0 [M+Na], 485.0 [2M+Nal].

4.1.31 Ethyl 2-hydroxy-2-(quinolin-5-yl)acetate (1B). CompoundlLOb was prepared starting
from 34b following the procedure described for the preparadf 10a The residue was purified
by flash chromatography on silica gel (50% DCM aetane) to afford the title compound as a

yellow amorphous solid (21% yield)4 NMR (300 MHz, CDC{) & 8.83 (d,J = 4.2 Hz, 1H),
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8.56 (d,J = 8.7 Hz, 1H), 8.05 (d] = 8.4 Hz, 1H), 7.67-7.52 (m, 2H), 7.39 (dd= 8.6, 4.2 Hz,
1H), 5.76 (s, 1H), 4.27-4.03 (m, 2H), 1.10Xt 7.2 Hz, 3H); ESI-MSn/z231.9 [M+HT.

4.1.32 8-Bromo-2-ethylquinoline (36).To a solution of freshly distilled diisopropylanein
(428 pL, 3.06 mmol) in dry THF (10 mL);BuLi (1.6 M solution inn-hexane, 2.90 mmol) was
added dropwise at 0 °C. The solution was stirredf@min and then cooled to -78 °C. The cold
solution was added dropwise to a solution of compdb (500 mg, 2.25 mmol) in dry THF (1
mL). The reaction mixture immediately turned dagkl end it was kept stirring at -78 °C for 1 h.
Methyl iodide (270 pL, 4.34 mmol) was then added #me mixture was stirred while slowly
reaching 0 °C, and then poured into crushed icenmudralized with saturated aqueous /SH
The aqueous layer was extracted with EtOAc (3 »l). The combined organic layers were
dried over anhydrous sodium sulfate, filtered amcentrated. The residue was purified by flash
chromatography on silica gel (10% EtOAc in petrateether) to afford the title compound as a
yellow oil (48% yield).*H NMR (300 MHz, CDCJ) & 8.03 (d, 1H,J = 8.6 Hz), 8.01 (dd, 1H}
= 7.8 Hz,J, = 1.6 Hz), 7.73 (dd, 1H}; = 8.2 Hz,J, = 1.2 Hz), 7.34 (d, 1H] = 8.2 Hz), 7.30 (t,
1H,J = 7.8 Hz), 3.12-3.05 (m, 2H), 1.43 (t, 34z 7.4 Hz); ESI-MSN/z237.0 [M+HT.

4.1.33 Ethyl 2-(2-methylquinolin-8-yl)-2-oxoacetate(37a). Compound37a was prepared
stating from35 following the procedure described for the preparatf 34a The residue was
purified by flash chromatography on silica gel (B®Ac in petroleum ether) to afford the title
compound as a yellow amorphous solid (18% yield)NMR (300 MHz, CDCJ) & 8.29 (d,J =
7.2 Hz, 1H), 8.12-7.96 (m, 2H), 7.65-7.54 (m, 1AB8-7.21 (m, 1H), 4.47 (d,= 7.1 Hz, 2H),
2.68 (s, 3H), 1.41 (] = 7.2 Hz, 3H); ESI-M3n/z244.0 [M+H]".

4.1.34 Ethyl 2-(2-ethylquinolin-8-yl)-2-oxoacetate(37b). Compound 37b was prepared

stating from36 following the procedure described for the preparabf 34a The residue was
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purified by flash chromatography on silica gel (LE®ACc inpetroleum ether) to afford the title
compound as a yellow amorphous solid (38% yiéid)NMR (300 MHz, CDC}) § 8.23 (d,J =
7.3 Hz, 1H), 8.05 (dJ = 8.5 Hz, 1H), 7.98 (d] = 8.1 Hz, 1H), 7.54 (] = 7.7 Hz, 1H), 7.30 (d]

= 8.5 Hz, 1H), 4.43 (q] = 7.5 Hz, 2H), 2.92 (4] = 7.6 Hz, 2H), 1.42-1.29 (m, 6H).

4.1.35 Ethyl 2-hydroxy-2-(2-methylquinolin-8-yl)acéate (10c). Compound 10c was
prepared starting frorB7a following the procedure described for the preparatf 10a The
residue was purified by flash chromatography oaigel (10% EtOAc im-hexane) to afford
the title compound as a yellow amorphous solid (5@8d). ESI-MSm/z246.0 [M+H]', 268.0
[M+Na]".

4.1.36 Ethyl 2-(2-ethylquinolin-8-yl)-2-hydroxyaceate (10d). CompoundlOd was prepared
starting from37b following the procedure described for the preparabf 10a The residue was
pure enough to be directly employed for the subsegstep (97% yield}H NMR (300 MHz,
CDCly) § 8.07 (d,J = 8.5 Hz, 1H), 7.74 (d] = 8.2 Hz, 1H), 7.65 (d] = 7.1 Hz, 1H), 7.45 (§] =
7.6 Hz, 1H), 7.33-7.23 (m, 1H), 6.80 (br s, 1HESB(s, 1H), 4.26-4.02 (m, 2H), 3.00 (= 7.6
Hz, 2H), 1.41 (tJ = 7.5 Hz, 3H), 1.15 (t) = 7.1 Hz, 3H); ESI-MSn/z260.0 [M+HT, 281.9
[M+Na]”.

4.1.37 5-Bromoisoquinoline (39)Isoquinoline38 (1,156 mg, 8.95 mmol) was suspended in
conc. BSO, (9.7 mL) at 0 °C. After cooling to -25 °C, NBS 912 mg, 10.74 mmol) was added.
The reaction mixture was stirred at -25 °C for Zamd then at 25 °C for additional 24 h.
Subsequently, ice was added and the mixture watettevith conc. N;DH (10 mL) to pH = 8-
10. The resulting solution was extracted with EtgB8x 10 mL). The combined organic layers
were dried over anhydrous sodium sulfate, filtexad concentrated. The residue was purified by

flash chromatography on silica gel (20% EtOAc itrpleum ether) to afford the title compound
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as a pale pink solid (71% yieldH NMR (300 MHz, CDC}) § 9.24 (s, 1H), 8.65 (dl = 5.9 Hz,
1H), 8.00-7.95 (m, 3H), 7.48 @,= 7.8 Hz, 1H); ESI-M3n/2209.1 [M+H]".

4.1.38 Ethyl 2-hydroxy-2-(isoquinolin-5-yl)acetate (10e). Ethyl 2-(isoquinolin-5-yl)-2-
oxoacetatevas prepared starting fro89 following the procedure described for the preparat
of 34a The residue was purified by flash chromatograpmy silica gel (25% EtOAc in
petroleum ether) to afford the title compound gmke orange amorphous solid (40% yielt}.
NMR (400 MHz, CDC}) § 9.32 (s, 1H), 8.79 (dl = 6.0 Hz, 1H), 8.70 (d] = 6.1 Hz, 1H), 8.27-
8.17 (m, 2H), 7.69 (t) = 7.6 Hz, 1H), 4.47 (q] = 7.2 Hz, 2H), 1.43 (] = 6.8 Hz, 3H); ESI-MS
m/z 230.1 [M+H]. Compound10e was obtained starting frorathyl 2-(isoquinolin-5-yl)-2-
oxoacetatefollowing the procedure described fdOa The residue was purified by flash
chromatography on silica gel (50% EtOAc in petraleether) to afford title compound as a pale
yellow amorphous solid (53% yieldH NMR (400 MHz, CDCJ) 6 9.24 (s, 1H), 8.54 (d, = 6.0
Hz, 1H), 7.95-7.91(m, 2H), 7.75 (d= 7.2 Hz, 1H), 7.58 (] = 7.6 Hz, 1H), 5.73 (s, 1H), 4.31-
4.06 (m, 2H), 3.76 (s, 1H), 1.11 Jt= 7.2 Hz, 3H); ESI-M3$n/z232.1 [M+HT].

4.1.39 1-(Benzd]][1,3]dioxol-5-yl)ethanone (41) N-methoxy-N-methylbenzo[d][1,3]dioxole-
5-carboxamideTo a solution of acidlO (1.0 g, 6.01 mmol) in dry DCM (20 mL), EDCI (1,382
mg, 7.21 mmol), HOBt (974 mg, 7.21 mmol) algN-DIPEA (2 mL, 12.01 mmol) were added
at 0 °C. The reaction mixture was stirred at 0 6€30 min, therN,O-dimethylhydroxylamine
hydrochloride (703 mg, 7.21 mmol) amnN-DIPEA (1.00 mL, 6.01 mmol) were added. The
reaction mixture was stirred at 25 °C for 12 hntlggienched with saturated aqueous NaklCO
The reaction was extracted with DCM (3 x 20 mL) ahd combined organic layers were
washed with saturated aqueous NaHCG@ried over anhydrous sodium sulfate, filtered and

concentrated. The residue was purified by flaslomiatography on silica gel (100% chloroform)
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to afford the title compound as a colorless oil%7@ield). '"H NMR (300 MHz, CDCJ), 5 7.30
(dd, 1H,J; = 0.9 Hz,J, = 0.9 Hz), 7.22 (s, 1H), 6.81 (d, 1Bi= 8.7 Hz), 6.00 (s, 2H), 3.55 (s,
3H), 3.34 (s, 3H); ESI-MSm/z 210.0 [M+H[], 231.9 [M+Na], 425.0 [2M+H], 440.9
[2M+Na]". To a solution oN-methoxy-N-methylbenzo[d][1,3]dioxole-5-carboxaen{f20 mg,
4.40 mmol) in dry THF (20 mL) MeMgBr (3 M solutian Et,O, 2.2 mL, 6.60 mmol) was added
at 0 °C. The reaction mixture was stirred at 0 & I h, and then quenched with saturated
aqueous NECI. THF was evaporated under reduced pressure lendesidue was partitioned
between DCM and water. The aqueous layer was é¢attawith DCM (3 x 30 mL). The
combined organic layers were dried over anhydragsus sulfate, filtered and concentrated.
The obtained residue was submitted to the nextwi#qout further purification (85% yield}H
NMR (300 MHz, CDC}) & 7.53 (dd, 1HJ; = 1.8 Hz,J, = 8.1 Hz), 7.41 (s, 1H), 6.83 (d, 28Iz
8.4 Hz), 6.02 (s, 1H), 2.52 (s, 3H); ESI-M82165.0 [M+H] .

4.1.40 Methyl 2-(benzafl][1,3]dioxol-5-yl)-2-hydroxyacetate (10f).2-(Benzo[d][1,3]dioxol-
5-yl)-2-hydroxyacetic acidlTo a suspension of compoudd (2800 mg, 16.96 mmol) in a 3:1
mixture of 1,4-dioxane and water (24 mL), Amberl$s26 (1696 mg, 16.96 mmol) and SeO
(3763 mg, 33.92 mmol) were added at 25 °C. Thetimawas heated to 90 °C and stirred for 24
h. After cooling to room temperature, the mixturasviltered and the filtrate was further filtered
over a celite pad to remove residual Sethe reaction mixture was treated with 1 N NaOB (2
mL) and extracted with DCM (3 x 20 ml). The aquetayer was then acidified to pH = 1 with 6
N HCI and extracted with EtOAc (3 x 25 mL). The duned organic layers were dried over
anhydrous sodium sulfate, filtered and concentraldde obtained yellow solid residue was
submitted to the next step without further purifica (84% yield).'H NMR (300 MHz,

(CD3),CO) & 6.97 (m, 2H), 6.81 (d, 1H] = 8.4 Hz), 5.98 (s, 2H), 5.10 (s, 1H); ESI-M$z
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194.9 [M-H]. To a solution of the crudz (benzo[d][1,3]dioxol-5-yl)-2-hydroxyacetic ac{d65
mg, 2.37 mmol) in dry DMF (12 mL), anhydrous®O; (818 mg, 5.92 mmol) and methyl iodide
(442 uL, 7.11 mmol) were added at 25 °C. The ragphixture was stirred at 25 °C for 3 h, and
then poured in water (10 mL) and extracted with DC3Vix 20 mL). The combined organic
layers were dried over anhydrous sodium sulfateeréid and concentrated. The residue was
purified by flash chromatography on silica gel (1E®Ac in petroleum ether) to afford title
compound as an amorphous white solid (29% yield)NMR (300 MHz, CDCJ) & 6.94-6.87
(m, 2H), 6.79 (d, 1H) = 8.7 Hz), 5.96 (s, 2H), 5.07 (s, 2H), 3.76 (s, 3BHI-MSm/z232.9
[M+Na]".

4.1.41 Ethyl 2-([1,1’-biphenyl]-2-yl)-2-oxoacetatd43). Compound43 was prepared stating
from 42 following the procedure described for the preparatf 34a The residue was purified
by flash chromatography on silica gel (2% EtOAc patroleum ether) to afford the title
compound as a yellow oil (18%H NMR (300 MHz, CDC}) § 7.82 (d,J =7.5 Hz, 1H), 7.63 (t,
J=7.4 Hz, 1H), 7.52-7.25 (m, 7H), 3.75Jt= 6.9 Hz, 2H), 1.25 (q] = 7.2 Hz, 3H); ESI-MS
m/z276.9 [M+Nal.

4.1.42 Ethyl 2-([1,1’-biphenyl]-2-yl)-2-hydroxyaceate (10g). CompoundlOg was obtained
starting from43 following the procedure described fbda The residue was purified by column
chromatography on silica gel (10% EtOAc in petrateether) to afford the title compound as a
yellow oil (56%).*H NMR (300 MHz, CDC}) § 7.55-7.28 (m, 9H), 5.35 (d, = 5.1 Hz, 1H),
4.19-4.02 (m, 2H), 1.12 (8,= 7.2 Hz, 3H); ESI-M3n/z279.9 [M+Na].

4.1.43 General Procedure A. Alkylation protocol emjpyed for the synthesis of aryl-alkyl
ethers 44a-e.To a stirred solution of pyrrolylphenol compoun@s or 8b, 1.0 mmol) in dry

DMF (10 mL/mmol) were added KOs (1.5 mmol) and a catalytic amount of 18-crown-6eT
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mixture was stirred at 25 °C for 2 h, then theahlga-bromoderivative (1.2 mmol) dissolved in
dry DMF (3 mL/mmol) was added. The reaction mixtwas stirred for 12 h at 90 °C. Then
DMF was evaporated and the residue was dissolvétt@Ac. The organic layer was washed
with water and dried over anhydrous sodium sulftitered and concentrated. The residue was
purified by flash chromatography on silica gel.

4.1.44 General Procedure B. Mitsunobu protocol emplyed for the synthesis of aryl-alkyl
ethers 44f-j. The suitablex-hydroxyester derivative (1.0 mmol) was dissolveddry THF (10
mL/mmol), then triphenylphosphine (1.5 mmol) andADI(1.0 mmol) were added at 0 °C. The
mixture was stirred at 0 °C for 10 min, then a sohu of pyrrolylphenol compound3a or 8b
(2.0 mmol) dissolved in dry THF (8 mL/mmol) was add The reaction mixture was stirred at
25 °C for 24 h, then THF was evaporated under redipcessure. The residue was taken up with
DCM and washed with water and brine. The organyerdavas dried over anhydrous sodium
sulfate, filtered and concentrated. The residue mas#fied by flash chromatography on silica
gel.

4.1.45 Methyl 2-[(3-(H-pyrrol-1-yl)naphthalen-2-yl)oxy]-2-(quinolin-8-yl) acetate (44a).
The title compound was prepared following GeneralkcBdure A. The residue was purified by
flash chromatography on silica gel (30% EtOAmthexane) to afford the title compound as a
white solid (68% yield)'H NMR (CDCk, 300 MHz)3 9.05 (t,J = 2.4 Hz, 1H), 8.20 (dd}; =
1.5 Hz,J, = 8.1 Hz, 1H), 7.94 (d, 1H = 7.5 Hz), 7.83 (d, 1H) = 8.1 Hz), 7.73 (m, 2H), 7.65
(d, 1H,J = 8.1 Hz), 7.60-7.37 (m, 6H), 7.27 (t, 2H= 2.4 Hz), 6.35 (t2H, J= 1.5 Hz), 3.70 (s,
3H); °C NMR (75 MHz, CDC}) § 170.3, 150.1, 149.2, 145.3, 136.4, 133.3, 13233,5, 128.9,
128.9, 128.5, 128.1, 127.2, 126.6, 126.5, 126.2,812123.7, 122.6 (2), 121.4, 109.9, 109.0 (2),

73.3, 52.6. ESI-M$n/z409 [M+HT".
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4.1.46 Methyl 2-[(3-(H-pyrrol-1-yl)naphthalen-2-yl)oxy]-2-(quinolin-5-yl) acetate (44b).
The title compound was prepared following GenerakcBdure A. The residue purified by flash
chromatography on silica gel (33% EtOAcrinexane) to afford the title compound as a yellow
solid (49% yield)*H NMR (CDCk, 300 MHz)5 8.93 (d, 1HJ = 3.9 Hz), 8.62 (d, 1H) = 8.7
Hz), 8.12 (d, 1H,] = 8.1 Hz), 7.77-7.66 (m, 5H), 7.48-7.36 (m, 4HLZ(t, 2H,J = 2.1 Hz),
6.32 (t,2H, J= 2.1 Hz), 6.27 (s, 1H), 3.67 (s, 3H); ESI-M82409 [M+H]', 431 [M+Na], 447
[M+K] ™.

4.1.47 Methyl 2-[(3-(H-pyrrol-1-yl)naphthalen-2-yl)oxy]-2-(quinolin-3-yl) acetate (44c).
The title compound was prepared following GeneralcBdure A. The residue was purified by
flash chromatography on silica gel (25% EtOAmthexane) to afford the title compound as a
yellow solid (39% vyield)*H NMR (CDCk, 300 MHz)5 9.03 (d, 1HJ = 2.4 Hz), 8.27 (d, 1H]
= 2.1 Hz), 8.11 (d, 1H) = 8.7 Hz), 7.83-7.72 (m, 5H), 7.58 (t, 1Bi= 6.6 Hz), 7.51-7.40 (m,
2H), 7.36 (s, 1H), 7.21 (t, 2H,= 2.1 Hz), 6.42 (t, 2HJ) = 2.1 Hz), 5.94 (s, 1H), 3.73 (s, 3H);
ESI-MSm/z409 [M+HJ', 431 [M+Na[, 447 [M+K]'.

4.1.48 Methyl 2-((3-(H-pyrrol-1-yl)naphthalen-2-yl)oxy)-2-(7-chloroquinolin-5-
yl)acetate (44d).The title compound was prepared following Gen€ralcedure A. The residue
was purified by flash chromatography on silica @3% EtOAc in petroleum ether) to afford the
title compound as a brown oil (44% yieldd NMR (300 MHz, CDC}), 6 8.92 (d, 1HJ = 2.7
Hz), 8.66 (s, 1H), 8.24 (s, 1H), 7.81 (t, 4Hs 3.0 Hz), 7.52-7.40 (m, 4H), 7.07 (t, 2Bi= 1.8
Hz), 6.33 (t, 2H,J = 2.1 Hz), 6.16 (s, 1H), 3.68 (s, 3H); ESI-MSz 443.0 [M+H], 465.0
[M+Na]*, 481.0 [M+KT.

4.1.49 Ethyl 2-((3-(H-pyrrol-1-yl)naphthalen-2-yl)oxy)-2-(5-methoxynaphtalen-1-

yl)acetate (44e)The title compound was prepared following Gen@malcedure A. The residue
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was purified by flash chromatography on silica @€1% EtOAc in petroleum ether) to afford the
title compound as an amorphous orange solid (75%)yi*H NMR (400 MHz, CDCJ) & 8.30
(d,J = 8.4 Hz, 1H), 7.86 (d] = 8.7 Hz, 1H), 7.76-7.72 (m, 3H), 7.65 (b= 7.6 Hz, 1H), 7.51-
7.33 (m, 4H), 7.30 (s, 1H), 7.21 (s, 2H), 6.84Xd, 7.6 Hz, 1H), 6.40 (s, 1H), 6.33 (s, 2H), 4.12
(9, J = 3.6 Hz, 2H), 3.99 (s, 3H), 1.11 &= 6.8 Hz, 3H):**C NMR (75 MHz, CDC}) § 169.3,
155.8, 149.1, 134.3, 132.2, 131.6, 131.6, 130.9,012127.3, 127.2, 126.8, 126.6, 126.3, 125.3,
125.0, 124.8, 124.7, 124.1, 123.5, 122.5, 115.8,2.109.1, 108.9, 103.9, 61.7, 55.5, 13.9. ESI-
MS m/z452.2 [M+H]".

4.1.50 Ethyl 2-((3-(H-pyrrol-1-yl)naphthalen-2-yl)oxy)-2-(2-methylquinolin-8-yl)acetate
(44f). The title compound was prepared following Gendrabcedure B. The residue was
purified by flash chromatography on silica gel (1@#Ac in n-hexane) to afford the title
compound as a white amorphous solid (66% yield)NMR (300 MHz, CDC}) & 8.04 (d,J =
8.4 Hz, 1H), 7.86 (dJ = 7.3 Hz, 1H), 7.81-7.64 (m, 3H), 7.64 (t= 7.6 Hz, 1H), 7.59 (s, 1H),
7.51-7.22 (m, 6H), 6.33 (§ = 2.2 Hz, 2H), 4.25-4.07 (m, 3H), 2.81 (s, 3HLAL(t,J = 7.1 Hz,
3H); ESI-MSm/z437.0 [M+HT, 458.9 [M+Na], 474.9 [M+K]".

4.1.51 Ethyl 2-((3-(H-pyrrol-1-yl)naphthalen-2-yl)oxy)-2-(2-ethylquinolin-8-yl)acetate
(449). The title compound was prepared following Gend?abcedure B. The residue was
purified by flash chromatography on silica gel (E®Ac in petroleum ether) to afford the title
compound as an amorphous light pink solid (55%dyiéH NMR (300 MHz, CDCJ) & 8.06 (d,

J = 8.4 Hz, 1H), 7.87 (dJ = 7.2 Hz, 1H), 7.78-7.72 (m, 3H), 7.63 (= 8.1 Hz, 1H) 7.56 (s,
1H), 7.48 (s, 1H), 7.45 (s, 1H), 7.43-7.32 (m, 3HR9 (t,J = 3.0 Hz, 2H), 6.35 ( = 2.1, 2H),
4.26-4.12 (m, 2H), 3.09 (d,= 7.5, 2H), 1.48 (1) = 7.2, 3H), 1.19 (tJ = 7.5); ESI-MSm/z450.9

[M+H]*, 473.0 [M+Na].
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4.1.52 Ethyl 2-((3-(H-pyrrol-1-yl)naphthalen-2-yl)oxy)-2-(isoquinolin-5-yl)acetate (44h).
The title compound was prepared following GeneralcBdure B. The residue was purified by
flash chromatography on silica gel (1% MeOH in DCM) afford the title compound as
colorless oil (35% yield)*H NMR (400 MHz, CDCY) & 9.25 (s, 1H), 8.56 (d] = 6.0 Hz, 1H),
8.06 (d,J = 6.0 Hz, 1H), 7.94 (ddl, = 11.2,J, = 7.8 Hz, 2H), 7.77 (s, 1H), 7.74 (s, 1H), 7.70 (d,
J = 8.0 Hz, 1H), 7.58 (tJ = 8 Hz, 1H), 7.46-7.36 (m, 2H), 7.34 (s, 1H), 7(862H), 6.34 (s,
2H), 6.30 (s, 1H), 4.21-4.05 (m, 2H), 1.11& 7.1 Hz, 3H); ESI-MS/z423.0 [M+H]', 445.0
[M+Na]".

4.1.53 Methyl 2-((3-(H-pyrrol-1-yl)naphthalen-2-yl)oxy)-2-(benzo[d][1,3]dioxol-5-
yl)acetate (44i).The title compound was prepared following GeneralkcBdure B. The residue
was purified by flash chromatography on silica 8l EtO in petroleum ether) to afford the
title compound as a white amorphous solid (18%dyiéH NMR (300 MHz, CDCJ) 6 7.78-7.72
(m, 3H), 7.48-7.38 (m, 3H), 7.22-7.20 (m, 2H), 7896 (m, 2H), 6.78 (d, 2H] = 8.1 Hz),
6.39-6.37 (M, 2H), 5.96 (s, 2H), 3.71 (s, 3H); BES-M/z402.0 [M+H], 404.0 [M+Na], 440.0
[M+K] .

4.1.54 Ethyl 2-(2-(H-pyrrol-1-yl)phenoxy)-2-([1,1'-biphenyl]-2-yl)acetate (44j). The title
compound was prepared following General Procedur&h® residue was purified by column
chromatography on alumina (4% EtOAc in petroleuhegtto provide the title compound as a
colorless oil (56%fH NMR (300 MHz, CDC}) & 7.81-7.76 (m, 1H), 7.47-7.30 (m, 8H), 7.19-
7.01 (m, 4H), 6.72 (t) = 7.8 Hz, 1H), 6.39 (ddl, = 1.8 Hz,J, = 2.7 Hz, 2H), 5.81 (dJ = 11.4
Hz, 1H), 4.31-4.16 (m, 2H), 1.31-1.21 (m, 3H); B8S m/z398.0 [M+H[", 420.9 [M+Na].

4.1.55 2-[(3-(H-Pyrrol-1-yl)naphthalen-2-yl)oxy]-2-(quinolin-8-yl) acetic acid (45a).To a

stirred solution of compound4a (100 mg, 0.24 mmol) in a THF/MeOH mixture (3.5 @l
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mL), 5% aqueous NaOH (1.7 mL) was added dropwisktlaa mixture was stirred at 25 °C for 2
h. The organic solvents were evaporated and thecagulayer acidified to pH = 2 with a 1 N
solution of HCI and extracted twice with DCM. Theganic layer was dried over anhydrous
sodium sulfate, filtered and concentrated. Thee titbmpound was obtained as a yellow
amorphous solid and was submitted to the nextwsitut further purification. (85% yield}H
NMR (CDCl, 300 MHz)3 8.93 (d, 1H,J = 4.5 Hz), 8.35 (d, 1H) = 8.4 Hz), 8.00 (d, 1H] =

7.2 Hz), 7.86 (d, 1H] = 8.4 Hz), 7.78-7.74 (m, 3H), 7.62-7.56 (m, 2H¥5¢7.39 (m, 3H), 7.26-
7.23 (M, 2H), 6.72 (s, 1H), 6.36 (s, 2H); ESI-M®z395 [M+H]’, 417 [M+Na[.

4.1.56 2-[(3-(H-Pyrrol-1-yl)naphthalen-2-yl)oxy]-2-(quinolin-5-yl)acetic acid (45b).
Compoundd5b was obtained following the procedure describedtsa The title compound was
obtained as a yellow amorphous solid and submitigtle next step without further purification
(88% vyield)."H NMR (300 MHz, CROD) 5 8.88 (ddJ; = 11.5 Hz,J, = 6.5 Hz, 1H), 8.04 (dJ
= 8.5 Hz, 1H), 7.90 (d] = 6.6 Hz, 1H), 7.84-7.74 (m, 4H), 7.65 (s, 1H55¢7.35 (m, 4H), 7.14-
7.09 (m, 2H), 6.61 (s, 1H), 6.25-6.21 (m, 2H}C NMR (75 MHz, DMSO)s 171.1, 150.5,
149.7, 148.3, 135.1, 134.4, 132.5, 131.2, 129.9,112128.6, 127.7, 127.1, 126.7 (2C), 126.5,
124.8, 123.4, 122.7 (2C), 121.4, 109.8, 109.1 (Z®2. ESI-MSm/z 395 [M+H]', 417
[M+Na]".

4.1.57 2-[(3-(H-Pyrrol-1-yl)naphthalen-2-yl)oxy]-2-(quinolin-3-yl)acetic acid (45c).
Compoundd5cwas obtained following the procedure describedifsa The title compound was
obtained as an orange amorphous solid and subnittie next step without further purification
(83% vyield).'H NMR (CDCk, 300 MHz)5 10.66 (br s, 1H), 9.27 (s, 1H), 8.42 (s, 1H), 801
1H, J = 8.1 Hz), 7.65-7.57 (m, 4H), 7.51-7.38 (m, 3HRF7.19 (m, 4H), 6.31 (d, 2H,= 1.5

Hz), 5.98 (s, 1H); ESI-M®1/2395 [M+H]".
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4.1.58 2-((3-(H-Pyrrol-1-yl)naphthalen-2-yl)oxy)-2-(7-chloroquinolin-5-yl)acetic acid
(45d). To a solution of compound4d (80 mg, 0.189 mmol) in acetonitrile (2.5 mL), 2N
solution of LiOH (1 mL) was added dropwise. Thectem was stirred at 25 °C for 30 min, then
acetonitrile was evaporated under reduced pressutehe residue partitioned between EtOAc
and water. The aqueous layer was acidified to pHwith 2 N HCI and extracted with EtOAc.
The organic layer was dried over anhydrous sodiulfate, filtered and concentrated. The title
compound was obtained as a brown oil and was stdaimib the next step without further
purification (78% yield)*H NMR (300 MHz, CROD), & 8.86 (s, 1H), 8.01 (d, 1H,= 1.5 Hz),
7.88 (d, 1HJ = 1.8 Hz), 7.82-7.79 (m, 3H), 7.67 (s, 1H), 7.5397(m, 4H), 7.11 (t, 2H] = 1.8
Hz), 6.63 (s, 1H), 6.26 (t, 2H,= 2.10 Hz); ESI-MSn/z429.0 [M+HT.

4.1.59 2-((3-(H-Pyrrol-1-yl)naphthalen-2-yl)oxy)-2-(5-methoxynaphhalen-1-yl)acetic
acid (45e).Compound45e was obtained following the procedure described4fea The title
compound was obtained as an orange amorphous aadiddubmitted to the next step without
further purification (99% vyield)'H NMR (300 MHz, CDC}) & 8.32 (d,J = 8.1 Hz, 1H), 7.82-
7.68 (m, 4H), 7.59 (d] = 7.6 Hz, 1H), 7.52-7.34 (m, 5H), 7.25 (s, 2HL5(s, 1H), 6.86 (d] =
8.2 Hz, 1H), 6.37 (s, 2H), 3.99 (s, 3H); ESI-M@z424.0 [M+H], 446.0 [M+Na].

4.1.60 2-((3-(H-Pyrrol-1-yl)naphthalen-2-yl)oxy)-2-(2-methylquinolin-8-yl)acetic acid
(45f). Compound45f was obtained following the procedure described 468 The title
compound was obtained as a dark yellow oil and #i#xnto the next step without further
purification (98% yield)'H NMR (300 MHz, CROD) & 8.42 (d,J = 8.9 Hz, 2H), 7.96 (1) =
8.6 Hz, 2H), 7.76 (tJ = 8.6 Hz, 2H), 7.72-7.40 (m, 4H), 7.40-7.33 (m,)1A16-7.02 (M, 2H),

6.94 (s, 1H), 6.29-6.10 (m, 2H), 2.76 (s, 3H); BES-M/z409.0 [M+H], 431.0 [M+Na].
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4.1.61 2-((3-(H-Pyrrol-1-yl)naphthalen-2-yl)oxy)-2-(2-ethylquinolin-8-yl)acetic  acid
(45g). Compound45g was obtained following the procedure described 468 The title
compound was obtained as an orange solid and delntid the next step without further
purification (99% yield)'H NMR (300 MHz, CDC}) 6 8.26 (d,J = 8.5 Hz, 1H), 7.97 (d] = 7.3
Hz, 1H), 7.85-7.73 (m, 4H), 7.54 (= 7.4 Hz, 1H), 7.50-7.35 (m, 4H), 7.23-7.20 (m) 26159
(s, 1H), 6.37-6.31 (m, 2H), 3.14 @z= 7.8 Hz, 2H), 1.48 () = 7.1 Hz, 3H); ESI-MSn/z422.0
[M+H] ", 445.0 [M+Na].

4.1.62 2-((3-(H-Pyrrol-1-yl)naphthalen-2-yl)oxy)-2-(isoquinolin-5-yl)acetic acid (45h).
Compoundd5hwas obtained following the procedure describedisa The title compound was
obtained as an orange amorphous solid and subnittiée next step without further purification
(98% vyield)."H NMR (400 MHz, CROD) § 9.24 (s, 1H), 8.36 (d] = 6.4 Hz, 1H), 8.28 (d] =
6.4 Hz, 1H), 8.10 (d] = 8.4 Hz, 1H), 8.04 (d] = 7.2 Hz, 1H), 7.80-7.74 (m, 3H), 7.66Jt= 7.6
Hz, 1H), 7.62 (s, 1H), 7.40 (d4 = 15.2 HzJ, = 7.2 Hz, 2H), 7.12 (s, 2H), 6.50 (s, 1H), 6.20 (s
2H); *C NMR (75 MHz, CRQOD) § 175.6, 148.7, 136.3, 136.1, 135.9, 132.6, 13134,0Q,
130.9, 130.1, 129.4, 129.3, 127.0 (2), 126.5, 12623.9, 124.3, 122.4 (2), 122.0, 110.6, 108.6
(2), 77.1. ESI-MS/2395.0 [M+HT.

4.1.63 2-((3-(H-Pyrrol-1-yl)naphthalen-2-yl)oxy)-2-(benzof][1,3]dioxol-5-yl)acetic acid
(45i1). Compound45i was obtained following the procedure described 46d. The title
compound was obtained as an orange amorphous aaliGubmitted to the next step without
further purification (98% vyield)*H NMR (300 MHz, CDC}) & 7.90-7.82 (m, 3H), 7.58 (s, 1H),
7.54-7.40 (m, 2H), 7.33 (s, 2H), 7.18-7.10 (m, 26186 (d, 1H,J = 6.00 Hz), 6.29 (s, 2H), 6.06

(s, 1H), 6.01 (s, 2H); ESI-MBY/2386.0 [M-HJ, 773.0 [2M-H].
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4.1.64 2-(2-(H-Pyrrol-1-yl)phenoxy)-2-([1,1’-biphenyl]-2-yl)acetic acid (45j). Compound
45j was obtained following the procedure describeditsa The title compound was obtained as
a brown amorphous solid and submitted to the nextwithout further purification (quantitative
yield). *H NMR (300 MHz, CDC}) § 9.83 (s, 1H), 7.70-7.67 (m, 9H), 7.45-7.27 (m, 9H)L1-
7.02 (m, 4H), 6.63 (d, 1H] = 7.5 Hz), 6.35-6.33 (m, 2H), 5.74 (s, 1H5C NMR (75 MHz,
CDCl) § 174.7, 149.3, 142.6, 139.6, 132.2, 131.6, 13028,6L(2), 129.1, 128.3 (2), 128.2,
127.7,127.6, 127.0, 125.8, 122.9, 121.9 (2), 1182.1 (2), 75.2. ESI-M81/2369.9 [M+HT.

4.1.65 5-(Quinolin-8-yl)naphtho[2,3b]pyrrolo[1,2-d][1,4]oxazepin-4(31)-one (7a). To a
stirred solution of acid45a (80 mg, 0.20 mmol) in dry DCM (50.0 mL) phosphorus
pentachloride (46 mg, 0.22 mmol) was added in Slgnogtions. The reaction was refluxed for
12 h. Then saturated aqueous NaH@@s added dropwise and the aqueous layer wastdra
with DCM (3 x 20 mL). The combined organic layersrev dried over anhydrous sodium sulfate,
filtered and concentrated. The residue was purifigdlash chromatography on silica gel (25%
EtOAc in n-hexane) to afford the title compound as a yellomoephous solid (52% yield}H
NMR (CDCl, 300 MHz)$ 8.81(s, 1H), 8.14 (dd, 1H; = 1.2 Hz,J, = 8.1 Hz), 7.87-7.78 (m,
4H), 7.62-7.26 (m, 8H), 6.86 (br s, 1H), 6.581#, J; = 2.4 Hz,J, = 4.2 Hz); ESI-MSn/z377
[M+H]*, 399 [M+Na].

4.1.66 5-(Quinolin-5-yl)naphtho[2,3b]pyrrolo[1,2- d][1,4]oxazepin-4(3)-one (7b).
Compound7b was obtained following the procedure described7orThe residue was purified
by chromatography on AD; (10% EtOAc inn-hexane) to afford the title compound as a white
amorphous solid (42% yield)JH NMR (CDCk, 300 MHz)$ 8.97 (d, 1H,J = 3.9 Hz), 8.53 (d,
1H, J = 8.1 Hz), 8.09 (d, 1H] = 8.7 Hz), 7.88-7.82 (m, 2H), 7.60-7.36 (m, 9H}H%H6.61 (m,

1H), 6.13 (s, 1H)**C NMR (75 MHz, CDCJ) § 189.2, 150.4, 148.6, 147.3, 133.2, 132.9, 132.8,
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132.1, 131.2, 131.1, 131.0, 128.5, 127.9, 127.4,(227.1, 126.7, 126.5, 121.6, 121.4, 120.6,
120.4, 112.5, 89.0. ESI-M®/z377 [M+HTJ".

4.1.67 5-(Quinolin-3-yl)naphtho[2,3b]pyrrolo[1,2- d][1,4]oxazepin-4(3)-one (7c).
Compound7c was obtained following the procedure described7#rThe residue was purified
by flash chromatography on silica gel (25% EtOAcpetroleum ether) to afford the title
compound as a brown solid (53% yielt. NMR (CDCk, 300 MHz)8 9.02 (d, 1HJ = 2.1 Hz),
8.19 (d, 1HJ = 0.9 Hz), 8.12 (d, 1H] = 8.7 Hz), 7.85-7.69 (m, 5H), 7.65 (s, 1H), 7.5867(m,
4H), 7.39 (d, 1HJ = 3.3 Hz), 6.58 (t, 1HJ = 3.9 Hz), 5.73 (s, 1H); ESI-M8Y/z377 [M+HTJ,
399 [M+NaJ, 775 [2M+Na].

4.1.68 5-(7-Chloroquinolin-5-yl)naphtho[2,3b]pyrrolo[1,2- d][1,4]oxazepin-4(31)-one
(7d). Compound7d was obtained following the procedure described7ar The residue was
purified by flash chromatography on silica gel (2@B#Ac in n-hexane) to afford the title
compound as a white amorphous solid (19% yield)NMR (300 MHz, CDCY), 5 8.95 (dd, 1H,
Ji. = 1.50 Hz,J, = 4.20 Hz), 8.43 (d, 1H] = 8.70 Hz), 8.15 (s, 1H), 7.91-7.86 (m, 2H), 7.69 (
1H, J = 7.50 Hz), 7.55-7.43 (m, 7H), 6.64-6.62 (m, 1H)9& (s, 1H); ESI-MSm/z 411.0
[M+H] ™.

4.1.69  5-(5-Methoxynaphthalen-1-yl)naphtho[2,®]pyrrolo[1,2-d][1,4]oxazepin-4(5)-
one (7e).Compound/e was obtained following the procedure described7éorThe residue was
purified by flash chromatography on silica gel (180 in petroleum ether) to afford the title
compound as a pale yellow amorphous solid (40%lyi& NMR (400 MHz, CDC}) § 8.22 (d,
1H, J = 8.0 Hz), 7.82 (s, 2H), 7.79 (d, 18= 8.7 Hz), 7.54-7.45 (m, 5H), 7.33-7.44 (m, 4H),
6.87 (d, 1H,J = 8.0 Hz), 6.59 (t, 1HJ) = 3.2 Hz), 6.24 (s, 1H), 3.99 (s, 3H); ESI-M$z406.2

[M+H]*, 427.9 [M+Na], 443.1 [M+K]".
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4.1.70 5-(2-Methylquinolin-8-yl)naphtho[2,3b]pyrrolo[1,2- d][1,4]oxazepin-4(31)-one
(7f). Compound7f was obtained following the procedure described7ar The residue was
purified by flash chromatography on silica gel (2@#Ac in n-hexane) to afford the title
compound as a yellow amorphous solid (62% yield)NMR (300 MHz, CDCJ) 6 8.00-7.66
(m, 5H), 7.58-7.29 (m, 6H), 7.25 (s, 2H), 7.091(), 6.62-6.54 (m, 1H), 2.36 (s, 3H); ESI-MS
m/z391.0 [M+HT, 412.9 [M+Na].

4.1.71 5-(2-Ethylquinolin-8-yl)naphtho[2,3b]pyrrolo[1,2-d][1,4]Joxazepin-4(3H)-one (7Q).
Compound7/g was obtained following the procedure describedr®rThe residue was purified
by flash chromatography on Ab; (5% EtOAc in petroleum ether) to afford the titempound
as an orange amorphous solid (56% yielt) NMR (300 MHz, CDC}) & 7.95 (d,J = 8.4 Hz,
1H), 7.86-7.72 (m, 4H), 7.56 (d,= 7.5 Hz, 1H), 7.52 (s, 1H), 7.50-7.46 (m, 2H}677.28 (M,
4H), 7.15 (dJ = 8.3 Hz, 1H), 6.62-6.56 (M, 1H), 2.79-2.59 (m)2H15 (t,J = 7.4 Hz, 3H)*C
NMR (75 MHz, CDC}) 6 190.8, 162.8, 148.0, 145.0, 136.0, 134.8, 13438,3] 131.9, 130.9,
130.8, 128.9, 127.3, 127.0, 126.5, 126.1, 125.8,9225.7, 125.2, 121.0, 120.6, 119.9, 119.8,
111.6, 31.5, 12.7.

4.1.72  5-(Isoquinolin-5-yl)naphtho[2,3b]pyrrolo[1,2-d][1,4]oxazepin-4(51)-one  (7h).
Compoundrh was obtained following the procedure described7rThe residue was purified
by flash chromatography on silica gel (10% EtOAa@hexane) to afford the title compound as
a white amorphous solid (60% yieldd NMR (400 MHz, CDCJ) 6 9.26 (s, 1H), 8.60 (d] =
5.6 Hz, 1H), 7.96-7.91 (m, 2H), 7.85-7.80 (m, 3AK9-7.35 (M,7H), 6.61 (dd; = 4 Hz,J, =
2.8 Hz, 1H), 6.13 (s, 1H); ESI-M®/z377.0 [M+HT.

4173  5-(Benzdf][1,3]dioxol-5-yl)naphtho[2,3-b]pyrrolo[1,2- d][1,4]oxazepin-4(3H)-one

(71). Compound7i was obtained following the procedure described 7far The residue was
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purified by flash chromatography on silica gel (1@#Ac in n-hexane) to afford the title
compound as a white amorphous solid (13% yiétd)NMR (300 MHz, CDCY)  7.86-7.83 (m,
2H), 7.76-7.73 (m, 1H), 7.58 (s, 1H), 7.52-7.44 @H), 7.37-7.35 (m, 1H), 6.86-6.74 (m, 2H),
6.57-6.55 (M, 1H), 5.94 (s, 1H), 5.49 (s, 1H); B&-m/z370.0 [M+H], 392.0 [M+Na], 408.0
[M+K] ™.

4.1.74 6-([1,1’-Biphenyl]-2-yl)benzdp]pyrrolo[1,2- d][1,4]oxazepin-7(61)-one (7).
Compound7j was obtained following the procedure described7frThe residue was purified
by column chromatography on alumina (5% EtOAc irnrgdeum ether) to afford the title
compound as a yellow oil (37%)d NMR (300 MHz, CDCY) § 7.59-7.52 (m, 2H), 7.45-7.27
(m, 12H), 7.08-7.02 (m, 1H), 6.49 (df,= 3.0 Hz,J, = 0.9 Hz, 1H), 5.61 (s, 1H}*C NMR (75
MHz, CDCk) & 190.8, 149.0, 142.7, 140.4, 139.8, 135.0, 1336,11, 129.5 (2), 128.6, 128.4,
128.2 (2), 127.7, 127.6, 127.4, 126.1, 125.8, 122@.2, 120.5, 111.8, 88.0. ESI-M8z352.0
[M+H]", 374.9 [M+Na].

4.1.75 5-(Quinolin-8-yl)naphtho[2,3b]pyrrolo[1,2-d][1,4]oxazepin-4-yl acetate (6a)To a
suspension of potassiutart-butoxide (30 mg, 0.26 mmol) in dry THF (1.0 mL)salution of
compound/a (40 mg, 0.11 mmol) in dry THF (1.0 mL) was addaag the solution immediately
turned orange. After 1 h acetyl chloride (15 pul210mmol) was added dropwise. The mixture
was stirred at 25 °C for 8 h, then saturated agaéitCl was added dropwise and the resulting
mixture was extracted with EtOAc (3 x 15 mL). Thembined organic layers were dried over
anhydrous sodium sulfate, filtered and concentrafBlde residue was purified by flash
chromatography on silica gel (16% EtOAcrifhexane) to afford the title compound as a pale
yellow solid (18% yield)'H NMR (CDCk, 300 MHz)§ 9.02-9.04 (m, 1H), 8.22 (ddH, J; =

1.5 Hz,J, = 8.4 Hz), 7.90-7.83 (m, 4H), 7.69 (dt, 1H,= 1.5 Hz,J, = 7.2 Hz ), 7.62 (d, 1H, 7.8
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Hz), 7.54-7.38(m, 7H), 6.50-6.43 (m, 2H), 1.923kl); °C NMR (CDC}, 75 MHz)$ 169.3,
151.3, 151.0, 146.7, 145.4, 136.5, 134.6, 133.2,61332.4, 131.5, 130.5, 130.4, 129.8, 128.9,
127.8, 127.7, 127.3, 126.3, 126.2, 122.3, 121.0,992119.6, 111.2, 110.7, 20.9; FT-IR (neat)
Vmax = 1751 cm. ESI-MSm/z419 [M+H]', 441 [M+Na], 457 [M+K]". Anal. (G7H1gN20s) C,

H, N.

4.1.76 5-(Quinolin-8-yl)naphtho[2,3b]pyrrolo[1,2- d][1,4]oxazepin-4-yl
dimethylcarbamate (6b).To a suspension of potassitent-butoxide (23 mg, 0.20 mmol) in dry
THF (2.0 mL), a solution of compount (30 mg, 0.08 mmol) in dry THF (2.0 mL) was added.
After 1 h dimethylcarbamoyl chloride (15 pL, 0.16n@l) was added dropwise. The mixture was
stirred at 25 °C for 8 h, then saturated agqueougQNMas added dropwise and the resulting
mixture was extracted EtOAc (3 x 10 mL). The coredinorganic layers were dried over
anhydrous sodium sulfate, filtered and concentratdthe residue was purified by
chromatography on ADs3 (50% DCM in petroleum ether) to afford the titlengpound as a pale
yellow solid (8% yield)*H NMR (CDCL, 300 MHz)5 9.07 (d, 1H,) = 3.6 Hz), 8.24 (d, 1HJ =
7.8 Hz), 7.91-7.81 (m, 3H), 7.61-7.31 (m, 8H), 6(d8, 2H,J; = 5.1 Hz,J, = 8.1 Hz), 2.75 (d,
6H, J = 26.7 Hz);"*C NMR (CDCE, 75 MHz)$ 154.7, 151.5, 150.7, 137.5, 133.3, 132.4, 131.5,
131.2, 131.1, 130.0, 129.9, 129.5, 128.8, 127.7,312126.4, 126.2, 126.1, 124.3, 122.1, 121.6,
120.9, 119.5 (2), 111.1, 110.5, 36.5, 29.9; ESI4M& 448 [M+H]". Anal. (GsH21Ns03) C, H,

N.

4.1.77 5-(Quinolin-8-yl)naphtho[2,3b]pyrrolo[1,2-d][1,4]oxazepin-4-yl ethylcarbamate
(6¢). To a suspension of potassident-butoxide (23 mg, 0.20 mmol) in dry THF (2.0 mL) sva
added a solution of compounta (30 mg, 0.08 mmol) in dry THF (2.0 mL). After 1 h

diethylcarbamoyl chloride (22 pL, 0.16 mmol) wasled dropwise. The mixture was stirred at
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25 °C for 8 h, then saturated aqueous,8lHvas added dropwise and the resulting mixture was
extracted with EtOAc (3 x 10 mL). The combined aigalayers were dried over anhydrous
sodium sulfate, filtered and concentrated. Thedtesiwas purified by chromatography on silica
gel (17% EtOAc im-hexane) to afford the title compound as a paléowyesolid (16 % yield).
H NMR (CDCL, 300 MHz)$ 9.05 (d, 1HJ = 2.4 Hz), 8.21 (d, 1H = 8.4 Hz), 7.89-7.78 (m,
4H), 7.60 (d, 1H, = 8.1 Hz), 7.51-7.32 (m, 6H), 6.45 (d, 2H= 5.7 Hz), 3.09 (dd, 4K, = 6.6
Hz, J, = 40.8 Hz), 0.98 (t, 3H] = 6.6 Hz), 0.68 (t, 3HJ = 6.6 Hz);"*C NMR (CDCk, 75 MHz)
0 154.0, 151.6, 150.9, 146.9, 145.4, 136.4, 1333,3], 132.9, 132.4, 131.5, 130.8, 129.4, 128.8,
128.6, 127.6, 127.3, 126.2, 126.1, 122.1, 122.0,612120.9, 119.5, 111.1, 110.43, 42.3, 41.7,
13.9, 13.5; ESI-M3n/z477 [M+H]', 498 [M+Na[, 514 [M+K]". Anal. (GoH2sN30s) C, H, N.
4.1.78 5-(Quinolin-8-yl)naphtho[2,3b]pyrrolo[1,2- d][1,4]oxazepin-4-yI (5-
(diethylamino)pentan-2-yl)carbamate (6d).A solution of compounda (50 mg, 0.13 mmol) in
dry THF (2 mL) was added to a two-necked rounddrotflask containing K@u in 2 mL of
dry THF. The resulting suspension immediately tdrdark orange. The reaction mixture was
stirred for 30 min at 25 °C, and then add& cannula to a solution containing triphosgene (39
mg, 0.13 mmol) in dry THF (1 mL). After 5 min stirg, N1,N;-diethylbutan-1,3-diamine (52
puL, 0.27 mmol) andN,N-DIPEA (91 uL, 0.52 mmol) were sequentially add&tie reaction
mixture was stirred for 14 h at 25 °C, and thentradized with saturated aqueous NaHCUOHF
was evaporated under reduced pressure and theeesas extracted with EtOAc (2 x 10 mL).
The combined organic layers were dried over anhygreodium sulfate, filtered and
concentrated. The residue was purified by chronmafdy on silica gel (10% EtOAc in-
hexane) to afford title compound as an amorphotigevgolid (15% yield)'H NMR (300 MHz,

CDCl) § 9.03 (s, 1H), 8.24 (m, 1H), 8.16 (m, 1H), 7.9157(f, 5H), 7.62-7.27 (m, 5H), 6.47
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(d, 2H,J = 13.1 Hz), 5.59 (br, 1H), 3.53 (m, 1H), 2.66-2(47, 4H), 1.69-1.58 (m, 2H), 1.43-
1.11 (m, 6H), 0.86 (M, 6H); ESI-M®/2560.8 [M+H]". Anal. (GsHzsN4Os) C, H, N.

4.1.79 5-(2-Methylquinolin-8-yl)naphtho[2,3b]pyrrolo[1,2-d][1,4]oxazepin-4-yl acetate
(6e). Compound6e was obtained following the procedure described@ar The residue was
purified by flash chromatography on silica gel (2@#Ac in n-hexane) to afford the title
compound as a pale yellow amorphous solid (77%l)i& NMR (300 MHz, CDC} & 8.05 (d,

J = 8.2 Hz, 1H), 7.97-7.71 (m, 4H), 7.64 Mz 7.1 Hz, 1H), 7.57-7.14 (m, 6H), 6.47 (s, 2H),
2.54 (s, 3H), 1.93 (s, 3H)*C NMR (75 MHz, CDCJ) & 169.3, 159.6, 151.7, 146.4, 146.0,
136.1, 134.0, 133.2, 132.4, 131.4, 130.8, 129.8,0,A27.7, 127.3, 127.0, 126.2, 126.1, 125.56,
125.1, 122.6, 122.2, 120.6, 120.4, 111.2, 110.6],28..0; FT-IR (neat)max = 1751 cm'. ESI-
MS m/z433.9 [M+H]". Anal. (GgH2oN»0s) C, H, N.

4.1.80 5-(2-Methylquinolin-8-yl)naphtho[2,3b]pyrrolo[1,2- d][1,4]oxazepin-4-yl
diethylcarbamate (6f). Compound6f was obtained following the procedure described6ior
The residue was purified by flash chromatographysitinoa gel (10% EtOAc im-hexane) to
afford the title compound as a pale yellow amorghsalid (46% yield)'H NMR (300 MHz,
CDCly) & 8.04 (d,J = 8.3 Hz, 1H), 7.87-7.74 (m, 4H), 7.65 (= 7.7 Hz, 1H), 7.48-7.36 (m,
4H), 7.34-7.20 (m, 2H), 6.46 (d,= 1.8 Hz, 2H), 3.21-2.92 (m, 4H), 2.56 (s, 3HRD(t,J = 6.5
Hz, 3H), 0.66 (tJ = 6.5 Hz, 3H);"*C NMR (75 MHz, CDC}) § 159.4, 154.0, 151.9, 146.7,
146.2, 136.0, 134.4, 133.4, 132.6, 132.3, 131.4,313129.2, 128.9, 127.6, 127.3, 126.9, 126.1,
126.0, 125.1, 122.4, 121.8, 120.6, 120.3, 111.0,41142.3, 41.7, 25.9, 13.9, 13.5; FT-IR (neat)
Vmax = 2923, 1711 cit. ESI-MSm/z490.0 [M+H], 527.9 [M+K]. Anal. (GiH»N3Os) C, H,

N.
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4.1.81 5-(2-Ethylquinolin-8-yl)naphtho[2,3b]pyrrolo[1,2-d][1,4]oxazepin-4-yl  acetate
(6g). Compound6g was obtained following the procedure described6ar The residue was
purified by flash chromatography on silica gel (2@#Ac in n-hexane) to afford the title
compound as a colorless oil (77% yief#).NMR (300 MHz, CDC}) 6 8.08 (d,J = 8.4 Hz, 1H),
7.86-7.82 (m, 3H), 7.77 (d,= 7.2 Hz, 1H), 7.65 (d] = 7.7 Hz, 1H), 7.51-7.38 (m, 5H), 7.37-
7.23 (m, 2H), 6.48 (d] = 2.2 Hz, 2H), 2.79 (g] = 7.6 Hz, 2H), 1.88 (s, 3H), 1.11 {t= 8.1 Hz,
3H); °C NMR (75 MHz, CDCY) § 169.3, 164.3, 151.8, 146.4, 146.1, 136.2, 1339,2, 132.5,
132.4, 131.4, 131.2, 130.8, 129.5, 129.2, 128.0,712027.6, 126.4, 125.2, 122.2, 121.4, 120.6,
120.3, 111.2, 110.5, 32.2, 20.9, 13.5; ESI-M&Z447.8 [M+H]. Anal. (GeH22N205) C, H, N.

4.1.82 5-(2-Ethylquinolin-8-yl)naphtho[2,3b]pyrrolo[1,2- d][1,4]oxazepin-4-yl
dimethylcarbamate (6h). Compoundh was obtained following the procedure describedbfor
The residue was purified by flash chromatographysitina gel (10% EtOAc im-hexane) to
afford the title compound as a pale yellow amorphsalid (50% yield)!H NMR (300 MHz,
CDCL); & 8.07 (d,J = 8.5 Hz, 1H), 7.89-7.79 (m, 4H), 7.64 (m, 1H),#&A36 (m, 4H), 7.34-
7.30 (m, 2H), 6.51-6.44 (m, 2H), 2.89-2.76 (m, 5RI3(s, 3H), 1.19 (1) = 7.6 Hz, 3H);°C
NMR (75 MHz, CDC}) 6 164.1, 154.7, 152.0, 146.6, 146.0, 136.2, 13438,3] 132.7, 132.4,
131.4, 131.2, 129.2, 128.8, 127.6, 127.3, 127.6,112126.0, 125.1, 121.9, 121.2, 120.6, 120.1,
111.2, 110.3, 36.8, 36.3, 32.3, 13.7; FT-IR (n@atk = 1718 cm'. ESI-MSm/z475.8 [M+HT,
513.7 [M+K]". Anal. (GoH2sN303) C, H, N.

4.1.83 5-(2-Ethylquinolin-8-yl)naphtho[2,3b]pyrrolo[1,2- d][1,4]oxazepin-4-yl
diethylcarbamate (6i). Compound6i was obtained following the procedure described6ior
The residue was purified by flash chromatographysitica gel (10% EtOAc im-hexane) to

afford the title compound as a yellow amorphougs@3% yield)."H NMR (300 MHz, CDC})
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$ 8.07 (d,J = 8.5 Hz, 1H), 7.89-7.77 (m, 4H), 7.65 (b= 7.4 Hz, 1H), 7.48-7.37 (m, 4H), 7.37-
7.28 (m, 2H), 7.26 (s, 1H), 6.53-6.43 (m, 2H), 3291 (m, 4H), 2.82 (q] = 7.6 Hz, 2H), 1.18

(t, J = 7.6 Hz, 3H), 1.03-0.84 (m, 3H), 0.69-0.53 (m,)3HC NMR (75 MHz, CDCJ) § 164.1,
154.0, 152.1, 146.6, 146.0, 136.1, 134.4, 133.2,813132.4, 131.4, 131.2, 130.0, 129.1, 128.9,
127.6, 127.3, 127.1, 126.0, 126.0, 125.1, 121.8,212120.6, 120.0, 111.2, 110.4, 42.2, 41.7,
32.3,29.9, 13.8, 13.6, 13.5; ESI-M82503.9 [M+HT. Anal. (GzH29N303) C, H, N.

4.1.84 5-(Quinolin-5-yl)naphtho[2,3b]pyrrolo[1,2-d][1,4]oxazepin-4-y| acetate (6j).To a
solution of46b (20 mg, 0.053 mmol) in dry THF (1.0 mL) sodiums(trimethylsilyl)amide (1 M
solution in THF, 133 pL, 0.13 mmol) was added drizgwat -78 °C. After 45 min at -78 °C
acetyl chloride (8 pL, 0.11 mmol) was added. Thetuone was stirred for 4 h at -78 °C.
Subsequently 1 mL of aqueous saturatedi@lHvas added. The aqueous phase was extracted
with EtOAc. The organic layer was dried over anloydr sodium sulfate, filtered and
concentrated. The residue was purified by chromafdty on A}Os3 (30% petroleum ether in
DCM) to afford the title compound as a white sdtld % yield).*H NMR (CDCk, 300 MHz)&
8.97 (dd, 1HJ, = 1.5 Hz,J, = 3.9 Hz), 8.52 (d, 1H] = 8.4 Hz), 8.21 (d, 1H] = 8.4 Hz), 7.85-
7.87 (m, 2H), 7.38-7.72 (m, 7H), 7.31 (s, 1H), 6(§@H, J = 1.2 Hz), 1.88 (s, 3H)°C NMR
(CDCl,, 75 MHz)$ 168.8, 150.9, 150.2, 135.0, 132.7, 132.4, 13134,3, 130.8, 129.3, 128.0,
127.7 (2), 127.4, 127.3, 126.9, 126.6 (2), 1224,.4, 121.7, 121.1, 119.3, 111.5, 111.1, 104 .4,
20.7; FT-IR (neatVmax = 1756 cm’. ESI-MS m/z 419 [M+H]', 441 [M+Na], 457 [M+K]".
HRMS-ESI /2: [M+H]" calcd for G7HigN,Os 419,13957; found 419,13815. Anal.
(Ca7H18N203) C, H, N.

4.1.85 5-(7-Chloroquinolin-5-yl)naphtho[2,3b]pyrrolo[1,2- d][1,4]oxazepin-4-yl acetate

(6k). Compound6k was obtained following the procedure described6jorThe residue was
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purified by flash chromatography on silica gel (48etone in DCM) to afford the title
compound as an amorphous white solid (27% yi¢ld)NMR (300 MHz, CDCJ) & 8.97 (dd,
1H, J; = 1.8 Hz,J, = 4.5 Hz), 8.53 (d, 1H] = 8.4 Hz), 8.24 (s, 1H), 7.86-7.88 (m, 2H), 7.66 (d
1H, J = 7.8 Hz), 7.40-7.55 (m, 5H), 7.32 (s, 1H), 6.51 28, J = 2.40 Hz), 1.94 (s, 1H)-*C
NMR (75 MHz, CDC}), § 168.7, 150.7, 132.5, 132.4 (2), 131.6 (2), 12829.7 (2), 127.5 (2),
126.8 (2), 125.5, 123.3, 121.7 (2), 121.3 (2), 31@), 111.6, 29.9, 20.7; ESI-M®/z 452.9
[M+H]*, 475.0 [M+Na], 491.0 [M+K]". Anal. (G7H17CIN,O3) C, H, N.

4.1.86 5-(Quinolin-3-yl)naphtho[2,3b]pyrrolo[1,2-d][1,4]oxazepin-4-yl acetate (6l).
Compound6l was obtained following the procedure described6forThe residue was purified
by flash chromatography on silica gel (0.5% methamn®CM) to afford the title compound as a
yellow oil (28% vyield)."H NMR (CDCk, 300 MHz)3 9.32 (s, 1H), 8.62 (s, 1H), 8.13 (d, 1H;
8.7 Hz), 7.92 (d, 1H) = 7.8 Hz), 7.72-7.85 (m, 4H), 7.68 (s, 1H), 7.611¢, J= 7.5 Hz), 7.42-
7.50 (m, 2H), 7.37 (s, 1H), 6.49-6.53 (m, 2H), 2(&63H);**C NMR (CDCE,75 MHz)$ 168.8,
150.8, 148.2, 142.1, 135.0, 134.6, 132.6, 132.4,613130.9, 128.7, 128.6, 127.9 (2), 127.7,
127.6, 127.5, 127.4, 127.1, 126.8, 126.7, 123.1,112119.0, 111.8, 111.7, 21.3; ESI-M8z
419 [M+HJ", 441 [M+Na]. Anal. (G7H1sN-03) C, H, N.

4.1.87 5-(Isoquinolin-5-yl)naphtho[2,3b]pyrrolo[1,2- d][1,4]oxazepin-4-yl acetate (6m).
Compoundém was obtained following the procedure describedsjoiThe residue was purified
by flash chromatography on silica gel (1% aceton®CM) to afford the title compound as a
colorless oil (30% yield)*H NMR (300 MHz, CDCY) & 9.34 (s, 1H), 8.54 (d] = 6.4 Hz, 1H),
8.06 (d,J = 8.2 Hz, 1H), 7.98 (d] = 6.4 Hz, 1H), 7.87-7.85 (m, 2H), 7.74 (b= 6.7 Hz, 1H),
7.65-7.61 (m, 3H), 7.49-7.35 (m, 4H), 7.31 (s, 16{50 (d,J = 3.2 Hz, 2H), 1.87 (s, 3H}*C

NMR (CDCk, 75 MHz) 168.6, 152.4, 150.7, 143.7, 142.9, 134.7, 13432,5], 132.1, 131.5,
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131.3, 130.0, 129.3, 128.87, 127.4, 127.1, 12726,8] 126.4 (2), 122.6, 120.9, 119.4, 119.0,
111.2, 110.9, 20.5; ESI-M®&/z419.1 [M+H]". Anal. (G7H1sN-03) C, H, N.

4.1.88 5-(Benzd]][1,3]dioxol-5-yl)naphtho[2,3-b]pyrrolo[1,2-d][1,4]oxazepin-4-yl acetate
(6n). Compoundén was obtained following the procedure described6jorThe residue was
purified by flash chromatography on silica gel (1®#Ac in n-hexane) to afford the title
compound as a white amorphous solid (37% yiétd)NMR (300 MHz, CDCY) § 7.84-7.73 (m,
3H), 7.63 (s, 1H), 7.46-7.43 (m, 2H), 7.36-7.26 (m, 36187 (d, 1HJ = 8.4 Hz), 6.45-6.42 (m,
2H), 6.02 (s, 2H), 2.22 (s, 3HYC NMR (75 MHz, CDCJ) 5 169.0, 151.0, 148.2, 145.0, 144.6,
132.9, 132.5, 132.4, 131.5, 128.2, 127.7, 127.2,212126.6 (2), 122.2, 121.7, 120.7, 118.9,
111.3, 110.7, 108.5, 107.6, 101.6, 21.3; ESI-M& 411.9 [M+H], 433.8 [M+Na], 449.9
[M+K] *. Anal. (GsH17NOs) C, H, N.

4.1.89 5-(5-Methoxynaphthalen-1-yl)naphtho[2,®]pyrrolo[1,2- d][1,4]oxazepin-4-yl
acetate (60).Compoundéo was obtained following the procedure describedsfoiThe residue
was purified by flash chromatography on silica @ EtOAc inn-hexane) to afford the title
compound as a colorless oil (65% yiefth.NMR (400 MHz, CDC}) & 8.35 (d,J = 8.0 Hz, 1H),
7.84 (d,J = 7.7 Hz, 1H), 7.69 (d] = 8.5 Hz, 1H), 7.61 (d] = 8.0 Hz, 1H), 7.47-7.34 (m, 6H),
7.31 (s, 2H), 6.86 (d] = 7.6 Hz, 1H), 6.47 (s, 2H), 4.02 (s, 3H), 1.843(d); :°C NMR (CDCE,

75 MHz) 6 168.8, 155.5, 150.9, 145.9, 134.1, 132.7, 13232,2, 131.3, 130.2, 127.8, 127.5,
127.4, 127.2, 126.5, 126.2, 126.1, 126.0, 124.3,71222.2, 120.7, 119.3, 118.7, 111.1, 110.4,
104.1, 55.6, 20.8; ESI-M8/2448.3 [M+H[', 470.2 [M+Na]. Anal. (GsH2:NOs) C, H, N.

4.1.90 6-([1,1-Biphenyl]-2-yl)benzdp]pyrrolo[1,2-d][1,4]oxazepin-7-yl acetate (6p).

Compound6p was obtained following the procedure describedsfoiThe residue was purified

by flash chromatography on silica gel (5% EtOAc patroleum ether) to afford the title
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compound as a yellow oil (84%) NMR (300 MHz, CDC}) § 7.49-7.41 (m, 5H), 7.37-7.30 (m,
1H), 7.28-7.18 (m, 4H), 7.12-7.05 (m, 2H), 6.95 (td= 6.6 Hz,J, = 1.2 Hz, 1H), 6.58 (d] =

7.2 Hz, 1H), 6.33 (m, 1H), 6.26 (dd, = 1.5 Hz,J, = 2.1 Hz, 1H), 1.99 (s, 3H}*C NMR (300
MHz, CDCk) & 168.6, 152.1, 146.4, 141.7, 141.2, 132.8, 1323#.,.6, 130.6, 130.4, 129.4,
128.6, 128.2, 127.2, 127.1, 126.8, 126.7, 125.2,3,222.2, 121.3, 110.6, 109.9, 20.6; ESI-MS
m/z416.1 [M+Na]. Anal. (GeH1oNOs) C, H, N.

4.1.91 5-(Naphthalen-1-yl)naphtho[2,3]pyrrolo[1,2-d][1,4]oxazepin-4(51)-one oxime
(47). To a solution of compound6 (50 mg, 0.13 mmol) in dry MeOH (1 mL) hydroxylarain
hydrochloride (185 mg, 2.66 mmol) and pyridine GLAL, 2.66 mmol) were sequentially added.
The reaction mixture was stirred at reflux for 12hen methanol was evaporated under reduced
pressure. The residue was partitioned between vaagrEtOAc. The organic layer was dried
over anhydrous sodium sulfate, filtered and comeded. The residue was purified by
chromatography on silica gel (1% acetone in DCMptiord the title compound as a yellow
amorphous solid (60% yield}H NMR (300 MHz, CDCJ) & 8.51 (d, 1H,J = 8.4 Hz), 8.40 (s,
1H), 7.91 (d, 1H,) = 8.1 Hz), 7.78-7.72 (m, 3H), 7.74-7.55 (m, 4HBCF7.40 (m, 4H), 7.13 (s,
1H), 6.81 (m, 1H), 6.45 (t, 1H,= 3.0 Hz); ESI-M3n/z390.9 [M+H]', 413.9 [M+Na].

4.1.92 N-(5-(Naphthalen-1-yl)naphtho[2,3b]pyrrolo[1,2-d][1,4]oxazepin-4-yl)acetamide
(69). To a solution o7 (70 mg, 0.18 mmol) in 1,2-dichloroethane (4 mlgetéc anhydride (42
pL, 0.45 mmol), sodium bisulfite (56 mg, 0.54 mmabhd copper(l) iodide (10 mol%) were
added in sequence at 25 °C. The reaction mixtuseheated to reflux and stirred for 12 h. The
mixture was then cooled to room temperature andaetedd with EtOAc (3 x 10 mL). The
combined organic layers were dried over anhydragsus sulfate, filtered and concentrated.

The residue was purified by chromatography onaidjel (36% EtOAc im-hexane) to afford the
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title compound as a yellow amorphous solid (22%dyi¢H NMR (300 MHz, CDCY) & 8.11-
8.04 (m, 1H), 7.84 (m, 4H), 7.62-7.29 (m, 9H), 6687 (m, 3H), 1.79 (s, 3H}*C NMR (75
MHz, CDCk) & 134.0, 133.2, 132.4, 132.0, 131.5 (2), 131.2, 8,2929.0, 128.6, 127.7 (2),
127.4, 126.9, 126.6, 126.4, 126.3, 125.5 (2), 1282.6, 121.0, 119.2, 111.3, 111.2, 23.5; FT-
IR (neat)Vmax = 1733 cmt. ESI-MSm/z417.0 [M+H], 439.0 [M+Na], 455.0 [M+K]'. Anal.
(CagH20N207) C, H, N.

4.1.93 5-(Naphthalen-1-yl)naphtho[2,3]pyrrolo[1,2-d][1,4]oxazepin-4-yl (5-
(diethylamino)pentan-2-yl)carbamate (6r) A solution of compound6 (100 mg, 0.26 mmol)
in dry THF (3 mL) was added to a two-necked rounttdm flask containing potassium hydride
(30% suspension in mineral oil, 40 mg, 0.26 mmdhe resulting suspension immediately
turned dark orange. The reaction mixture was stifoe 1 h at 25 °C, and then added via cannula
to a solution containing triphosgene (78 mg, 0.26ak) in dry THF (1 mL). After 5 min stirring,

N N'-diethylbutan-1,3-diamine (103 pL, 0.53 mmol) aNN-DIPEA (185 pL, 1.06 mmol)
were sequentially added. The reaction mixture wia®d for 14 h at 25 °C, and then neutralized
with saturated aqueous NaHEOHF was evaporated under reduced pressure ancksitkie
was extracted with EtOAc (3 x 8 mL). The combinedamic layers were dried over anhydrous
sodium sulfate, filtered and concentrated. Thediesiwas purified by chromatography on silica
gel (100% EtOAc to 5% MeOH/5% trimethylamine in Bt€) to afford the title compound as
yellow oil (10% vyield)."H-NMR (300 MHz, CDC}) 5 8.09 (d, 1H,J = 8.0 Hz), 8.04 (s, 1H),
7.93 (d, 3HJ = 7.6 Hz), 7.70 (d, 1H] = 8.0 Hz), 7.27-7.53 (m, 8H), 6.43 (d, 2H= 13.2 Hz),
3.38 (s, 1H), 2.40 (q, 2H,= 7.2 Hz), 2.31 (q, 4H] = 6.8 Hz), 1.26 (s, 2H), 0.83 (t, 6BI= 6.8

Hz); ESI-MSm/z561.0 [M+H]. Anal. (GeH37N303) C, H, N.
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4.2 Crystallization, Data Collection, and StructureSolution

Crystals of TR-TTL were grown as previously described [43, 44d soaked 30 min or 3 h at
20 °C in the reservoir solution (10% PEG 4k, 12.8%¢cerol) containing 5 mM 06j. Crystals
were fished directly from the drop and flash-cooled nitrogen stream at the beamline after a
transfer into cryo-solution containing 20% glycer®tandard data collection at beamline x06DA
at the Swiss Light Source (Paul Scherrer Instiilljgen, Switzerland), data processing, and
structure solution using the difference Fourier odtwere performed as described previously
[43, 44]. Data collection and refinement statisacs given in the Table S2. Chains in th&®T
TTL complex were defined as follows: chain éjfubulin-1; chain BB-tubulin-1; chain Ca-
tubulin-2; chain D,p-tubulin-2; chain E, RB3; and chain F, TTL. ChaBsand D were used

throughout for the structural analyses and figueparation.

4.3 Computational Details

4.3.1 Protein and ligands preparation.

The crystal structure ofj-tubulin was prepared by means of Protein PreparaWizard
protocol implemented in Maestro (Maestro, versi@nl]l Schrodinger, LLC, New York, NY,
2015) for acquiring an appropriate starting comglaxthe subsequent computational analyses
[16, 50-52]. Regarding th&-tubulin used in MD simulation we maintained thaichC and D of
the complex removing the water molecules and thepounds used for the crystallization but
maintaining the co-factors such as GDP and GTP. Gjkabulin used in molecular docking
studies was prepared in a similar way reported 6jetubulin employed in MD simulation
maintaining the structural water molecules obtair®d the crystallographic study. The
derivatives used in molecular docking calculatiogravgenerated by using the building panel in

Maestro. Molecules were treated by means of Maca#dMacroModel, version 10.7,
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Schrédinger, LLC, New York, NY, 2015) for retriegnhe lower energy conformers [53] to use
as input in molecular docking experiments. The Walton was performed using the Optimized
Potentials for Liquid Simulations-all atom (OPLS-PAorce field 2005 [54, 55] and the
Generalized-Born/Surface-Area (GB/SA) model to dataithe solvent effects [56]. No cutoff
for non-bonded interactions was used. Polak-Ribeangjugate gradient (PRCG) method was
employed with 2500 maximum iterations and 0.00ldigmat convergence threshold for
performing the molecular energy minimizations. MCMMonte Carlo Multiple Minimum) was
employed as torsional sampling method for the con&tional searches, performing automatic
setup with 21 kJ/mol (5.02 kcal/mol) in the enewgypdow for saving structure and 0.5 A was
used as cutoff distance for redundant conformems.|ldwer conformers were treated by LigPrep
application (LigPrep, version 3.3, Schrodinger, LIN&w York, NY, 2015), generating the most
plausible ionization state at cellular pH valuet(#.0.2) [57].

All the compounds presented in this study were watald for their potential capability to
behave as Pan Assay Interference Compounds (PABYSFAF-Drugs4 web server. The
compounds filtered for PAINS indicated that nonettigm contain sub-structural features that

would label them as “frequent hitters” in high thghput screens_(http://fafdrugs4.mti.univ-

paris-diderot.fr/).

4.3.2 Molecular Dynamics simulation.

MD simulations studies were performed by means esrbond 4.8 academic version,
providing by D. E. Shaw Research ("DESRES"), uditagstro as graphical interface (Desmond
Molecular Dynamics System, version 4.8, D. E. SkRaesearch, New York, NY, 2016. Maestro-
Desmond Interoperability Tools, version 4.8, Scim@dr, New York, NY, 2016). The

calculation was performed using the Compute UnifdeVice Architecture (CUDA) API [58]
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employing two NVIDIA GPU. The calculation was perfeed on a system comprising 72 Intel
Xeon E5-2695 v4@2.10 GHz processors and two NVIEBAForce 1070 GTX GPU. The
complex 6j-tubulin was prepared as above reported. The compias positioned into an
orthorhombic box filled with water (TIP3P model)POS 2005 force field was used in MD
calculation. The physiological concentration of mealent ions (0.15 M) was simulated by
adding Na and CI ions. Constant temperature (300 K) and pressui@l25 bar) were
employed with NPT (constant number of particlegspure, and temperature) as ensemble class.
RESPA integrator [59] was used in order to integthe equations of motion, with an inner time
step of 2.0 fs for bonded interactions and nonbdridieractions within the short-range cutoff.
Nose-Hoover thermostats [60] were used to mairitaégnconstant simulation temperature, and
the Martyna-Tobias-Klein method [61] was used totoa the pressure. Long-range electrostatic
interactions were evaluated adopting particle-meslald method (PME). The cut-off for van
der Waals and short-range electrostatic interastivas set at 9.0 A. The equilibration of the
system was performed with the default protocol mted in Desmond, which consists of a series
of restrained minimizations and MD simulations usedlowly relax the system. By following
this protocol, a single trajectory of 100 ns wasaoted. We performed five independent MD
runs for the mentioned complex with an aggregateukition time of 0.5 ps to provide a more
reliable result. The trajectory files were inveatgd by simulation interaction diagram tools,
simulation quality analysis and simulation evenheTdescribed applications were used to
generate all plots regarding MD simulations analyscluded in the manuscript (Figure 10).

4.3.3. Molecular Docking.

Genetic Optimization for Ligand Docking (GOLD, vins 5.2, Cambridge Crystallographic

Data Center, UK) software was employed in moleculacking studies using the Genetic
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algorithm (GA) [62, 63]. This technique allows atpa flexibility of protein and full flexibility
of ligand. For each of the 100 independent GA rumsnaximum number of 125,000 GA
operations were performed. The default searchiefifoty value was employed. The active site
radius of 4 A was chosen from the liga6§) (of the crystal structure @j-tubulin. Default cutoff
values of 2.5 A (dH-X) for hydrogen bonds and 4.GoA van der Waals distance were used.
When the top three solutions attained RMSD valuigsinvl.5 A, GA docking was terminated.
The fitness function GoldScore was evaluated. Themontacts of ligands with tubulin were
calculated employing ligand-interaction diagram aadscript for displaying hydrophobic
interactions display_hydrophobic_interactions pgownloaded from Schrodinger website and
implemented in Maestro. The RMSD between the dogkese and the crystal structure of
compoundsj was calculated by using the scniptsd.pyavailable in Maestro.

4.3.4. Pictures preparation.

Figures 8,9 and 11 were prepared by means of PyNibe PyMOL Molecular Graphics

System, v1.8.4.0, Schrddinger LLC, New York, 2015).

4.4 Biological evaluation

4.4.1 Cell lines.

Human ovarian carcinomas A2780, A2780AD (MDR overessing P-glycoprotein) and
Human promyelocytic leukemia cells HL-60 were crdtliin RPMI1640 medium supplemented
with 10% fetal calf serum (FCS), glutamine (2 mMgntamycin (40 pg/mL) penicillin (100
IlU/mL), streptomycin (100 pg/mL) and 0.25 units/nof bovine insulin. NIH3T3 Mouse
fibroblasts and NIH-MDR-G185 3T3 cells (colchicinesistant fibroblasts) were maintained in

Dulbecco’s modified Eagle’s medium (DMEM) supplerseh with 10% FCS, glutamine (2

87



mM), penicillin (100 IU/mL), streptomycin (100 pgimand4 (60 ng/mL) and were a generous
gift of Carol O. Cardarelli and Michael. M. Gottesm[64].

The human lung carcinoma A549 cells were obtairredh fEuropean Collection of Cell
Cultures (Salisbury, UK). The mouse melanoma dll6F1 and B16F10 (metastatic), the non-
small cell lung carcinoma cells PC9, and the NS@ladenocarcinoma with EGFR mutation
HCC827, were obtained from the American Type CaltGollection. Cells were maintained in
DMEM (Sigma-Aldrich) supplemented with 10% fetalviote serum (FBS) (Hyclone, Celbio,
Milan, Italy) and 2 mM glutamine, 100 units perialand 0.1 mg/l streptomycin (Sigma
Aldrich, St. Louis, MO, USA).

NB4 is a cell line derived from human acute proroggtic leukemia and has been obtained
from ATCC. The cells were grown at 37 °C in a huified atmosphere containing 5% ¢
RPMI-1640 medium (SIGMA) supplemented with 10% Heattivated fetal bovine serum
(HYCLONE), penicillin G (100 units/mL), streptomyci(100 ug/mL), L-glutamine (2 mM),
amphotericin B (250 mg/mL).

Human multiple myeloma cell line NCI-H929 was ohtd from the DSMZ cell bank
(Braunschweig, Germany) and were cultured in RPB4ALGlutaMAX™. The SCC4 cell line

was cultured in DMEM GlutaMAX" from Gibco (Grand Island, NY, USA). All media was
supplemented with 10% (v/v) foetal bovine serum$FBGibco) and 100 U/mL penicillin and

cells were incubated at 37 °C containing 5%,CO

4.4.2 Flow cytometry analysis
Differentiation: the cells were resuspended in 10 of conjugate phycoerythrine CD11c
(CD11c-PE, PharMingen). Control samples were indal0 uL of mouse 1gG1l PE

conjugated; after incubation for 1 h at 4 °C in tek, the cells were washed in PBS and re-
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suspended in 500L PBS containing propidium iodide (0.2/mL). The samples were then
analyzed according to standard flow cytometry (F&@lur, BD). In particular, it has been
applied statistics, Kolmogorov-Smirnov (KS) for @afalidation. Histograms obtained represent

the distribution of real data obtained from thdscel

4.4.3. Cell cycle analysis and apoptosis

Cells were plated (2x£0cells/mL) and collected after treatment with tilempounds. Then
they were centrifuged and suspended in a solutmmaming 1X PBS, sodium citrate 0.1%,
NP40 0.1% and propidium iodide 50 mg/mL. After 3 rof incubation at room temperature in
the dark, cell cycle was evaluated by flow cytoméEFACSCalibur, Becton Dickinson Inc.) and
analyzed with the program Mod Fit V3 (Verity). Agopis was quantified by propidium iodide
staining and evaluated by flow cytometAfternatively,cell cycle distribution was quantified by
flow cytometric analysis of propidium iodide (Plvitrogen UK) stained cells. Briefly, cells
treated with 1QuM 6a-r for 24 h or DMSO were fixed and permeabilized wid?o ethanol o.n.
at 4 °C and incubated with 100 pg RNAsi and 20 pigim(Sigma) for 30 min. Samples were
acquired in a GUAVA flow cytometer (Merck) and aymdd with the FlowJo software. Doublets

were excluded and 20,000 events were acquirecafdr sample.

4.4.4 Short term cytotoxicity assays

B16F1, B16F10, A549, PC9 and HCC827 were seedéueatiensity of 2,500 cells/well in 96
multiwell plates in medium with 10% serum. Afterhagdion, cells were treated wifNOX and
6a,j,l (0.1, 1 and 1@M) in presence of 5% serum. After 18 h, medium veamoved and cells
were incubated for 4 h with fresh medium in thespree of 1.2 mM MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium broda) (Sigma, Milan, Italy). Alive cells reduce

MTT to a strongly pigmented formazan product. Aefubilization in DMSO, absorbance of
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the formazan was measured with a microplate resd®t0 nm. Data are expressed as % of basal

response.

4.4.5 Long term cytotoxicity assays.

Cells were seeded in 96-well plates at a density20000 to 17,000 cells in 0.08 mL per well
depending on the cell line and incubated overniflext day cells were exposed to serial
dilutions of ligands for 48 h and then MTT at 2.5/mL was added to each well. MTT was
incubated for 4 h at 37 °C and then treated with MiRiT solubilizer (10% SDS, 45%
dimethylformamide, pH 5.5). Plates were incubateeroight at 37 °C in order to solubilize the
formazan precipitate and the next day absorbance measured at 595/690 nm in an automated
Appliskan microplate reader (Thermo Scientific).n@ol Wells containing medium were used

as blanks. The I§gwas calculated from the log-dose response curves.

4.4.6 Tubulin polymerization assay.

Polymerization of tubulin in the presence of thdfedent compounds was monitored by
absorbance at 355 nm (Filter AO0019x) in 96 weditgd (Falcon, transparent, flat bottom) with
an Appliskan (Thermo Scientific). 25 uM of TubuimGAB buffer (10 mM Sodium Phosphate,
30% Glycerol, 1 mM EGTA, 6 mM Mgglnd 1 mM GTP, pH 6.7) was supplemented with 27.5
UM of the compounds or DMSO as vehicle control. fthrbidity was measured for 70 min at 37
°C. Data was exported using Thermo Scientific SK&oftware for Appliskan (version 2.3) and
SigmaPlot 13.0 was used to plot the charts. Inra@leorrect the absorbance of the compounds

at 350 nm data were normalized to absorbance wdlires initial stable plateau.

4.4.7 Binding constant determination.
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In order to determine the binding constant, wet fattempted a fluorometric assay. Firstly, the
spectroscopy properties of each compound wererdeted. Their ultraviolet-visible absorbance
spectrum was determined in 10 mM NaPi 1% SDS itvshanaximal absorbance of 320 nm.
Absorbance was measured in a double haz Evoluttdn (Zhermo Scientific) in 1 cm path
length quartz cuvettes at 25 “EHuorescence was measured in a Horiba Jovin Yvoaréimax-

2 at 25 °C. The fluorescence spectra with 10 pMaah compound exciting at 320 nm (10 mM
NaPi and 0.1 mM GTP) showed a maximum emissionrat@b0 nm. When incubated with an
excess of tubulin, the compounds an increment ef flhorescence intensity was observed.
However, when a displacement assay using podopbylio was attempted, turbidity due to
precipitation was observed, which we attributedtite insolubility of the compounds. To
determine the solubility of each compound in 10 &P, different concentrations (5, 10, 25,
50 and 100 pM) were centrifugated for 20 min atkfms (110.00 g) in a Beckman Optima
TLX in 1mL polycarbonate tubes. Concentration of mpound was determined
spectrophotometrically before and after centrifiaratNone of the compound were soluble at
the lower concentration assayed, so we had to mlemigexperiment in which the displaced
insoluble compound does not interfere with the mesmment. We decided to determine the
binding constants using analytical ultracentrifugat In this experiment the compound bound to
tubulin is soluble and the non-bound compound prdcipitate allowing determining the bound
concentration without the interference of the foeenpound. Samples of 10 uM GTP-tubulin
equilibrated in 10 mM Sodium Phosphate and 1 mM ®G/EPe incubated with 15 uM of the
different derivatives FNOX, 6a-h, 6j, 6m, 6n) compounds and growing amounts of
podophyllotoxin (5, 10, 25, 50 and 100 pM). Disglaent of the compound by podophyllotoxin

was measured by using analytical ultracentrifugatidnalysis were performed in a Beckman
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Optima XL-1 ultracentrifuge equipped with dual detten system, one of UV-visible absorbance
and another by Rayleigh interference [65]. An aagupeed of 45 krpm (163.300 g) and a
An50Ti rotor equipped with a 1.2 cm optical pathvelpuble sector cells with quartz windows.
The sedimentation profiles were analyzed as de=trj66, 67] and the average sedimentation
coefficient c(s) was calculated usiBgdfit[68]. The data obtained were corrected by theitiens
and viscosity of the media usirgednterp[69]. The concentration of the compound-tubulin
complex was measured by the absorbance at 320 tine gieak which contains the protein (this
at 6S). Given the concentrations of ligand and linpuand the outcome of preliminary
experiments that indicate that the binding is sdaad at these concentrations, the absorbance of
the peak in the absence of podophyllotoxin candmsidered the absorbance of 10 uM ligand-
tubulin complex. Then, since the concentrationtubfilin and podophyllotoxin are far over the
dissociation constant of podophyllotoxin (54 nM ])7@2 could be also considered that all the
sites not bound to the compound are bound to podiopbxin allowing determining the
concentration of the podophyllotoxin-tubulin comple The free concentration of
podophyllotoxin (soluble at the conditions of thesay) can be the determined from the
difference between the total podophyllotoxin addad the bound podophyllotoxin. In this way
we just need the free concentration of the ligaidsmeasure it the samples with 15 uM of each
compound in 10 mM NaPi buffer were centrifuged 2% min at 70 krpms (163.300 g) in a
Beckman Optima TLX in 1 mL polycarbonate tubes. p¥epared duplicated samples without
centrifugation. Supernatants were collected angdM0docetaxel was added as internal standard
to the supernatant and the samples which wereenmttittiged. The compounds were extracted
with three volumes of DCM. The extracts were dregdl solved in in the mobile phase to

analyze with an Agilent 1100 chromatograph conmkdte a reverse phase column Zorbax
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Eclipse XDB-C18 (mobile phase gradient 50 to 10@%tenitrile) with detection at 220, 2890
and 320 nm. In the assay conditions, the concémtraemaining in the supernatant was
considered the maximal free concentration of tgand in solution, and the apparent solubility
of it (PNOX 0.62 uM,6a0.36 pM,6d 2.89 uM,6e0.34 uM,6f 0.39 uM,6g 0.064 pM,6h 0.27
UM, 6] 0.17 uM,6m 0.22 uM,6n 0.14 uM).Kb of each compound can be calculated using the

next equation:

[C]b
Ke _ TTIf.[CIf
Kp~  [P]b
[T1f.[P1f
_ [C]b.[PIf
Ke =1 1017 P

Kc is the binding constant of the compouKg,the binding constant of podophyllotox|ig]b
the concentration of bound compouri@]f the concentration of free compoun@]b the
concentration of bound podophyllotoxin &ifJf the free concentration of podophyllotoxin. The
previous described experimental procedure resulthm values of all the data requested

consideringb of podophyllotoxin (185 + 7xfav™) [70].

4.4.8 Alamar blue viability assay.

NCI-H929 cells were seeded at 5%H@lls/well in 96 well plates while SCC4 cells weeeded

at 5x10 cells/well in 96 well plates. Cells were treatadriplicate with either vehicle (1% (v/v)
ethanol) or a range of concentrations (6-5,000 oMhe indicated compound. After 48 h, 10%
alamar blue (v/v) was added to each well. Plate® weubated in the dark for up to 5 h until a
color change was observed in the vehicle. Fluorescavas measured using a SpectraMax

Gemini plate reader at excitation wavelength 544ameh emission wavelength 590 nm.
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4.4.9 Flow cytometric analysis of Annexin V/PI staied cells.

The Annexin V/Propidium iodidie (PI) double stassay was employed to detect both early and
late stage apoptosis using flow cytometry. Earfgstapoptosis is detected by the presence of
phosphatidyl serine (PS) on the outer surface efaéll membrane which is bound by the
phospholipid binding protein Annexin V. Early staggoptotic cells have an intact cell
membrane and therefore stain AnnexifiRI. Late stage apoptosis is characterized by théyabil
of Pl to permeate the cell membrane therefore tledls stain Annexin VPI'. For this
apoptosis assay, SCC4 cells were seeded at aydehdisx1d cells/mL while NCI-H929 cells
were seeded at a density of 30xtells/mL. Cells were treated with either vehictsirol (1%
EtOH (v/v)) or 500 nM ofPNOX or 6] for 48 h. After incubation, cells were harvestetl a
stained with Annexin V/Propidium lodide (PI) andreenalyzed by flow cytometry using BD
FACs Accuri software. 10,000 cells were gated dmale treated cells.

4.4.10 Autophagy.

HL-60 cells (1x18 cells/sample) were resuspended in RPMI1640 mediupplemented with
10% bovine calf serum (BCS) or in Earle’s Balan8adts (EBS) medium incubated at 37 °C for
15 min and treated with J0M of compound$?NOX, 6g, 6] or 6n in presence or absence of 40
MM chloroquine (CQ) for 1 h 45 min. Alternativelyelts were resuspended in RPMI1640
medium supplemented with 10% BCS and treated ageatow 16 h. Cells were harvested and
lysed in 1% (v/v) Triton X-100 in 20 mM Tris-HCI Kp8), 150 mM NacCl (in the presence of 0.2
mg/mL Na orthovanadate; 1 mg/mL pepstatin, leupe@nd aprotinin; 10 mM phenyl methyl
sulfonyl fluoride; and 50 mM NaF), resolved by SPBGE, and transferred to nitrocellulose.
Immunoblot analysis was carried out by chemilumieese (SuperSignal West Pico

Chemiluminescent Substrate kit from Pierce) usimgi-aC3B (D11) XP (Cell Signaling
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Technology), as well as control anti-actin mAb &atjue MAB1501; Millipore) and secondary
peroxidase-labeled Abs (Amersham Pharmacia Biotethmunoblots were scanned and
guantitated using ImageJ software.

4.4.11 Western blot for cell cycle and apoptosis pteins.

PC9 and HCCB827 were seeded at the density of 300;80s/well in 6 multiwell plates in
medium with 10% serum. After adhesion, cells weeated withPNOX and 6] (10 uM) in
presence of 5% serum. After 18 h of incubationlsoskre lysed as described [71]. Cell lysates
were centrifuged at 15,000 x g for 20 min at 4 FGllowing gel electrophoresis, proteins were
blotted onto activated nitrocellulose membranesi-Njpecific protein-binding sites were blocked
by incubation with 5% milk 0.5% Tween-20 in PBS foh at room temperature and membranes
were then incubated overnight at 4 °C with appadprdilutions of specific primary antibodies:
anti p21 (1:1000, Cell Signaling, Celbio, Milanalit), anti-cyclin D1 (1:1000, Cell Signaling),
anti-cleaved-caspase-3 (1:1000, Cell Signaling)ti-aaspase-3 (1:1000, Cell Signaling)
monoclonal antibodies. Membranes were then wash#dRBS/0.1% Tween-20 and incubated
for 1 h at room temperature with horseradish pelas@- conjugated anti-mouse (1:2500,
Promega, Madison, USA) or anti-rabbit (1:10,000, réke Millipore) secondary antibody,
followed by enhanced chemiluminescence detecti@tery (Bio-Rad, Hercules, USA). As an
internal control for protein loading, membranes aveeprobed with antibodies for the house-
keeping proteir-actin (mouse ant-actin Ab 1:1000, Sigma). Images were digitalizeithw

Image Quant LAS4000.
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Highlights

- We explored structure-activity relationships for a novel series of MDAs

- The crystal structure of compound 6j in complex with tubulin was solved

- Binding to isolated tubulin was evaluated for the most promising derivatives

- Compound 6] showed potent proapoptotic activity on a variety of cancer cell lines

- The best performing compounds were assessed on cell differentiation and autophagy



