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Non-small cell lung cancer (NSCLC), the leading cause of cancer-related mortality worldwide, poses a
formidable challenge due to its heterogeneity and the emergence of resistance to targeted therapies. While
initially effective, first- and third-generation EGFR-tyrosine kinase inhibitors (TKls) often fail to control
disease progression, leaving patients with limited treatment options. To address this unmet medical need,
we explored the therapeutic potential of multitargeting agents that simultaneously inhibit two key signalling
pathways, the mesenchymal-epithelial transition factor (c-MET) and the G protein-coupled receptor
Smoothened (SMO), frequently dysregulated in NSCLC. By employing a combination of in silico drug
repurposing and structure-based structure-activity relationship (SAR) studies, we identified and developed
novel c-MET/SMO-targeting agents with antiproliferative activity against first- as well as third-generation
EGFR-TKI-resistant NSCLC cells suggesting a synergistic effect arising from the simultaneous inhibition of
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Introduction

Non-small cell lung cancer (NSCLC) is a heterogeneous
malignancy including diverse cellular subtypes and accounts
for approximately 85% of all lung cancers.' Its
pharmacological treatment involves chemo-, radio-, targeted-,
and immuno-therapy, or their combinations, and depends on
clinical and prognostic factors, including the presence of
genetic alterations behaving as oncogenic drivers.” Despite
the overall initial response to the available therapies, the
occurrence of low efficacy, drug resistance, spread of
metastasis, and severe side effects represents a major pitfall
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for patients suffering from NSCLC. Moreover, timely medical
intervention is often hampered by metastatic dissemination
and the degree of tumour cell transformation at the time of
the diagnosis.>* Therefore, though recent advances in
targeted- and immuno-therapy have significantly improved
the unfavourable reputation of this malignancy, NSCLC
remains a therapeutic challenge, and the search for novel and
efficient therapeutical alternatives persists.”

In this concern, one paradigm achieving recognition is
that the use of a single-targeted approach may not be
sufficient to address all the underlying molecular and genetic
alterations that drive the growth and spread of NSCLC cells
and cancer in general. In contrast, targeting multiple
pathways by a single chemical agent may represent a more
effective and durable strategy.® Multitargeting may indeed
provide various advantages in cancer:® overcoming drug
resistance, as cancer cells are more unlikely to evade
treatments acting on different pathways simultaneously;
reducing toxicity since it may permit the use of reduced
doses and avoid interactions between individual chemical
entities; finally, a personalized and smooth dosing regimen
with respect to combination therapy.”

Currently, several multitarget drugs have emerged or were
evaluated in clinical trials for NSCLC, with some arising as a
result of drug discovery programs and others whose
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mechanism of action was uncovered by retrospective analysis.”
This scenario is well-portrayed by several examples:
amivantamab-vmjw  (JNJ-61186372), an anti-EGFR/c-MET
bispecific antibody, approved for locally advanced or metastatic
NSCLC with EGFR exon20 insertion mutations;® a series of
PI3K/Akt/mTOR inhibitors (pictilisib, PX-866, buparlisib,
pilaralisib)  clinically evaluated in association with
chemotherapy;’ crizotinib, an ALK/c-MET/ROS1 inhibitor
approved as first-line treatment for ALK rearrangement-positive
patients;'® cabozantinib, a multikinase inhibitor of c-MET,
VEGFR2, AXL, c-KIT, and RET, currently under -clinical
investigation for metastatic NSCLC.""!

Despite these successful examples, the rational design of
multitarget agents is not effortless and requires key
prerequisites: i) a deep understanding of the genetic and
molecular determinants supporting the pathological state; ii)
the identification of molecular targets that once
simultaneously hit can elicit synergism; iii) the possibility of
merging single-target pharmacophores into a common
structure, preferably preventing promiscuity on biological off-
targets.6

In this context, targeting biological pathways that sustain
recurrent and aggressive cancer phenotypes, such as the
epithelial-to-mesenchymal transition (EMT), may be
beneficial in NSCLC. The EMT determines the loss of
epithelial hallmarks, including the E-cadherin expression,
and the reduction of the cell-to-cell/matrix adhesion and
polarity, and lends remodelled cells that are motile and with
stem-like traits.'® This physiological process is often hijacked
in malignant cells to fuel the abnormal proliferation,
survival, and acquisition of a metastatic character.™®
Moreover, the mesenchymal signature is characteristic of
advanced NSCLC with a poor prognosis and with acquired
tolerance to cytotoxic and targeted agents, including EGFR
tyrosine kinase inhibitors (TKIs)."*™*”

Among the cellular mediators sustaining the EMT
process in cancer, we recently focused on two unrelated
transducing systems: the mesenchymal-epithelial transition
factor (c-MET) and hedgehog (Hh) pathways.'®° The
former is a tyrosine kinase receptor that upon binding to its
ligand, the hepatocyte growth factor (HGF), activates
multiple cytosolic transducing cascades (RAS/MAPK, PI3K/
AKT, JAK/STAT3, Wnt/B-catenin, etc.) and by this fosters cell
proliferation, survival, migration, and angiogenesis.>** The
involvement of c-MET in NSCLC is not limited to its role in
EMT, indeed the exon14 skipping mutation aberrantly
activates the receptor and is deemed as an oncogenic driver
for tumour growth,>*** while c-MET amplification and/or
overexpression  are  prevailing acquired  resistance
mechanisms to first- and second-line EGFR-TKL>>*°
Contrarily, the hedgehog (Hh) signalling pathway consists of
three receptor ligands, the Indian, sonic, and desert
hedgehog, and the transmembrane receptor patched
(PTCH), with suppression functions on the G protein-
coupled receptor Smoothened (SMO). In the canonical Hh
signal transduction, ligand binding to PTCH evokes SMO
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activation that in turn triggers the expression of GLI1 (or
glioma-associated oncogene homolog 1) transcription factor-
dependent genes. The Hh pathway exerts functions in
human embryonic development and tissue healing; however,
it is also involved in the renewal and survival of cancer
stem cells.”” In NSCLC, upregulation of Hh signalling
correlates with a TGFP1-dependent EMT signature,*® while
genomic alterations of the gene encoding for SMO have
been found in about 12% of lung adenocarcinoma.>
Previous research by some of us reported the functional
interplay between c-MET hyperactivation and SMO gene
aberrations in an EGFR-TKI-resistant human NSCLC model.*’
In vitro and in vivo experiments demonstrated that their
concurrent inhibition decreased cancer cell growth and
invasiveness, restored the tumour susceptibility to anti-EGFR
TKIs, and reverted the EMT process, thus providing the
rationale for a multitargeting approach. Along this line, we
challenged in an in silico ligand repurposing campaign to
identify dual-targeting agents as antiproliferative effectors on
EGFR-TKI-resistant lung cancer cells.”’ Using a docking-
based virtual screening (VS) protocol, we uncovered a set of
known c-MET inhibitors with binding capability to and an
antagonistic effect on the SMO receptor, thus showing for the
first time that these two phylogenetically distinct targets (a
class IV TK and a Frizzled class F GPCR, respectively) can
recognize a common pharmacophore. Among these, the two
most potent compounds were eventually recognized as
foretinib (XL880, Exelixis, GSK1363089, GlaxoSmithKline, 1,
Fig. 1) and glesatinib (MGCD265, Mirati Therapeutics, 2,
Fig. 1), two TKIs also targeting AXL protein, with the latter
recently completing a clinical trial on NSCLC in
combination with nivolumab.**** These showed enhanced
cell growth inhibition and induction of apoptosis with
respect to single-targeting agents, alone or in combination,

¢ MET ICy, = 0.008 uM
SMO ICq, = 0.060 uM

0/_\N N
/ _\_\o 5 = /\> 1
p O*Q*Ng_i (Foretinib)
\ F g NH
o

2
(Glesatinib)
¢-MET ICg, = 0.029 uM
SMO IC,, = 0.042 uM

N—NH Br 3
¢-MET ICg = 8.1 uM
SMO IC,, = 0.050 uM

Fig. 1 Structure of foretinib (1), glesatinib (2), and compound 3.
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in NSCLC cells with a resistant phenotype to first-
generation EGFR-TKIs; importantly, their administration
restored the tumour sensitivity to existing EGFR-targeted
drugs in a mouse xenograft model.*

The aforementioned compounds have been categorized as
single-targeted TKIs, but within the set of c-MET/SMO
binders disclosed by us,*" compound 3 in Fig. 1 structurally
resembled a multi-targeted TKI (MT-TKI). More precisely, 3
closely recalls the structure of sunitinib, a MT-TKI that hits
PDGFRs, VEGFRs, c-KIT, and RET, among others, and is
marketed for the treatment of renal cell carcinoma and
imatinib-resistant gastrointestinal stromal tumours. As
sunitinib, compound 3 features an oxindole module serving
as a structural platform for establishing hydrogen bonds with
the hinge region of kinase proteins.**

To date, the US FDA has greenlit over 80 small-molecule
protein kinase inhibitors,** with over two dozen falling under
the category of MT-TKIs. Given that the specificity of
numerous protein Kkinase inhibitors mostly remains
unexplored, many other approved drugs will likely be
reclassified as MT kinase inhibitors in the future, with their
efficacy correlated to the updated pharmacodynamic profile.
Indeed, concurrently, inhibiting several protein kinases holds
both potential benefits and drawbacks.>® Intrigued by the
potential availability of a MT-TKI endowed with SMO affinity
and antagonism, herein we used the structure of compound
3 as a seed to explore novel mechanisms of action on cancer
cells by taking advantage of its exquisite pharmacological
properties. Here, our strategy consisted of coupling the
intrinsic advantages of MT-TKIs in the cure of tumours with
an add-on activity against a phylogenetically distant target
previously demonstrated to be relevant against drug
recalcitrant NSCLC.

Thus, a series of derivatives with point structural
modifications were designed, synthesized, and tested for
their inhibiting properties against c-MET TK, as the main
target. As the preservation of the multi-targeted profile was
relevant too, the most potent compounds were later
investigated for their affinity for SMO in competition binding
experiments using NSCLC cells as well as against a set of 19
relevant TKs. Finally, the compounds retaining the wanted
multi-targeting  properties  were tested for their
antiproliferative and functional activities in cell-based
experiments on gefitinib-resistant and osimertinib-resistant
NSCLC models.

Results and discussion
Design and synthesis

To explore the initial idea that compound 3 might indeed
feature MT-TKI properties, this latter was tested for its
inhibition against a panel of 20 TKs, representative of the
TKinome, including our main target c-MET. The results of
this inspection are reported in Table 1.

This analysis substantiated our initial assumption on the
MT-TKI properties of 3 as of the 20 tested kinases only three
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Table 1 Fixed dose biochemical evaluation of 3% against a panel of 20
TKs

TK % inhibition® TK % inhibition?

ABL 74.9 KDR 814
ek |935 | ek 84.8
EGFR 85.2 c-MET 93.4
EPHA2 | 95 PDGFRa  76.2
EPHB4 | 933 PYK2 49.9
FGFRL | 91.7 SRC 493
FLT3 89.7 SYK 91.9
IGFIR = 802 TIE2 93.1
ITK 70.3 TRKA 80
JAK3 83.8 TYRO3 485

“ % of inhibition of 3 at 20 uM.

of them (namely PIK2, SRC, and TYRO3) were inhibited by
less than 50% at 20 pM. Interestingly, the remaining 17
tested kinases were inhibited by more than 70%. To explore
possible modifications of our lead 3, molecular modelling
studies were undertaken. Two X-ray crystal structures were
selected to obtain a viable model of compound 3 in c-MET,
considering the conserved Asp-Phe-Gly (DFG) motif
alternatively adopting the “in” and “out” conformations (PDB
codes: 7B40 (ref. 36) and 3RHK,”” respectively). Analysis of
the docking results achieved on these protein conformations
revealed that in both cases the most frequently calculated
binding pose of 3 calculates an H-bond interaction between
the ligand hydrazide group and the backbone NH of M1160
in the hinge region of c-MET. However, the other portions of
the lead compound seem to explore different regions
depending on the protein conformation considered.
Specifically, for the “DFG-in” protein conformation, the m-Br-
0-OH-benzoyl moiety is embedded in a narrow and highly
hydrophobic cleft of the receptor (made up by M1160, F1089,
V1092, L1140, and L1157). The central 2-oxoindoline core is
positioned so that its carbonyl group points towards the
same hydrophobic cleft with the other portion of the core
being partially solvent-exposed. The pendant
p-tolylaminocarbonyl moiety occupies a m-rich zone where
F1168, H1174, and H1162 are located (Fig. S1A in the ESI}).
Conversely, in the “DFG-out” folding, the m-Br-o-OH-benzoyl
moiety points outside the protein, with the 2-oxoindoline
core that occupies the hydrophobic cleft defined by M1160,
F1089, V1092, L1140, and L1157, and the pendant
p-tolylaminocarbonyl group pointing towards a rather polar
protein region lined by R1227, F1223, and D1164 (Fig. S2B in
the ESIT). This analysis did not give a clear indication of the
viability of the two alternative binding poses calculated using
the docking software. Therefore, the stability of the afore-
described 3/c-MET complexes was probed by running a 500
ns long molecular dynamics (MD) simulation. A preliminary
analysis of the MD trajectories revealed important differences

RSC Med. Chem., 2025,16, 77-97 | 79
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in terms of ligand RMSD (L-RMSD) fluctuations. In
particular, compound 3 in the “DFG-out” conformation
was more unstable with respect to the “DFG-in” one (see
Fig. S2 in the ESIf). This evidence is confirmed by a
sudden relocation of the ligand at around 350 ns, which
is responsible for the loss of the important H-bond
interaction with M1160. Indeed, the formation of H-bond
interactions with the kinase hinge region is generally
conducive to enzyme inhibition by the majority of kinase
inhibitors.”® In contrast, 3 in the “DFG-in” folding showed
a more robust and consistent H-bond interaction with
M1160 for the vast majority of the simulation time
(around 70%), while also being in contact with the hinge
region with a second H-bond involving K1161 (see Fig.
S3A and S3B in the ESIf). Overall, this analysis allows us
to postulate that the ligand itself behaves as a type I TKI
(see Fig. 2). Considering the achieved theoretical results, it
was possible to envisage modifications of compound 3
that could allow a tailored SAR profile of the c-MET
inhibition to be drawn. It is important to note that
analysis of the binding mode of 3 in the protein's “DFG-
in” conformation showed two intramolecular H-bond
interactions, both involving the hydrazido-NH: one is
made with the carbonyl group of the central core, and the
other with the hydroxyl of the m-Br-o-OH-benzoyl moiety.
Specifically, these two interactions contribute to the
correct orientation of the m-Br-o-OH-benzoyl moiety,
thanks to the positioning of the Br atom pointing towards
the hydrophobic cleft (see Fig. 2). For these
considerations, while the m-Br-o-OH-benzoyl moiety seems
to have sufficient steric and electrostatic complementarity
with the enzyme counterpart, the 2-oxindoline core and
the p-tolylaminocarbonyl regions could be further
evaluated for point structural modifications.

Fig. 2 Predicted binding mode of 3 in complex with the “DFG-in”
conformation of c-MET, as representative of the 500 ns long MD
simulation. The ligand and the kinase (PDB code: 7B40) are in orange
sticks and blue sticks and ribbons, respectively. H-bonds are
represented as dashed green lines.

80 | RSC Med. Chem., 2025, 16, 77-97
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Thus, it was postulated that the insertion of electron-
withdrawing groups (such as halogens) on the 2-oxoindoline
core could enhance n-m interactions with the nearby Y1159
(compounds 4-13 in Fig. 3). Similarly, phenylaminocarbonyl
moieties bearing electron-withdrawing groups in place of the
p-tolylaminocarbonyl portion might stabilize charge-transfer
interactions with neighbouring residues such as F1168,
H1174, and H1162 (compounds 14-19 in Fig. 3).
Enhancement of the interactions with these latter residues
could be also achieved through the extension of the
aromaticity of this ligand region (compounds 20-24 in
Fig. 3). Finally, it could be useful to evaluate combinations of
these point structural modifications on the overall structure
of 3 (compounds 25-29 in Fig. 3), envisaging that these
might not be mutually exclusive.

For the chemical synthesis of 4-29, we proceeded
according to a general synthetic route (Scheme 1A and B) that
includes the N-alkylation of the isatin cores with suitable
reagents (30-36, 64, 65, and commercially available reagents),
followed by condensation of the obtained intermediates
(37-57 and 66-70) with the commercially available 5-bromo-
2-hydroxybenzohydrazide. The 2-chloro-N-phenylacetamides
(30-36) endowed with the desired substitution pattern were
obtained by the reaction of the corresponding anilines with
chloroacetyl chloride (Scheme 1A). Isatins with methylene-
bicyclic pendants (66-70) were assembled by the reaction
with commercially available reagents (2-(bromomethyl)
naphthalene, 2-(chloromethyl)benzimidazole, and
2-(bromomethyl)-5-chloro-1-benzothiophene for 68, 69, and
70, respectively) or with synthons prepared on purpose (for
66 and 67). In this concern, suitable aldehydes (58, 59) were
cyclized to the corresponding heterocyclic intermediates (60,
61) in the presence of ethyl bromoacetate or
methylthioglycolate (for 60 and 61, respectively), and benzylic
reactive sites were generated through an ester-to-alcohol
reduction by LiAlH, (62, 63) and final bromination with PBr;
(64, 65) (Scheme 1B).

Biochemical evaluation on ¢-MET and SMO targets

The parent compound 3 showed an unbalance between the
inhibitory capability against the c-MET kinase and the
binding affinity for the SMO receptor (ICs, = 8.1 uM and
0.060 uM, respectively); therefore, our first step was to screen
compounds 4-29 on c-MET. In this respect, we proceeded
with fixed-dose activity evaluation on the ¢-MET kinase using
1 uM and 20 uM as test concentrations (Table 1) and with a
protocol reported in the Experimental section. Among the
compounds of the first series, with the sole exception of 12,
19, 20, 23 and 24, all the others were demonstrated to induce
inhibition of the ¢-MET kinase activity of 50% or higher, at
20 uM.

In particular, the aromatic substitution of the
2-oxoindoline core with halogen atoms (Cl and Br) seemed to
be quite tolerated, while the increase of the atomic radius, as
in the case of 12, seemed to be detrimental and it was not

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4md00553h

Published on 03 October 2024. Downloaded on 8/3/2025 10:48:34 AM.

RSC Medicinal Chemistry

View Article Online

Research Article

4 X=4Cl
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7 X=7Cl
8 X=4Br ,
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0 10 X=6Br
e 11 X=7Br
X—Cfg“ o 12 X=7
s N\\‘(;LG;R 13 X =4-F; 5-CH,
o % 14 R=4-Cl
15 R = 4-NO,
16 R =3-NO,
17 R =3'5"CF,
18 R=2-CN
19 R = 3-Cl; 4-Br
Br o
OVQ 20 V=0 Z=CH OYQ 25 X=4-Br R=4-NO,
N-NH 21 V=S Z=CH - 26 X=7-Br R=4-NO,
@Eg“ o 22 Y=CH=CH z=cH =M A N-NH 27 X-4Cl R=35.0F,
(o 23 Y=NH Z=N x—@é:on . . 28 X601 R-3'5-CFs
‘z—@ 24 Y=5 Z-CH R;=Cl ’ ‘\\g @7 20 X=7-Cl R=3,5-CF,

Ry

Fig. 3 Substitution patterns of compounds 4-29.

further investigated. Parallel to this, the double aromatic
substitution (13) was also beneficial for the activity, eliciting
72% inhibitory activity against c-MET at 20 uM. In contrast at
the same concentration, the 2-oxoindoline N-substitution
seemed to have a mixed impact on the inhibitory activity with
the p-Cl group leading to the highest potency (see
compounds 14-16, 18), whereas the m-double substitution
with the CF; group (17) evoked an almost complete
abrogation of the kinase activity at 20 pM. Among the
plausible structural modifications on the 2-oxoindoline
N-substituent, we planned to cyclize the acetamido moiety
into a bicyclic structure as a means to rigidify this molecular
portion and extend its aromaticity. In this concern, the
2-benzofuran (20) and the 2-benzothiophene (21) moieties
prompted a more pronounced effect with half residual
activity of ¢-MET at 20 uM if compared with the 2-naphthyl
(22) and 2-benzimidazole (23) ones; interestingly, the
introduction of an electro-withdrawing group at position 5 of
the 2-benzothiophene ring of 21 yielded compound 24 with a
completely abolished activity.  Envisaging  plausible
cooperativity between the already explored modifications, we
designed a second series of compounds according to the
fixed-dose results of the first round of modifications. In this
respect, we merged the 2-oxoindoline core substitutions with
Cl and Br at C4/C6/C7 (4, 6-7) and C4/C7 (8 and 11),
respectively, together with the p-NO, (15) and m-CF; (17)
double substitution on the N-pendant, as these induced the
highest ¢-MET inhibition at 20 uM and at the same time
complied with the computational model we devised. In the
same experimental setup, this approach did not produce the
desired additive effect (26-29); however, compound 25
exhibited ¢-MET inhibition at both the fixed concentrations

This journal is © The Royal Society of Chemistry 2025

used in the assay. The fixed-dose assay setup was used to
narrow down the subset of compounds eligible for the
determination of the dose-response curve on both c-MET
and SMO proteins. Compounds 6, 10, and 25 evoked
consistent inhibition of the kinase activity at both doses and
were selected for further biochemical characterization. In the
ICso and K; determinations, we used the pan-kinase
modulator staurosporine and the antagonist vismodegib as
single-target references for c-MET and SMO inhibition,
respectively. The SMO affinity was measured by carrying out
competition binding experiments on HEK293T cells
expressing SMO and using [*H]-cyclopamine or ((2'R,35,3'R,3’
as,6's,6as,6bS,7'aR,11aS,11hR)-1,2,3,3'a,4,4',5',6,6',6a,6b,7,7',7'
a,8,11,-11a,11b-octadecahydro-3',6',10,11b-tetramethyl-spiro[9-
H-benzo[a]fluorene-9,2'(3'H)-furo[3,2-b]pyridin]-3-ol, as a
radioligand, Table 2).

As reported in Table 3, derivatives 6, 10, and 25 showed
IC50 values for c-MET in the low-micromolar range (ICs, =
1.3-1.8 uM), resulting in being approximately 8 times more
potent than the corresponding parent molecule 3 (ICs, = 8.1
pM). Intriguingly, an even more pronounced increase of
activity for 6, 10, and 25 on SMO was observed, with K; values
in the low-nanomolar span, whereas the ability of 3 in the
same setup corresponded to a K; value of 0.185 uM.
Compounds 6 and 10 with a Cl or a Br atom at C6 of the
2-oxoindoline core structure exhibited K; values ranging from
0.028 to 0.011 pM, while the presence of a Br atom at the
core C4 position, together with the p-NO, substitution on the
aromatic N-pendant region, (25) yielded a 20-fold increase in
the binding affinity (K; 0.009 puM). Most importantly, the
newly identified compounds preserved the MT-TK inhibition
potential as reported in Table 4.

RSC Med. Chem., 2025,16, 77-97 | 81
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66 Y=0 Z=CH 20 Y=0 Z=CH
67 V=5 Z=CH _ _ 21 Y=8 Z=CH _ _
68 Y=CH=CH; Z=CH 2~ 22 Y=CH=CH; Z=CH 2~
69 Y =NH Z=N 23 Y =NH Z=N
70 Y=5 Z=CH R,=Cl 24 Y=5 Z=CH R,=Cl

Scheme 1 Synthetic procedures for compounds 4-19 and 25-29 (A) and 20-24 (B). Reagents and conditions: a) chloroacetyl chloride, NaHCO3,
dry THF, room temperature, 16 h; b) isatins, K,COs, Kl, dry DMF, room temperature, 16 h; c) 5-bromo-2-hydroxybenzohydrazide, abs. EtOH/AcOH
(9:1), 90 °C, 16 h or uW, 110 °C, 20 min; d) BrCH,CO,Et, Cs,CO3, CH3CN/DMF, reflux, 16 h; e) HSCH,CO,Me, K,COs, dry DMF, 60 °C, 16 h; f)
LiAlH4, dry THF, room temperature, 2 h; g) PBrsz, dry THF, room temperature, 3 h.

Antiproliferative activity in EGFR-TKI resistant human
NSCLC

Compounds 6, 10, and 25 were identified as the most effective
¢-MET inhibitors with the highest affinity for SMO. These
compounds, together with the parent lead 3, were tested on
first-generation EGFR-TKI gefitinib-resistant HCC827 (HCC827-
GR) NSCLC cells, which have been previously described to
possess amplification of SMO and overexpression of c-MET and
displayed a typical mesenchymal behavior.*® In addition, given
the occurrence of acquired resistance in EGFR patients treated
with the third-generation EGFR-TKI osimertinib (N-(2-{[2-
(dimethylamino)ethyl]-(methyl)amino}-4-methoxy-5-{[4-(1-
methyl-1H-indol-3-yl)pyrimidin-2-ylJamino}phenyl)acrylamide,
AZD9291),*" we have generated an osimertinib-resistant PC9
NSCLC cell line (with both exon 19 deletion and T790M
acquired mutation, PC9-OR, Fig. S5 in the ESI}) to test whether
the ¢-MET/SMO targeting strategy could be applied to EGFR-
mutant NSCLC models with acquired resistance to third-
generation EGFR inhibitors.

We first examined the expression of c-MET and SMO in
resistant cell lines compared to their parental counterparts.
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Strong overexpression of SMO was found in both HCC827-GR
and PC9-OR cell lines compared to their parental cell lines,
as shown in Fig. 4.

In addition, we found an increase of the mesenchymal
marker vimentin®® as well as the proliferation marker p-
AKT,* compared to the parental cell lines. Based on these
findings, an MTS assay was performed to assess the
antiproliferative effects of compounds 3, 6, 10, and 25 at
increasing concentrations (0.01-10 uM) on both HCC827-GR
and PC9-OR cells. Compounds 3, 6, 10, and 25 demonstrated
dose-dependent inhibition of cancer cell growth and all
exhibited ICs, values in the low uM concentrations as
depicted in Fig. 5A and B, with an improvement of the newly
synthesized compounds (6, 10, and 25) in terms of ICs,
values with respect to the parent lead 3.

Importantly, PC9-OR cells showed the lowest ICs, values
compared to HCC827-GR, demonstrating good sensitivity to
compounds despite the acquired mutations in the EGFR
gene. Exposing the HCC927-GR and PC9-OR cell lines to the
combination of the four compounds with gefitinib or
osimertinib, respectively, did not result in cooperative
antiproliferation (see Fig. S6 in the ESI{). To confirm the
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Table 3 c¢c-MET and SMO ICsq values for compounds 3, 6, 10, and 25

Br Br
o} o)
-NH -NH
« N"ho N Ho
5 B 5
X+ o X4 o
6 Z N 6 N
T -
R . . el e, R
¢-MET % inhibition ¢-MET ICs,
Cpd X R @1 uM @20uM  Cpd X R (uM) SMO K; (uM)
4 4-Cl A[rn 18.8 61.1 3 H ’STH 8.1 0.185 + 0.031
5 5-Cl T ‘@\ 11.5 72.9 6 6-Cl ) \©\ 1.85 + 0.02 0.028 + 0.009
6 6-Cl 60.4 78.2 10 6-Br 1.35 + 0.03 0.011 + 0.001
7 7-Cl 14.7 74.5 25 4-Br /STH 1.77 £ 0.01 0.009 =+ 0.004
8 4-Br 7.7 55.5 \©\
9 5-Br 9.3 50.2 ° NO,
10 6-Br 52.2 71.8 Vismodegib N.D 0.013 + 0.002“
11 7-Br 19.1 66.1 Staurosporine 0.055 + 0.003 N.D.
12 7-1 -1.9 17.5
13 4-F; 5-Me 35.5 72.2 N.D. not determined. ¢ As reported in ref. 39 and 40, respectively.
14 H Aﬂ/n 34.5 73.4
Q.
15 W 367 125 reduction of phosphorylated c-MET (p-c-MET) and GLI1 in
/Qn«"\©\ both HCC827-GR and PC9-OR cells. In addition, 6 and 25
© NO, were effective in reducing the expression of vimentin, a
40.8 49.6

16 ,QH,H NO,
T
17 /4[]/“ CF, 11 82.9

18 H GCN 23.9 67.4

19 Aﬂ/n al 2.8 31.4
1K

20

o .
IO
21 S 31.3 55.1
\
22 ,{ || 2.2 23.8

23 H 3.4 39.2

24 S -3.4 17.3
N\
C

1
25 4-Br /ﬂr“ 46.4 70.6
26 7-Br \©\ -5.4 15.3
° NO,
27 4-Cl Aﬂ/n o 3.2 12.4
28 6-Cl 7.8 18.3
29 7-Cl ° 5.6 19.4

CF3

mechanism of action in the studied cellular environment,
resistant cell lines were treated for 72 hours with each
compound at a concentration corresponding to their ICsq
values, and the in vitro functional effect of inhibition of
¢-MET and SMO was assessed at the protein level by western
blot analysis (Fig. 6). The tested compounds induced a

This journal is © The Royal Society of Chemistry 2025

marker of EMT. Taken together, these results suggest
inhibitory activity and antiproliferative capacity in vitro in
two models of resistant NSCLC cell lines harbouring different
mutations in the EGFR gene via the concurrent inhibition of
¢-MET and SMO-regulated pathways.

Assessment of compound-induced cell death in TKI-resistant
NSCLC cell lines

We wanted to investigate further the mechanisms of cell
death induced by the tested compounds in TKI-resistant
cell lines based on the data obtained from the anti-
proliferative assay. Specifically, the ligands were tested for
their ability to induce apoptosis on PC9-OR and HCC827-
GR cell lines. To determine the percentage of early and late
apoptotic cells in resistant NSCLC cell lines, flow cytometry
was performed using the annexin V-Alexa 488 conjugate
and PI according to the manufacturer's protocol. Early
apoptotic cells exhibit annexin V-Alexa 488+/PI- staining
patterns, whereas late apoptotic cells exhibit annexin
V-Alexa 488+/PI+ staining patterns due to the loss of
plasma membrane integrity.** After 24 hours of exposure to
tested compounds at a 20 uM concentration, a significant
increase of early and late apoptotic cells was identified in
both resistant-NSCLC cell lines (Fig. 7A and B) with some
differences.

In HCC827-GR, compounds 3 and 10 showed a higher
percentage of late apoptotic/necrotic cells after 24 hours
(96.2% and 90.8%, respectively). In PC9-OR, the same
compounds showed a lower percentage of late apoptotic/
necrotic cells and a higher percentage of early apoptotic
cells (75.5% for compound 3 and 57.5% for compound
10). Then, we evaluated alterations in the expression of
proteins involved in apoptosis by western blot analysis in
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Table 4 Fixed dose biochemical evaluation of 6, 10, and 25 against a
panel of 20 TKs tested at 20 uM

% inhibition % inhibition
K —m—mm@@@@ K @ —mm

6 10 25 6 10 25
ABL 604 63.5 67.9 KDR 66.6 63.5 61.2
CSK 82.1&82.9 LCK 71.5 69.3 66.8
EGFR (729 709 69.3 c-MET 782 71.8 70.6
EPHA2 62.5 69.2 71.5 PDGFRa 56.5 56.7 63.3
EPHB4 63.0 62.5 70.8 PYK2 49.7 485 45.1
FGFR1 718 714 816 SRC 643 56.5 50.7
FLT3 719 72.6 55.8 SYK 49.4 54.1 7
IGFIR 55.3 54.0 66.0 TIE2 76.7 76.7 5
ITK 58.9 52.8 56.7 TRKA 66.9 64.3 65.9
JAK3 76.6 72.4 789 TYRO3 513 39.3 46.4

the compound-treated cells (Fig. 7C). The expression of
Bax, a key component of cell-induced apoptosis through
mitochondrial stress, was increased in PC9-OR treated
with compounds 3 and 25. An increase in the expression
of cleaved caspase-8 (43 kDa) was also observed in the
same treated cells. Conversely, an examination of the
effects of compounds 6 and 10 in PC9-OR reveals a
reduction in the anti-apoptotic factor BCL-2, which also
exhibited a lower expression in all HCC827-GR-treated
cells. In both cell lines, compounds 6 and 10 determine a
reduction in PARP full-length along with a reduction in
BID full-length protein expression. Overall, these results
indicate that the four tested compounds induce a shift in
the balance of pro- and anti-apoptotic protein expression,
thus resulting in the activation of apoptosis in resistant-
NSCLC cell lines.

PC9
HCC827-GR

PC9-OR

pAKT
AKT

"
i

p-c-MET | | o
MET [F5 o] DS

SMO

Vimentin

Ii

GLN1

a-tubulin

!

Fig. 4 Western blotting of phosphorylated and total AKT, c-MET,
SMO, vimentin, and GLI1 parental and resistant PC9 and HCCB827.
Tubulin was used to ensure equal loading.
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Conclusions

In the present study, we investigated the structure-activity
relationships (SARs) of a series of 2-oxoindoline derivatives
aimed at achieving c-MET inhibitory properties of a
previously developed compound (3) while maintaining its
SMO-targeting activity. Through a systematic approach
involving molecular modelling, synthetic methodologies, and
in vitro assays, we identified structural modifications that
preserve the c-MET and SMO inhibition profiles of this class
of compounds. Molecular modelling studies revealed that the
most favourable binding pose of compound 3 in the ¢-MET
active site involves the 2-oxoindoline core interacting with an
enzyme hydrophobic cleft and the p-tolylaminocarbonyl
group engaging in charge transfer interactions with nearby
residues. This analysis guided the selection of structural
modifications aimed at enhancing these interactions and
improving c-MET inhibition. Synthesis of a diverse library of
derivatives with point structural modifications revealed that
the introduction of halogen atoms (Cl or Br) at C4 and Cé6-
positions of the 2-oxoindoline core, together with a p-NO,
substitution on the aromatic N-pendant, led to improvements
in c-MET inhibition. These modifications also significantly
increased SMO-targeting activity, with K; values in the low
nanomolar range. Compounds 3, 6, 10, and 25 emerged as
the most promising candidates with ¢MET and SMO
inhibition profiles. In vitro experiments on first- and third-
generation EGFR-TKIs resistant cell lines, GR-resistant
HCC827 and OR-resistant PC9 NSCLC, demonstrated that
these ligands exhibited antiproliferative activity with ICs,
values in the low uM range. These compounds demonstrated
the ability to reduce p-c-MET and GLI1 protein expression, as

A HCC827-GR
100+ ™, . " - NT
£ : o
£ 754 a0
€ v (1).5
> *
= 50 ° 2
3
m 5
:\-: 25+ 4 10
PC9-OR
100+ NT
= - " 8(1)1
£ 754 A
8 708
H -
= 50 e 2
] m 5
:\i 25 a 10
3
B ICy (uM) £SD 3 6 10 25

HCC827-GR 10.72+0,32 516+0.60 4.34+064 3.52+0.52
PC9-OR 951+088 227+044 208+0.32 4.05+049

Fig. 5 Biological activity of experimental compounds on the HCC827-
GR and PC9-OR NSCLC cell lines. A) Cell toxicity assay in parental
HCC827-GR and PC9-OR cells exposed to increasing concentrations
of compounds 3, 6, 10, and 25 for 72 h. B) ICso values of compounds
3, 6, 10, and 25 on PC9-OR and HCCB827-GR cells. Data are expressed
as a mean of three independent experiments * SD. At least three
independent experiments were performed. Statistical significance **p
< 0.01, ***p < 0.001 and ****p < 0.0001.
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Fig. 6 Representative western blotting of whole cell lysates showing

phosphorylated and total forms of AKT, c-MET, SMO, vimentin, and

GLI1 in resistant NSCLC cell lines treated with 1C5q values of tested
compounds. a-Tubulin was used to ensure equal loading.
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Fig. 7 Stacked column graph representative of the percentage of live,
early apoptotic, and late apoptotic/necrotic cells in the HCC827-GR
(A) and PC9-OR (B) cell lines after 24 h treatment with 20 uM of the
four compounds. (C) Western blotting of whole cell lysates showing
levels of BAX, caspase-8, BCL-2, PARP, and BID in TKI-resistant NSCLC
cell lines. Cells were treated with compounds (3, 6, 10, and 25) at 20
uM for 24 h. GAPDH was used to ensure equal loading.

well as vimentin and p-AKT levels, suggesting a double
modulation of c¢cMET and SMO-amplified pathways in
resistant NSCLC cells. The results on PC9-OR cell lines,
representing a relevant model of EGFR-mutant NSCLC with
acquired resistance to third-generation EGFR-TKIs, are
particularly encouraging. The lack of responsiveness to
therapeutics such as osimertinib represents a significant
challenge in NSCLC treatment, often leaving patients with
limited therapeutic options. While the compounds evaluated
in this study share a common mechanism of action, namely
an MTKI effect accompanied by SMO negative modulation,
the observed variations in their effects on the same cell line
underscore the complexity of cellular responses. These
differences likely arise from nuanced variations in
compound-target interactions, differential activation of
downstream apoptotic pathways, and inherent heterogeneity
within the cell lines. Notably, the 24 hour time point chosen
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for analysis represents a single snapshot of a dynamic
process. This observed variability highlights the importance
of thoroughly investigating the individual compounds within
a class sharing a common mechanism of action, as subtle
differences can translate into significant variations in
therapeutic efficacy against TKI-resistant NSCLC. In this
context, the compounds identified in this study offer a
promising avenue to address this unmet clinical need.
Further investigations into the development of inhibitors of
¢-MET and SMO are warranted to fully unleash their potential
in advancing NSCLC treatment strategies.

Experimental section
Computational studies

The two crystal structures were prepared with Protein
Preparation Wizard within Schrodinger's Maestro molecular
modelling suite.” For both crystals, only chain A was
selected, and chain B was deleted. Bond orders were
assigned, and all the hydrogen atoms were added. Using the
Epik tool within the Maestro suite, the ionization and
tautomeric states of the amino acidic side chains were
predicted at physiological pH. Optimization of the hydrogen
bonds, followed by minimization of the structure, was then
performed. Finally, all the water molecules were deleted.

The selected DFG-in ¢-MET crystal structure (PDB code:
7B40) was missing two loops: a smaller one, comprising
residues 1148 to 1150 in the N-lobe region, and part of the
activation loop, comprising residues 1236-1245. All these
were reconstructed using AlphaFold*® (UniProt code: P08581)
and subjected to a minimization round applying constraints
on the remaining residues (2500 steps of steepest descent
followed by 5000 steps employing a Polak-Ribiere conjugate
gradient). The 3D structure of compound 3 was generated
with Maestro's 2D Sketcher.

The AutoDock-GPU software package’’ was used to
perform molecular docking. Using Autogrid4, grid points of
67 x 67 x 67 with a 0.375 A grid spacing were calculated
around the respective co-crystal binding cavity for each
protein, in particular including the M1160 residue. 200
separate docking runs were performed with the Lamarckian
genetic algorithm search method. Unless otherwise specified,
default docking parameters were applied. Docking
conformations were clustered based on their RMSD with a
tolerance of 2.0 A, and eventually ranked based on their most
populated cluster.

The ligand-protein complexes obtained from the docking
experiments were used to construct a molecular dynamics
system that was solvated in water within an orthorhombic
box with a buffer distance of 10 A. Additionally, the overall
charge of the system was automatically neutralized using
Maestro's System Builder utility. The salt concentration was
set to 0.15 M NaCl. The chosen force field for constructing
the ligand-receptor-membrane system was OPLS3.*® The
Desmond module within the Schrodinger suite was used for
500 ns MD simulations. NPT was chosen as the ensemble
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class constant number of particles (constant pressure of
1.01325 bar and constant temperature of 300 K). In detail,
the temperature was controlled using the Nosé-Hoover
thermostat*® with a 1.0 ps relaxation time. The pressure was
controlled using the Martyna-Tobias-Klein barostat*” with an
isotropic coupling style and a 2.0 ps relaxation time. The
cutoff distance for short-range nonbonded interactions was 9
A. To minimize the computation time, nonbonded forces
were calculated using a RESPA integrator where the short-
range forces were updated every two steps, and the long-
range forces were updated every six steps. The Desmond
Simulation Interaction Diagram tool was used to analyze the
receptor-ligand interactions during the MD trajectory.

Chemistry

General directions. NMR spectra were obtained on a
Bruker AVANCE 400 ('H, 400 MHz; '*C, 100 MHz) in hexa-
deuterated dimethyl sulfoxide (DMSO-ds). Chemical shifts are
expressed in ¢ (ppm) and coupling constants (/) in hertz.
Anhydrous sodium sulfate was used as the drying agent.
Evaporation was performed in vacuo (rotating evaporator).
Analytical TLC has been carried out on Merck 0.2 mm
precoated silica gel aluminum sheets (60 F-254). Silica gel 60
(230-400 mesh) was used for column chromatography.
Reagents, starting materials, and solvents were purchased
from commercial suppliers and used as received. 5-Bromo-2-
hydroxybenzohydrazide (CAS 39635-10-4), 4-bromoisatin (CAS
20780-72-7), 5-bromoisatin (CAS 87-48-9), 6-bromoisatin (CAS
6326-79-0), 7-bromoisatin (CAS 20780-74-9), 4-chloroisatin
(CAS  6344-05-4), 5-chloroisatin  (CAS  17630-76-1),
6-chloroisatin (CAS 6341-92-0), 7-chloroisatin (CAS 7477-63-6),
7-iodoisatin (CAS 20780-78-3), and isatin (CAS 91-56-5) were
purchased from Enamine Ltd. 3-Bromo-5-chloro-1-
benzothiophene  (CAS  32969-26-9),  2-(bromomethyl)
naphthalene (CAS 939-26-4), 4-chloroaniline (CAS 106-47-8),
3-chloro-4-bromoaniline (CAS 823-54-1), 2-(chloromethyl)
benzimidazole (CAS 1080123), 3-chloro-4-bromoaniline (CAS
823-54-1), 2-cyanoaniline (CAS 1885-29-6), 3-nitroaniline (CAS
99-09-2), 4-nitroaniline (CAS 100-01-6), 2-nitrobenzaldehyde
(CAS 552-89-6), salicylaldehyde (CAS 90-02-8), 4-toluilamine
(CAS 106-49-0), salicylaldehyde (CAS 90-02-8), and 3,5-bis-
trifluoromethylaniline (CAS 328-74-5) were purchased from
Sigma-Aldrich. Molecular weights of compounds were
confirmed by ESI-mass spectrometry using an Agilent 6110
quadrupole MS system.

General procedure for the synthesis of N'-(1-substituted-2-
oxoindolin-3-ylidene)(5-bromo-2-hydroxybenzo)hydrazides
(4-29)

A suspension of the appropriate N-alkylated isatin (37-57,
66-70) (0.137 mmol) and 5-bromo-2-hydroxybenzohydrazide
(32 mg, 0.137 mmol) in a mixture of ethanol and acetic acid
(1.5 mL, 9:1) was irradiated in a microwave reactor at 110 °C
for 20 minutes. The obtained yellow suspension was filtered
and the solid was washed with cold ethanol three times and
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then with dichloromethane, EtOAc, diethyl ether, and hexane
to give the desired products 4-29.

(2)-2-(3-(2-(5-Bromo-2-hydroxybenzoyl)hydrazineylidene)-4-
chloro-2-oxoindolin-1-yl)-N-( p-tolyl)acetamide (4)

Yellow powder. Yield: 74%. HRMS (ESI-MS): calculated:
539.01272 for C,,H;, °BrCIN,O, [M-H], found: 539.01306.
HRMS (ESI-MS): calculated: 541.01067 for C,,H;,*'BrCIN,0,
[M-H], found: 541.01093. 'H NMR (400 MHz, DMSO-d,) &
14.52 (bs, 1H), 12.17 (bs, 1H), 10.21 (bs, 1H), 8.30-7.80 (m,
1H), 7.77-6.07 (m, 9H), 4.65 (s, 2H), 2.24 (s, 3H). "*C NMR
(101 MHz, DMSO-d,) J 164.25, 161.36, 159.49, 155.83, 144.44,
136.53, 135.74, 133.25, 132.63, 131.91, 129.03, 127.80, 127.73,
124.24, 119.41, 119.21, 116.45, 110.66, 109.41, 108.53, 42.92,
20.28.

(2)-2-(3-(2-(5-Bromo-2-hydroxybenzoyl)hydrazineylidene)-5-
chloro-2-oxoindolin-1-yl)-N-( p-tolyl)acetamide (5)

Yellow solid. Yield: 84%. HRMS (ESI-MS): calculated:
539.01272 for C,,H;,”°BrCIN;O; [M-H] , found: 539.01318.
HRMS (ESI-MS): calculated: 541.01067 for C,,H;,*'BrCIN,0,
[M-H], found: 541.01105. '"H NMR (400 MHz, DMSO-dg) ¢
14.37 (s, 1H), 12.40 (s, 1H), 10.81 (s, 1H), 8.16-7.78 (m, 1H),
7.92-6.54 (m, 9H), 4.74 (s, 2H), 2.24 (s, 3H). "H NMR (400
MHz, DMF-d;) 6 10.83 (bs, 1H), 8.18 (m, 1H), 7.70 (s, 1H),
7.65-7.61 (m, 3H), 7.50 (d, J = 8.2 Hz, 1H), 7.33-7.28 (m, 2H),
7.13 (d, J = 8.1 Hz, 2H), 6.97 (s, 1H), 6.70 (s, 1H), 4.84 (s, 2H),
2.26 (s, 3H). *C NMR (101 MHz, DMSO-dg) ¢ 171.98, 167.68,
164.57, 159.76, 142.11, 137.12, 136.12, 133.32, 132.56, 130.86,
129.16, 127.29, 121.37, 120.17, 119.30, 114.57, 111.77, 110.69,
103.99, 102.33, 42.93, 20.47.

(2)-2-(3-(2-(5-Bromo-2-hydroxybenzoyl)hydrazineylidene)-6-
chloro-2-oxoindolin-1-yl)-N-( p-tolyl)acetamide (6)

Yellow solid. Yield: 75%. HRMS (ESI-MS): calculated:
539.01272 for C,,H,, °BrCIN,0, [M-H], found: 539.01343.
HRMS (ESI-MS): calculated: 541.01067 for C,,H;,*'BrCIN,0,
[M-HJ, found: 541.01105. "H NMR (400 MHz, DMSO-dg) 0
14.36 (bs, 1H), 12.12 (bs, 1H), 10.24 (bs, 1H), 8.07 (d, J = 2.4
Hz, 1H), 7.67 (d, J = 8.1 Hz, 1H), 7.62 (dd, J = 8.0 Hz, J = 2.6
Hz, 1H), 7.46-7.45 (m, 2H), 7.42 (d, J = 1.6 Hz, 1H), 7.22 (dd,
J =8.1 Hz, J = 2.6 Hz, 1H), 7.12 (d, J = 8.0 Hz, 1H), 6.97 (d, J =
8.1 Hz, 1H), 4.67 (s, 2H), 2.25 (s, 3H). "*C NMR (101 MHz,
DMSO-dg) 6 164.50, 161.43, 160.07, 155.94, 144.65, 136.82,
135.96, 135.83, 135.56, 133.39, 132.65, 129.24, 122.95, 122.02,
119.33, 119.28, 118.52, 110.85, 110.64, 43.02, 20.44.

(2)-2-(3-(2-(5-Bromo-2-hydroxybenzoyl)hydrazineylidene)-7-
chloro-2-oxoindolin-1-yl)-N-( p-tolyl)acetamide (7)

Yellow solid. Yield: 68%. HRMS (ESI-MS): calculated:
539.01272 for C,4H;, °BrCIN,O, [M-H] , found: 539.01300.
HRMS (ESI-MS): calculated: 541.01067 for C,,H;,*'BrCIN,0,
[M-HJ, found: 541.01074. "H NMR (400 MHz, DMSO-dg) 0
14.33 (bs, 1H), 12.15 (bs, 1H), 10.10 (bs, 1H), 8.23-7.94 (m,
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1H), 7.81-7.54 (m, 2H), 7.52-7.31 (m, 3H), 7.28-6.87 (m, 4H),
4.87 (s, 2H), 2.24 (s, 3H). >C NMR (101 MHz, DMSO-d) 6
165.65, 161.99, 160.69, 156.49, 138.92, 137.37, 136.38, 135.71,
133.88, 133.40, 133.21, 129.66, 124.92, 123.36, 120.11, 120.05,
119.84, 119.63, 115.91, 111.34, 44.76, 20.90.

(2)-2-(4-Bromo-3-(2-(5-bromo-2-hydroxybenzoyl)
hydrazineylidene)-2-oxoindolin-1-yl)-N-(p-tolyl)acetamide (8)

Yellow solid. Yield: 78%. HRMS (ESI-MS): calculated:
584.96016 for C,,H,, °Br*'BrN,0, [M-H], found: 584.96088.
HRMS (ESI-MS): calculated: 582.96221 for C,4H;,”°Br’°BrN,0,
[M-H], found: 582.96183. HRMS (ESI-MS): calculated:
586.95811 for C,,H;,*'Br*'BrN,0, [M-H], found: 586.95752.
'H NMR (400 MHz, DMSO-de) 6 14.53 (s, 1H), 12.13 (s, 1H),
10.19 (s, 1H), 8.31-7.87 (m, 1H), 7.77-6.81 (m, 9H), 4.65 (s,
2H), 2.25 (s, 3H). *C NMR (101 MHz, DMSO-ds) § 164.51,
161.41, 159.67, 156.01, 144.84, 136.87, 135.95, 135.72, 133.51,
132.76, 132.22, 129.29, 127.64, 119.74, 119.47, 119.42, 118.21,
115.71, 110.88, 109.20, 42.98, 20.53.

(2)-2-(5-Bromo-3-(2-(5-bromo-2-hydroxybenzoyl)
hydrazineylidene)-2-oxoindolin-1-yl)-N-(p-tolyl)acetamide (9)

Yellow solid. Yield: 68%. HRMS (ESI-MS): calculated:
584.96016 for C,,H,, °Br*'BrN,0, [M-H], found: 584.96115.
HRMS (ESI-MS): calculated: 582.96221 for Cy,H;,”°Br’*BrN,O,
[M-H], found: 582.96178. HRMS (ESI-MS): calculated:
586.95811 for C,,H;,*'Br*'BrN,0, [M-H], found: 586.95915.
'H NMR (400 MHz, DMSO-ds) 6 13.99 (s, 1H), 12.42 (s, 1H),
10.50 (s, 1H), 8.20-8.01 (m, 1H), 7.91 (m, 1H) 7.55-6.54 (m,
8H), 4.68 (s, 2H), 2.20 (s, 3H). *C NMR (101 MHz, DMSO-dg) J
172.5, 168.81, 163.71, 161.70, 147.44, 143.30, 136.72, 134.08,
133.51, 130.03, 130.45, 128.90, 124.46, 122.70, 119.67, 115.32,
113.50, 110.90, 106.25, 103.18, 43.50, 21.23.

(2)-2-(6-Bromo-3-(2-(5-bromo-2-hydroxybenzoyl)
hydrazineylidene)-2-oxoindolin-1-yl)-N-( p-tolyl)acetamide (10)

Yellow solid. Yield: 63%. HRMS (ESI-MS): calculated:
584.96016 for C,,H;, °Br*'BrN,0, [M-H], found: 584.95970.
HRMS (ESI-MS): calculated: 582.96221 for C,4H;,”°Br’°BrN,0,
[M-H], found: 582.96304. HRMS (ESI-MS): calculated:
586.95811 for C,,H;,*'Br*'BrN,0, [M-H], found: 586.95910.
'H NMR (400 MHz, DMSO-d;) ¢ 14.35 (bs, 1H), 12.14 (bs, 1H),
10.18 (bs, 1H), 8.10-7.95 (m, 1H), 7.84-7.27 (m, 6H), 7.22-6.88
(m, 3H), 4.67 (s, 2H), 2.26 (s, 3H). "*C NMR (101 MHz, DMSO-
de) 6 164.53, 161.46, 159.96, 155.96, 144.64, 136.83, 135.97,
135.65, 133.39, 132.65, 129.25, 125.85, 124.39, 122.20, 119.34,
119.28, 118.88, 113.34, 110.84, 43.01, 20.44.

(2)-2-(7-Bromo-3-(2-(5-bromo-2-hydroxybenzoyl)

hydrazineylidene)-2-oxoindolin-1-yl)-N-( p-tolyl)acetamide (11)
Yellow solid. Yield: 70%. HRMS (ESI-MS): calculated:
584.96016 for C,,H, °Br*'BrN,0, [M-H], found: 584.96110.
HRMS (ESI-MS): calculated: 582.96221 for C,4H;,”°Br’°BrN,0,
[M-H], found: 582.96298. HRMS (ESI-MS): calculated:
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586.95811 for C,,H;,*'Br®’BrN,0, [M-H], found: 586.95884.
'H NMR (400 MHz, DMSO-ds) 6 14.36 (s, 1H), 12.25 (s, 1H),
10.15 (s, 1H), 8.07 (s, 1H), 7.71 (d, J = 7.4 Hz, 1H), 7.67-7.55
(m, 2H), 7.42 (d, J = 8.0 Hz, 2H), 7.20-7.05 (m, 3H), 6.98 (d, ] =
8.8 Hz, 1H), 4.90 (s, 2H), 2.24 (s, 3H). *C NMR (176 MHz,
DMSO-dg) 6 165.11, 161.54, 160.45, 156.03, 139.90, 136.91,
136.26, 135.94, 135.23, 133.41, 132.74, 129.17, 124.78, 123.23,
120.01, 119.70, 119.39, 119.19, 110.87, 102.86, 44.11, 20.44.

(2)-2-(3-(2-(5-Bromo-2-hydroxybenzoyl)hydrazineylidene)-7-
iodo-2-oxoindolin-1-yl)-N-(p-tolyl)acetamide (12)

Yellow solid. Yield: 70%. HRMS (ESI-MS): calculated:
630.94834 for Cy,H,, °BrIN,O, [M-H], found: 630.94897.
HRMS (ESI-MS): calculated: 632.94629 for C,,H;,*'BriN,0,
[M-H], found: 632.94702. '"H NMR (400 MHz, DMSO-d;) ¢
14.36 (s, 1H), 12.14 (s, 1H), 10.12 (s, 1H), 8.07 (s, 1H),
7.96-7.77 (m, 1H), 7.71 (d, J = 5.2 Hz, 1H), 7.61 (d, J = 5.2
Hz, 1H), 7.43 (d, J = 5.0 Hz, 2H), 7.12 (d, J = 5.0 Hz, 2H),
7.04-6.86 (m, 2H), 4.94 (s, 2H), 2.25 (s, 3H). ">C NMR (176
MHz, DMSO-ds) 6 165.02, 161.51, 160.78, 155.99, 143.25,
143.00, 136.87, 135.98, 135.33, 133.41, 132.73, 129.15,
125.03, 122.83, 120.40, 119.77, 119.51, 119.37, 119.23,
110.87, 43.72, 20.45.

(2)-2-(3-(2-(5-Bromo-2-hydroxybenzoyl)hydrazineylidene)-4-
fluoro-5-methyl-2-oxoindolin-1-yl)-N-(p-tolyl)acetamide (13)

Yellow solid. Yield: 78%. HRMS (ESI-MS): calculated:
537.05792 for C,sH;o  BrFN,O, [M-H] , found: 537.05847.
HRMS (ESI-MS): calculated: 539.05587 for C,sH;o®'BrFN,O,
[M-HJ, found: 539.05652. 'H NMR (400 MHz, DMSO-dg) ¢
14.29 (s, 1H), 12.03 (s, 1H), 10.17 (s, 1H), 8.20-7.96 (m, 1H),
7.70-7.36 (m, 4H), 7.05 (d, J = 59.0 Hz, 4H), 4.61 (s, 2H),
2.43-1.93 (m, 6H). "*C NMR (176 MHz, DMSO-ds) 6 164.55,
163.32, 161.92, 161.46, 160.26, 156.01, 143.34, 143.27, 136.71,
135.98, 135.93, 135.81, 133.40, 132.69, 129.26, 123.75, 123.71,
119.34, 118.73, 118.62, 115.61, 115.59, 110.79, 98.74, 98.58,
43.09, 20.47.

(2)-2-(3-(2-(5-Bromo-2-hydroxybenzoyl)hydrazineylidene)-2-
oxoindolin-1-yl)-N-(4-chlorophenyl)acetamide (14)

Yellow solid. Yield: 43%. HRMS (ESI-MS): calculated:
524.99707 for C,3H;s"°BrCIN,O4 [M-H]", found: 524.99634.
HRMS (ESI-MS): calculated: 526.99502 for C,3H;5*'BrCIN,O,
[M-H], found: 526.99601. '"H NMR (400 MHz, DMSO-d;) ¢
14.41 (s, 1H), 12.15 (s, 1H), 10.45 (s, 1H), 8.07 (s, 1H),
7.68 (d, J = 7.5 Hz, 1H), 7.62-7.57 (m, 3H), 7.45 (t, J =
7.8 Hz, 1H), 7.37 (d, J = 8.5 Hz, 2H), 7.22-7.12 (m, 2H),
6.97 (dd, J = 8.7, 1.5 Hz, 1H), 4.66 (s, 2H). >C NMR (176
MHz, DMSO-d¢) § 165.11, 160.01, 151.47, 143.27, 139.20,
137.42, 136.71, 136.46, 133.36, 131.51, 128.79, 128.04,
127.29, 124.92, 123.19, 120.91, 120.70, 119.70, 119.40,
109.99, 42.89.
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(2)-2-(3-(2-(5-Bromo-2-hydroxybenzoyl)hydrazineylidene)-2-
oxoindolin-1-yl)-N-(4-nitrophenyl)acetamide (15)

Yellow solid. Purified on silica gel (eluent hexane/DCM/EtOAc
4:4:2). Yield: 30%. HRMS (ESI-MS): calculated: 536.02112 for
C,3H15°BrN;0, [M-H], found: 536.02124. HRMS (ESI-MS):
calculated: 538.01907 for C,3H;5*'BrN;O, [M-H] , found:
538.01947. '"H NMR (400 MHz, DMSO-ds) ¢ 14.37 (s, 1H),
12.19 (s, 1H), 10.96 (s, 1H), 8.24 (dd, J = 9.4, 3.7 Hz, 2H), 8.07
(s, 1H), 7.92-7.77 (m, 2H), 7.69 (d, J = 7.4 Hz, 1H), 7.61 (d, J =
8.0 Hz, 1H), 7.45 (d, J = 8.0 Hz, 1H), 7.20 (d, J = 8.0 Hz, 2H),
6.97 (dd, J = 9.1, 3.5 Hz, 1H), 4.74 (s, 2H). "*C NMR (176 MHz,
DMSO-dg) 6 166.03, 161.53, 160.04, 156.03, 144.56, 143.21,
142.58, 136.75, 136.38, 133.39, 131.56, 125.11, 123.27, 120.76,
119.66, 119.37, 119.10, 110.78, 110.05, 43.09.

(2)-2-(3-(2-(5-Bromo-2-hydroxybenzoyl)hydrazineylidene)-2-
oxoindolin-1-yl)-N-(3-nitrophenyl)acetamide (16)

Yellow solid. Purified on silica gel (eluent hexane/DCM/Ethyl
acetate 4:4:2). Yield: 42%. HRMS (ESI-MS): calculated:
536.02112 for C,3H;5°BrN;Os [M-H] , found: 536.02124.
HRMS (ESI-MS): calculated: 538.01907 for C,3H;s*'BrNsOg
[M-H], found: 538.01947. '"H NMR (400 MHz, DMSO-d,) J
14.40 (s, 1H), 12.21 (s, 1H), 10.83 (s, 1H), 8.57 (s, 1H), 8.08 (s,
1H), 7.99-7.86 (m, 2H), 7.69 (d, J = 7.6 Hz, 1H), 7.67-7.56 (m,
2H), 7.46 (t,J = 8.0 Hz, 1H), 7.23-7.13 (m, 2H), 6.98 (d, J = 8.7
Hz, 1H), 4.72 (s, 2H). *C NMR (176 MHz, DMSO-dg) 6 166.29,
161.94, 160.54, 156.43, 148.45, 143.68, 140.00, 137.21, 136.91,
133.86, 132.04, 130.87, 125.77, 123.73, 121.22, 120.15, 119.83,
119.81, 118.77, 113.94, 111.28, 110.51, 43.46.

(2)-N-(3,5-Bis(trifluoromethyl)phenyl)-2-(3-(2-(5-bromo-2-
hydroxybenzoyl)hydrazineylidene)-2-oxoindolin-1-yl)
acetamide (17)

Yellow solid. Yield: 67%. HRMS (ESI-MS): calculated: 627.01081
for C,sHys °BrFgN,O, [M-H] , found: 627.01074. HRMS (ESI-
MS): calculated: 629.00877 for C,5H,,*'BrFgN,0, [M-H]", found:
629.00891. HRMS (ESI-MS): calculated: 741.00368 for C,,Hy5 -
BrFoN,Og [M + CF;CO,], found: 741.00494. HRMS (ESI-MS):
calculated: 743.00163 for C,,H;s®'BrFgN,Og [M + CF;CO,],
found: 743.00317. "H NMR (400 MHz, DMSO-d) 6 14.37 (s, 1H),
12.18 (s, 1H), 10.99 (s, 1H), 8.24 (s, 2H), 8.08 (s, 1H), 7.82 (s, 1H),
7.69 (d, J = 5.5 Hz, 1H), 7.62 (d, J = 6.0 Hz, 1H), 7.52-7.39 (m,
1H), 7.19 (d, J = 8.2 Hz, 2H), 6.98 (d, J = 8.7 Hz, 1H), 4.73 (s, 2H).
BC NMR (176 MHz, DMSO-dg) J 166.25, 161.47, 160.05, 155.97,
143.10, 140.28, 136.74, 136.34, 133.38, 131.56, 131.17, 130.98,
130.79, 130.61, 125.45, 123.90, 123.30, 122.35, 120.80, 120.74,
119.67, 119.34, 119.06, 119.05, 116.71, 116.69, 116.67, 110.80,
110.08, 43.00.

(2)-2-(3-(2-(5-Bromo-2-hydroxybenzoyl)hydrazineylidene)-2-
oxoindolin-1-yl)-N-(2-cyanophenyl)acetamide (18)

Yellow solid. Yield: 72%. HRMS (ESI-MS): calculated:
516.03129 for C,,H;s °BrN;O, [M-H], found: 516.03131.
HRMS (ESI-MS): calculated: 518.02924 for C,4H;s°'BrNsO,
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[M-H]", found: 518.02942. '"H NMR (400 MHz, DMSO-d;) ¢
14.41 (s, 1H), 12.25 (s, 1H), 10.58 (s, 1H), 8.08 (d, J = 2.7 Hz,
1H), 7.84 (dd, J = 7.8, 1.6 Hz, 1H), 7.74-7.66 (m, 2H), 7.66-
7.57 (m, 2H), 7.46 (t, ] = 7.6 Hz, 1H), 7.38 (t, J = 7.6 Hz, 1H),
7.24-7.14 (m, 2H), 6.99 (d, J = 8.7 Hz, 1H), 4.74 (s, 2H). “C
NMR (176 MHz, DMSO-dg) 6 165.86, 161.47, 159.97, 155.98,
151.48, 143.08, 139.47, 139.20, 136.76, 133.99, 133.41, 131.52,
128.05, 125.56, 124.92, 123.29, 120.70, 119.35, 116.73, 110.82,
110.11, 107.31, 67.03, 42.55.

(2)-2-(3-(2-(5-Bromo-2-hydroxybenzoyl)hydrazineylidene)-2-
oxoindolin-1-yl)-N-(4-bromo-3-chlorophenyl)acetamide (19)

Yellow solid. Purified on silica gel (eluent hexane/DCM/EtOAc
4:4:3). Yield: 64%. HRMS (ESI-MS): calculated: 604.90554
for Cy3Hyy °Br*'BrCIN,O4 [M-H] , found: 604.90607. HRMS
(ESI-MS): calculated: 602.90758 for C,3Hy4 °Br’°BrCIN,O, [M-
HJ, found: 602.90820. HRMS (ESI-MS): calculated: 606.90349
for C,3H,*"Br¥'BrCIN,0, [M-H], found: 606.90369. '"H NMR
(400 MHz, DMSO-dg) 6 14.36 (bs, 1H), 12.43 (bs, 1H), 10.60
(bs, 1H), 7.98-7.93 (m, 2H), 7.71-7.63 (m, 1H), 7.59 (dd, J =
8.8, 2.8 Hz, 1H), 7.49 (dd, J = 8.8, 2.5 Hz, 2H), 7.43-7.35 (m,
1H), 7.15 (dd, J = 7.9, 3.4 Hz, 1H), 6.85 (d, J = 9.2 Hz, 2H),
4.65 (s, 2H). "*C NMR (176 MHz, DMSO-d¢) ¢ 166.35, 166.03,
160.38, 158.39, 143.48, 139.36, 137.16, 136.85, 136.09, 134.47,
133.64, 132.01, 130.45, 123.75, 121.31, 121.03, 120.12, 120.09,
120.02, 117.72, 115.55, 110.28, 43.19.

(2)-N'-(1-(Benzofuran-2-ylmethyl)-2-oxoindolin-3-ylidene)-5-
bromo-2-hydroxybenzohydrazide (20)

Yellow solid. Purified on silica gel (eluent hexane/EtOAc 7: 3).
Yield: 44%. HRMS (ESI-MS): calculated: 488.02514 for C,,-
H,5;"°BrN;0, [M-HJ, found: 488.02563. HRMS (ESI-MS):
calculated: 490.02310 for C,,H;5*'BrN;0, [M-H], found:
490.02374. 'H NMR (400 MHz, DMSO-d¢) § 14.45 (s, 1H),
12.31 (s, 1H), 8.08 (s, 1H), 7.74-7.56 (m, 3H), 7.52 (d, J = 8.0
Hz, 1H), 7.44 (t, J = 7.8 Hz, 1H), 7.35-7.13 (m, 4H), 7.09-6.93
(m, 2H), 5.20 (s, 2H). >C NMR (176 MHz, DMSO-d,) 6 170.35,
161.44, 159.49, 155.97, 154.36, 151.78, 142.46, 136.77, 136.29,
133.40, 131.49, 127.71, 124.51, 123.33, 123.07, 121.17, 120.81,
119.78, 119.35, 119.33, 111.16, 110.82, 110.27, 105.70, 36.52.

(2)-N'-(1-(Benzo[b]thiophen-2-ylmethyl)-2-oxoindolin-3-
ylidene)-5-bromo-2-hydroxybenzohydrazide (21)

Yellow solid. Purified on silica gel (eluent hexane/EtOAc 8:
2). Yield: 46%. HRMS (ESI-MS): calculated: 504.00230 for
C,4Hy5 " BrN;05S [M-H]", found: 504.00296. HRMS (ESI-MS):
calculated: 506.00025 for C,,H;s*'BrN;0;S [M-H], found:
506.00046. "H NMR (400 MHz, DMSO-d,) ¢ 14.44 (s, 1H),
12.32 (s, 1H), 8.08 (d, J = 2.7 Hz, 1H), 7.88 (d, J = 7.7 Hz,
1H), 7.85-7.75 (m, 1H), 7.70-7.59 (m, 2H), 7.55 (s, 1H), 7.44
(t, J = 7.8 Hz, 1H), 7.40-7.26 (m, 3H), 7.17 (t, ] = 7.5 Hz,
1H), 7.01 (d, J = 8.7 Hz, 1H), 5.30 (s, 2H). *C NMR (176
MHz, DMSO-d,) § 161.44, 159.43, 155.98, 142.23, 139.12,
139.11, 139.00, 136.78, 136.23, 133.40, 131.48, 124.61,

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4md00553h

Published on 03 October 2024. Downloaded on 8/3/2025 10:48:34 AM.

RSC Medicinal Chemistry

124.58, 123.69, 123.58, 123.38, 122.54, 120.86, 119.82,
119.32, 119.30, 110.82, 110.24, 38.49.

(2)-5-Bromo-2-hydroxy-N'-(1-(naphthalen-2-ylmethyl)-2-
oxoindolin-3-ylidene)benzohydrazide (22)

Yellow solid. Yield: 55%. HRMS (ESI-MS): calculated:
498.04588 for C,gH;, °BrN;0; [M-H], found: 498.04663.
HRMS (ESI-MS): calculated: 500.04383 for C,sH;,'BrN;O;
[M-H], found: 500.04449. "H NMR (400 MHz, DMSO-dg) J
14.44 (s, 1H), 12.15 (s, 1H), 8.09 (s, 1H), 7.88 (s, 4H), 7.74~
7.23 (m, 6H), 7.23-6.87 (m, 3H), 5.16 (s, 2H). *C NMR (176
MHz, DMSO-ds) 6 161.94, 160.41, 156.45, 143.29, 137.20,
137.16, 133.87, 133.86, 133.32, 132.83, 131.90, 128.99, 128.13,
128.05, 126.91, 126.59, 126.38, 125.88, 123.64, 121.27, 120.41,
119.87, 119.80, 111.27, 110.74, 43.33.

(2)-N'-(1-((1H-Benzo[d]imidazol-2-yl)methyl)-2-oxoindolin-3-
ylidene)-5-bromo-2-hydroxybenzohydrazide (23)

Yellow solid. Purified on silica gel (eluent hexane/DCM/EtOAc
4:4:3). Yield: 22%. HRMS (ESI-MS): calculated: 488.03638
for C,3Hys °BrN;O; [M-H]", found: 488.03650. HRMS (ESI-
MS): calculated: 490.03433 for C,3H;s°'BrN;O; [M-HJ,
found: 490.03476. "H NMR (400 MHz, DMSO-ds) § 14.47 (s,
1H), 12.50 (s, 1H), 12.26 (s, 1H), 8.09 (d, J = 2.6 Hz, 1H), 7.69
(d,J = 7.6 Hz, 1H), 7.62 (dd, J = 8.8, 2.6 Hz, 1H), 7.56 (s, 1H),
7.37 (t,J = 7.9 Hz, 2H), 7.15 (d, J = 7.1 Hz, 3H), 6.98 (d, ] = 8.3
Hz, 2H), 5.25 (s, 2H). *C NMR (176 MHz, DMSO-ds) J 161.56,
159.79, 156.12, 149.11, 143.10, 142.78, 136.73, 134.32, 133.38,
131.47, 123.24, 122.24, 121.42, 120.75, 120.01, 119.38, 118.61,
111.27, 110.71, 109.92, 37.76.

(2)-5-Bromo-N-(1-((5-chlorobenzo[ b]thiophen-3-yl)methyl)-2-
oxoindolin-3-ylidene)-2-hydroxybenzohydrazide (24)

Yellow solid. Purified on silica gel (eluent hexane/DCM/EtOAc
60:35:5). Yield: 86%. HRMS (ESI-MS): calculated: 537.96333
for C,4H,4"°BrCIN;05S [M-H], found: 537.96409. HRMS (ESI-
MS): calculated: 539.96128 for C,4H,*'BrCIN;0;S [M-HJ,
found: 539.96295. '"H NMR (400 MHz, DMSO-ds) J 14.46 (s,
1H), 12.26 (s, 1H), 8.15-8.06 (m, 2H), 8.04 (dd, J = 8.6, 2.5 Hz,
1H), 7.88 (d, J = 2.4 Hz, 1H), 7.70-7.57 (m, 2H), 7.47-7.34 (m,
2H), 7.19-7.09 (m, 2H), 7.01 (dd, J = 8.7, 2.5 Hz, 1H), 6.91-
6.82 (m, 2H), 6.63 (s, 1H), 5.23 (s, 2H). "*C NMR (176 MHz,
DMSO-dg) & 162.02, 160.28, 156.53, 151.93, 143.13, 139.67,
139.13, 139.01, 137.22, 137.04, 133.87, 131.86, 130.05, 128.52,
128.27, 125.38, 125.26, 123.73, 121.84, 120.49, 119.84, 111.25,
110.81, 67.49.

(2)-2-(4-Bromo-3-(2-(5-bromo-2-hydroxybenzoyl)
hydrazineylidene)-2-oxoindolin-1-yl)-N-(4-nitrophenyl)
acetamide (25)

Yellow solid. Yield: 61%. HRMS (ESI-MS): calculated:
615.92959 for C,3Hy, °Br®'BrN;O¢ [M-H], found: 615.93011.
HRMS (ESI-MS): calculated: 613.93163 for C,3H,4 *Br’*BrN;Oq
[M-H], found: 613.93213. HRMS (ESI-MS): calculated:
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617.92754 for C,3H;6"'Br®'Br N;O4 [M-H], found: 617.92719.
'H NMR (400 MHz, DMSO-ds) 6 14.55 (s, 1H), 12.18 (s, 1H),
10.94 (s, 1H), 8.24 (d, J = 8.1 Hz, 2H), 8.07 (s, 1H), 7.82 (d, J =
8.1 Hz, 2H), 7.61 (dd, J = 7.6, 4.1 Hz, 1H), 7.39-7.33 (m, 2H),
7.24 (d, J = 6.8 Hz, 1H), 6.97 (d, J = 8.8 Hz, 1H), 4.76 (s, 2H).
3C NMR (101 MHz, DMSO-dg) 6 165.82, 159.58, 156.08,
144.60, 144.48, 142.59, 136.78, 136.74, 135.38, 133.41, 132.12,
127.68, 125.09, 119.49, 119.38, 119.13, 118.16, 115.64, 110.73,
109.19, 43.15.

(2)-2-(7-Bromo-3-(2-(5-bromo-2-hydroxybenzoyl)
hydrazineylidene)-2-oxoindolin-1-yl)-N-(4-nitrophenyl)
acetamide (26)

Yellow solid. Yield: 60%. HRMS (ESI-MS): calculated:
615.92959 for C,3H, °Br®*'BrN;Os [M-H]", found: 615.92975.
HRMS (ESI-MS): calculated: 613.93163 for C,3H;6 “Br’°BrN;-
Oy [M-H]J, found: 613.93066. HRMS (ESI-MS): calculated:
617.92754 for Cy3Hy6" ' Br®'Br N5Os [M-H]", found: 617.92822.
"H NMR (400 MHz, DMSO-ds) ¢ 14.36 (s, 1H), 12.28 (s, 1H),
10.96 (s, 1H), 8.24 (d, J = 8.1 Hz, 2H), 8.08 (d, J = 3.6 Hz, 1H),
7.81 (d,J = 8.1 Hz, 2H), 7.73 (d, J = 7.2 Hz, 1H), 7.65-7.60 (m,
2H), 7.14 (t, J = 8.0 Hz, 1H), 6.99 (d, J = 8.4 Hz, 1H), 5.01 (s,
2H). *C NMR (101 MHz, DMSO-d) 6 166.44, 161.54, 160.34,
156.02, 144.60, 142.60, 139.68, 136.94, 136.26, 134.96, 133.41,
125.07, 124.91, 123.14, 120.08, 119.39, 119.23, 119.17, 110.89,
102.85, 44.35.

(2)-N-(3,5-Bis(trifluoromethyl)phenyl)-2-(3-(2-(5-bromo-2-
hydroxybenzoyl)hydrazineylidene)-4-chloro-2-oxoindolin-1-yl)
acetamide (27)

Yellow solid. Yield: 68%. HRMS (ESI-MS): calculated: 660.97184
for C,5Hy3” BrClFgN,0, [M-H], found: 660.97241. HRMS (ESI-
MS): calculated: 662.96979 for C,sH;;*'BrCIFN,O, [M-H],
found: 662.97052. '"H NMR (400 MHz, DMSO-d¢) 6 14.49 (s,
1H), 12.15 (s, 1H), 10.95 (s, 1H), 8.36-8.12 (m, 2H), 8.05 (s, 1H),
7.80 (s, 1H), 7.71-7.52 (m, 1H), 7.41 (t, J = 7.9 Hz, 1H), 7.31-
7.07 (m, 2H), 6.96 (d, J = 8.8 Hz, 1H), 4.73 (s, 2H). *C NMR
(176 MHz, DMSO-d,) J 166.08, 161.46, 159.60, 156.04, 144.34,
140.23, 136.83, 135.20, 133.44, 132.16, 131.19, 131.01, 130.82,
130.63, 127.87, 125.46, 124.55, 123.91, 122.36, 120.81, 119.44,
119.38, 119.16, 119.14, 119.12, 119.10, 116.81, 116.79, 116.77,
116.75, 116.57, 110.82, 108.82, 43.16.

(2)-N-(3,5-Bis(trifluoromethyl)phenyl)-2-(3-(2-(5-bromo-2-
hydroxybenzoyl)hydrazineylidene)-6-chloro-2-oxoindolin-1-yl)
acetamide (28)

Yellow solid. Purified on silica gel (eluent hexane/DCM/EtOAc
5:4:1). Yield: 55%. HRMS (ESI-MS): calculated: 660.97184 for
C,5H,37°BrCIFgN,0, [M-H], found: 660.97247. HRMS (ESI-
MS): calculated: 662.96979 for C,5H;3*'BrCIFgN,0, [M-H],
found: 662.97040. HRMS (ESI-MS): calculated: 774.96470 for
Cy7H1, " BrCIFoN,O6 [M + CF5CO,] , found: 774.96558. HRMS
(ESI-MS): calculated: 776.96266 for C,,H;,*'BrCIFoN,O4 [M +
CF,CO,], found: 776.96381. *H NMR (400 MHz, DMSO-d;) 0
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14.36 (s, 1H), 12.27 (s, 1H), 10.97 (s, 1H), 8.22-8.20 (m, 2H),
8.08 (d, J = 4.1 Hz, 1H), 7.82 (s, 1H), 7.70 (d, J = 7.2 Hz, 1H),
7.63 (dd, J = 8.8, 2.4 Hz, 1H), 7.47 (d, ] = 4.1 Hz, 1H), 7.21 (7, ]
= 8.1 Hz, 1H), 7.00 (d, J = 8.1 Hz, 1H), 4.97 (s, 2H). *C NMR
(101 MHz, DMSO-d,) 6 166.81, 161.54, 160.15, 156.04, 140.29,
138.19, 136.96, 134.96, 133.43, 132.96, 131.43, 131.09, 130.77,
130.45, 124.65, 124.48, 122.87, 121.77, 119.68, 119.40, 119.15,
119.13, 119.12, 119.11, 119.10, 119.09, 119.07, 116.78, 116.76,
116.74, 116.72, 115.44, 110.90, 44.50.

(2)-N-(3,5-Bis(trifluoromethyl)phenyl)-2-(3-(2-(5-bromo-2-
hydroxybenzoyl)hydrazineylidene)-7-chloro-2-oxoindolin-1-yl)
acetamide (29)

Yellow solid. Yield: 57%. HRMS (ESI-MS): calculated: 660.97184
for C,5H,5”°BrCIFgN,0, [M-H]", found: 660.97266. HRMS (ESI-
MS): calculated: 662.96979 for C,5H;;*'BrCIF,N,0, [M-H],
found: 662.97058. 'H NMR (400 MHz, DMSO-dg) J 14.41 (s,
1H), 10.98 (s, 1H), 8.22-8.20 (m, 2H), 8.07 (d, J = 4.4 Hz, 1H),
7.81 (s, 1H), 7.70 (d, J = 7.2 Hz, 1H), 7.61 (dd, J = 8.8, 2.4 Hz,
1H), 7.45 (d, J = 4.4 Hz, 1H), 7.21 (7, ] = 8.0 Hz, 1H), 6.99 (d, ] =
8.8 Hz, 1H), 4.92 (s, 2H). *C NMR (176 MHz, DMSO-ds) ¢
166.83, 161.59, 160.16, 156.08, 140.49, 140.31, 138.19, 136.97,
134.98, 133.44, 132.97, 131.23, 131.05, 130.86, 130.67, 125.47,
124.66, 123.92, 122.88, 122.37, 120.82, 119.70, 119.42, 119.16,
119.14, 119.12, 119.10, 116.79, 116.77, 116.75, 116.73, 115.45,
110.91, 44.50.

General procedure for the synthesis of 2-chloro-N-
phenylacetamides (30-36)

The appropriate substituted aniline (6 mmol) and NaHCO;
(552 mg, 6.6 mmol) were suspended in THF (7 mL) and the
thus-obtained mixture was stirred at 0 °C for ten minutes.
Acetyl chloride (0.53 mL 6.6 mmol) was added dropwise, and
the reaction was allowed to warm up at room temperature.
After one hour, the reaction was complete and the mixture
was extracted in EtOAc. The organic layer was washed with a
saturated solution of NaHCO; twice and the combined
aqueous phases were counter extracted with one aliquot of
EtOAc. The combined organic phases were dried over
anhydrous sodium sulfate, filtered, and evaporated to
dryness to obtain the desired compounds 30-36.

2-Chloro-N-(p-tolyl)acetamide (30)

White crystals, Yield: 95%. '"H NMR (400 MHz, DMSO-dg) ¢
10.20 (1H, s); 7.50 (2H, d, J = 7.4 Hz), 7.12 (2H, d, J = 7.4 Hz),
4.22 (2H, s), 2.26 (3H, s). >C NMR (DMSO-ds) was in
accordance with the reported literature.>®

2-Chloro-N-(4-chlorophenyl)acetamide (31)

Off-white solid. Yield: 85%. 'H NMR (CDCl;) was in
accordance with the reported literature.”"
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2-Chloro-N-(4-nitrophenyl)acetamide (32)

Yellow solid. Yield: 94%. 'H NMR (400 MHz, DMSO-dy): o
10.98 (1H, s); 8.22 (2H, d, J = 9.0 Hz); 7.84 (2H, d, J = 9.0 Hz);
4.33 (2H, s) was in accordance with the reported literature.*

2-Chloro-N-(3-nitrophenyl)acetamide (33)

Pale orange solid. Yield: 96%. 'H NMR (DMSO-ds) was in
accordance with the reported literature.>>

N-(3,5-Bis(trifluoromethyl)phenyl)-2-chloroacetamide (34)

Pale yellow liquid. Yield: 92%. 'H NMR (CDCl;) was in
accordance with the reported literature.>

2-Chloro-N-(2-cyanophenyl)acetamide (35)

Off-white solid. Yield: 97%. "H NMR (CDCl;) was in
accordance with the reported literature.>

N-(4-Bromo-3-chlorophenyl)-2-chloroacetamide (36)

Off-white solid. Yield: 99%. '"H NMR (400 MHz, DMSO-de) o
10.57 (s, 1H), 7.96 (d, J = 2.4 Hz, 1H), 7.71 (d, J = 8.4 Hz, 1H),
7.42 (dd, J = 8.4, 2.4 Hz, 1H), 4.27 (s, 2H). °C NMR (101
MHz, DMSO-ds) 6 165.17, 139.12, 134.00, 133.14, 120.49,
119.58, 115.10, 43.47.

General procedure for the synthesis of N-alkylated isatins
(37-57)

The appropriate substituted isatin (0.5 mmol) and potassium
carbonate (69 mg, 0.5 mmol) were suspended in anhydrous
DMF (1.5 mL) and stirred at room temperature for 5 minutes.
Potassium iodide (83 mg, 0.5 mmol) and the appropriate
substituted-acetamide (30-36) (0.55 mmol) were then added
and the resulting mixture was stirred at room temperature
overnight. Ten-fold volume of water (with respect to DMF)
was added and the thus-obtained suspension was allowed to
stir for 10 minutes before being filtered. The solid was
washed three times with water and the resulting solid was
dried in a climate chamber at 60 °C to afford the desired
compounds 37-57 in appropriate purity grade.

2-(4-Chloro-2,3-dioxoindolin-1-yl)-N-(p-tolyl)acetamide (37)

Orange solid. Yield: 91%. 'H NMR (400 MHz, DMSO-d;) §
10.07 (s, 1H), 7.64 (t, J = 8.1 Hz, 1H), 7.42 (d, J = 8.0 Hz, 2H),
7.27-6.97 (m, 4H), 4.56 (s, 2H), 2.24 (s, 3H). >C NMR (101
MHz, DMSO-ds) 6 179.84, 164.47, 157.81, 152.06, 138.92,
135.74, 132.92, 131.11, 129.22, 124.49, 119.73, 114.63, 109.82,
43.34, 20.51.

2-(5-Chloro-2,3-dioxoindolin-1-yl)-N-(p-tolyl)acetamide (38)

Orange solid. Yield: 74%. "H NMR (400 MHz, DMSO-dg) §
10.11 (s, 1H), 7.91-7.59 (m, 2H), 7.54-7.32 (m, 2H), 7.26-6.99
(m, 3H), 4.56 (s, 2H), 2.24 (s, 3H). *C NMR (101 MHz,
DMSO-de) 6 181.91, 164.50, 158.22, 149.35, 137.26, 135.76,
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132.90, 129.21, 127.75, 124.03, 119.69, 118.88, 112.85, 43.25,
20.47.

2-(6-Chloro-2,3-dioxoindolin-1-yl)-N-(p-tolyl)acetamide (39)

Orange solid. Yield: 55%. "H NMR (400 MHz, DMSO-d;) &
10.14 (s, 1H), 7.76-7.36 (m, 4H), 7.18 (dt, J = 37.6, 12.6 Hz,
3H), 4.58 (s, 2H), 2.25 (s, 4H). "*C NMR (101 MHz, DMSO-d;)
0 181.45, 164.29, 158.37, 152.06, 142.56, 135.68, 132.68,
129.03, 125.82, 123.26, 119.49, 116.22, 111.55, 43.20, 20.29.

2-(7-Chloro-2,3-dioxoindolin-1-yl)-N-(p-tolyl)acetamide (40)

Orange solid. Yield: 93%. 'H NMR (400 MHz, DMSO-d,) 6
10.04 (s, 1H), 8.02-7.55 (m, 2H), 7.55-7.28 (m, 2H), 7.28-6.80
(m, 3H), 4.78 (s, 2H), 2.25 (s, 3H). >C NMR (101 MHz,
DMSO-dg) § 182.20, 165.72, 159.36, 146.04, 139.96, 136.14,
133.34, 129.61, 125.38, 124.07, 121.23, 120.33, 116.65, 45.19,
20.89.

2-(4-Bromo-2,3-dioxoindolin-1-yl)-N-(p-tolyl)acetamide (41)

Orange solid. Yield: 99%. "H NMR (400 MHz, DMSO-d;) 6
10.09 (s, 1H), 7.54 (t, J = 7.9 Hz, 1H), 7.41 (d, J = 8.0 Hz, 2H),
7.33 (d, J = 8.0 Hz, 1H), 7.21-7.06 (m, 3H), 4.55 (s, 2H), 2.24
(s, 3H). ®C NMR (101 MHz, DMSO-ds) § 180.83, 164.92,
158.21, 152.91, 139.27, 136.17, 133.36, 129.66, 128.04, 120.19,
119.89, 116.69, 110.65, 43.67, 20.93.

2-(5-Bromo-2,3-dioxoindolin-1-yl)-N-(p-tolyl)acetamide (42)

Orange solid. Yield: 82%. 'H NMR (400 MHz, DMSO-d,) &
10.12 (s, 1H), 7.85 (d, J = 8.5 Hz, 1H), 7.78 (s, 1H), 7.42 (d, J =
8.0 Hz, 2H), 7.13 (dd, J = 13.8, 8.3 Hz, 3H), 4.56 (s, 2H), 2.24
(s, 3H). ®C NMR (101 MHz, DMSO-ds) 6 182.15, 164.88,
158.47, 150.11, 140.46, 136.18, 133.28, 129.63, 127.17, 120.06,
119.68, 115.68, 113.69, 49.24, 20.90.

2-(6-Bromo-2,3-dioxoindolin-1-yl)-N-(p-tolyl)acetamide (43)

Orange solid. Yield: 82%. "H NMR (400 MHz, DMSO-d;) 6
10.16 (s, 1H), 7.77-7.50 (m, 2H), 7.50-7.26 (m, 3H), 7.24-6.97
(m, 2H), 4.58 (s, 2H), 2.25 (s, 3H). *C NMR (101 MHz,
DMSO-dg) & 182.31, 164.98, 158.94, 152.39, 136.31, 133.24,
132.43, 129.71, 126.80, 126.39, 119.94, 117.13, 114.90, 43.70,
20.94.

2-(7-Bromo-2,3-dioxoindolin-1-yl)-N-(p-tolyl)acetamide (44)
Reddish solid. Yield: 96%. '"H NMR (400 MHz, DMSO-ds) &
10.09 (s, 1H), 8.08-7.76 (m, 1H), 7.67 (m, 1H), 7.61-7.34 (m,
2H), 7.33-7.02 (m, 3H), 4.81 (s, 2H), 2.25 (s, 3H). *C NMR
(101 MHz, DMSO-dg) 6 182.27, 165.68, 159.59, 147.50, 143.32,
136.16, 133.36, 129.61, 125.71, 124.53, 121.57, 120.39, 104.07,
44.92, 20.90.

2-(7-Iodo-2,3-dioxoindolin-1-yl)-N-(p-tolyl)acetamide (45)

Dark orange solid. Yield: 91%. "H NMR (400 MHz, DMSO-d;)
¢ 10.04 (s, 1H), 8.18-7.96 (m, 1H), 7.76-7.57 (m, 1H), 7.55-
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7.30 (m, 2H), 7.29-7.02 (m, 2H), 7.01-6.86 (m, 1H), 4.84 (s,
2H), 2.25 (s, 3H). C NMR (101 MHz, DMSO-d¢) J 182.55,
165.57, 159.82, 150.70, 150.24, 136.19, 133.33, 129.56, 125.88,
124.84, 121.12, 120.45, 119.44, 44.46, 20.95.

2-(4-Fluoro-5-methyl-2,3-dioxoindolin-1-yl)-N-(p-tolyl)
acetamide (46)

Orange solid. Yield: 93%. 'H NMR (400 MHz, DMSO-d;) 6
10.12 (s, 1H), 7.90-7.55 (m, 1H), 7.54-7.29 (m, 2H), 7.29-6.81
(m, 3H), 4.53 (s, 2H), 2.19 (s, 3H). *C NMR (101 MHz,
DMSO-de) 6 181.31, 167.79, 165.26, 164.52, 158.75, 151.89,
151.76, 135.87, 132.80, 129.24, 128.33, 128.25, 119.69, 119.54,
119.34, 113.99, 113.96, 99.85, 99.56, 43.32, 20.46, 13.40,
13.37.

N-(4-Chlorophenyl)-2-(2,3-dioxoindolin-1-yl)acetamide (47)

Orange solid. Yield: 99%. '"H NMR (400 MHz, DMSO-dg) §
10.43 (s, 1H), 7.67 (dt, J = 4.0, 8.0 Hz, 1H), 7.62-7.58 (m, 3H),
7.37 (d, J = 8.8 Hz, 2H), 7.18-7.15 (m, 2H), 4.59 (s, 2H). “C
NMR (101 MHz, DMSO-dg) § 182.94, 165.07, 158.45, 156.82,
150.80, 138.37, 137.33, 128.74, 124.51, 123.53, 121.10, 117.51,
111.03, 40.66.

2-(2,3-Dioxoindolin-1-yl)-N-(4-nitrophenyl)acetamide (48)

Orange solid. Yield: 93%. "H NMR (400 MHz, DMSO-d¢) §
10.85 (s, 1H), 8.24 (d, J = 8.9 Hz, 2H), 7.82 (d, J = 8.9 Hz, 2H),
7.72-7.57 (m, 2H), 7.24-7.10 (m, 2H), 4.66 (s, 2H). °C NMR
(101 MHz, DMSO-d) J 182.88, 165.99, 158.50, 150.77, 144.49,
142.68, 138.47, 125.07, 124.61, 123.65, 119.29, 117.50, 111.11,
43.35.

2-(2,3-Dioxoindolin-1-yl)-N-(3-nitrophenyl)acetamide (49)

Orange solid. Yield: 96%. 'H NMR (400 MHz, DMSO-d;) 6
10.72 (s, 1H), 8.56 (s, 1H), 8.16-7.82 (m, 2H), 7.82-7.45 (m,
3H), 7.18 (d, J = 6.9 Hz, 2H), 4.63 (s, 2H). *C NMR (101 MHz,
DMSO-dg) J 182.86, 165.78, 158.49, 150.72, 147.97, 139.44,
138.42, 130.37, 125.51, 124.57, 123.62, 118.39, 117.54, 113.67,
111.06, 43.26.

N-(3,5-Bis(trifluoromethyl)phenyl)-2-(2,3-dioxoindolin-1-yl)
acetamide (50)

Orange solid. Yield: 92%. '"H NMR (400 MHz, DMSO-dg) §
10.93 (s, 1H), 8.40-8.13 (m, 2H), 7.81 (s, 1H), 7.68 (td, J = 7.8,
1.4 Hz, 1H), 7.63 (d, J = 7.3 Hz, 1H), 7.25-7.13 (m, 2H), 4.65
(s, 2H). *C NMR (101 MHz, DMSO-ds) § 183.28, 166.68,
162.86, 158.95, 151.10, 140.67, 138.95, 131.85, 131.52, 131.19,
130.86, 127.65, 125.07, 124.95, 124.15, 122.24, 119.77, 119.74,
119.71, 119.68, 119.53, 117.97, 117.22, 117.19, 117.16, 117.13,
111.54, 43.72.

N-(2-Cyanophenyl)-2-(2,3-dioxoindolin-1-yl)acetamide (51)

Orange solid. Yield: 93%. 'H NMR (400 MHz, DMSO-d;) §
10.51 (s, 1H), 7.84 (dd, J = 7.9, 1.5 Hz, 1H), 7.68 (ddd, J = 9.3,
5.8, 1.6 Hz, 2H), 7.62 (d, J = 7.4 Hz, 1H), 7.54 (d, ] = 8.2 Hz,
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1H), 7.39 (t, J = 7.5 Hz, 1H), 7.18 (t, J = 8.0 Hz, 2H), 4.65 (s,
2H). *C NMR (101 MHz, DMSO-d,) 6 183.36, 166.29, 158.85,
150.96, 139.82, 138.74, 134.45, 133.85, 126.88, 126.35, 124.95,
124.08, 118.10, 117.14, 111.53, 108.37, 43.36.

N-(4-Bromo-3-chlorophenyl)-2-(2,3-dioxoindolin-1-yl)
acetamide (52)

Orange solid. Yield: 95%. 'H NMR (400 MHz, DMSO-ds)
10.56 (s, 1H), 7.93 (d, J = 2.5 Hz, 1H), 7.75-7.58 (m, 3H), 7.41
(dd, J = 8.8, 2.5 Hz, 1H), 7.24-7.12 (m, 2H), 4.60 (s, 2H). *C
NMR (101 MHz, DMSO-ds) J 182.87, 165.52, 158.47, 150.72,
139.00, 138.41, 134.00, 133.12, 124.55, 123.60, 120.69, 119.75,
117.51, 115.07, 111.05, 43.23.

2-(4-Bromo-2,3-dioxoindolin-1-yl)-N-(4-nitrophenyl)acetamide
(53)

Orange solid. Yield: 84%. 'H NMR (400 MHz, DMSO-ds) 6
10.82 (bs, 1H), 8.23 (d, J = 7.9 Hz, 2H), 7.81 (d, J = 7.9 Hz,
2H), 7.55 (d, J = 7.8 Hz, 1H), 7.35 (t, ] = 7.8 Hz, 1H), 7.20 (d, J
= 7.8 Hz, 1H) 4.67 (s, 2H). '*C NMR (101 MHz, DMSO-d,) ¢
180.18, 165.76, 157.70, 152.40, 144.38, 142.65, 138.87, 127.67,
125.02, 119.50, 119.31, 116.16, 110.31, 43.39.

2-(7-Bromo-2,3-dioxoindolin-1-yl)-N-(4-nitrophenyl)acetamide
(54)

Orange solid. Yield: 51%. 'H NMR (400 MHz, DMSO-ds)
10.81 (bs, 1H), 8.24 (d, J = 8.1 Hz, 2H), 7.85-7.79 (m, 3H),
7.68 (d, J = 8.0 Hz, 1H), 7.13 (t, J = 8.0 Hz, 1H), 4.92 (s, 2H).
BC NMR (101 MHz, DMSO-ds) § 181.66, 166.50, 159.07,
147.01, 144.49, 142.98, 142.68, 125.41, 125.04, 124.22, 121.03,
119.40, 103.67, 44.73.

N-(3,5-Bis(trifluoromethyl)phenyl)-2-(4-chloro-2,3-dioxoindolin-
1-yl)acetamide (55)

Orange solid. Yield: 96%. 'H NMR (400 MHz, DMSO-ds)
10.84 (s, 1H), 8.22 (bs, 2H), 7.95 (bs, 1H), 7.82 (bs, 1H), 7.65
(d, J = 7.1 Hz, 1H), 7.21-7.17 (m, 2H), 4.66 (s, 2H). *C NMR
(101 MHz, DMSO-d,) 6 179.63, 166.03, 162.31, 157.77, 151.88,
140.13, 139.02, 131.35, 131.18, 131.03, 130.70, 130.38, 127.19,
124.61, 124.48, 121.77, 119.38, 119.35, 119.32, 119.29, 116.91,
116.88, 116.85, 116.82, 114.58, 109.92, 43.45.

N-(3,5-Bis(trifluoromethyl)phenyl)-2-(6-chloro-2,3-dioxoindolin-
1-yl)acetamide (56)

Orange solid. Yield: 87%. 'H NMR (400 MHz, DMSO-ds)
11.09 (bs, 1H), 9.09 (t, / = 8.0 Hz, 1H), 8.33-8.30 (bs, 2H),
7.77 (s, 1H), 7.63 (d, J = 8.0 Hz, 1H), 6.63 (m, 1H), 4.20 (s,
2H). *C NMR (101 MHz, DMSO-dg) 6 200.35, 172.44, 169.08,
168.98, 151.24, 140.74, 140.57, 138.75, 136.45, 131.29, 130.97,
130.64, 130.32, 124.56, 121.86, 118.94, 118.92, 118.89, 118.86,
116.17, 116.13, 116.09, 116.06, 114.47, 113.93, 110.75, 46.11.
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N-(3,5-Bis(trifluoromethyl)phenyl)-2-(7-chloro-2,3-dioxoindolin-
1-yl)acetamide (57)

Orange solid. Yield: 91%. 'H NMR (400 MHz, DMSO-dg) §
10.89 (bs, 1H), 8.21 (bs, 2H), 7.82 (s, 1H), 7.70 (d, J = 8.0 Hz,
1H), 7.66 (d, J = 8.0 Hz, 1H), 7.21 (t, J = 8 Hz, 1H), 4.89 (s,
2H). *C NMR (101 MHz, DMSO-d) 6 181.57, 169.91, 166.85,
158.86, 145.46, 140.22, 139.69, 134.88, 132.98, 131.41, 131.08,
130.75, 130.43, 125.14, 124.48, 123.81, 121.78, 120.72, 119.30,
119.27, 118.06, 116.96, 116.89, 116.85, 116.81, 116.25, 44.92.

Synthesis of ethyl benzofuran-2-carboxylate (60)

Salicylaldehyde 58 (0.87 mL, 8.19 mmol) was dissolved in 30
mL of MeCN/DMF (4:1), followed by the addition of
ethylbromoacetate (1.09 mL, 9.83 mmol) and cesium
carbonate (5.34 g, 16.38 mmol). The mixture was refluxed
overnight (TLC analysis: EtOAc: petroleum ether 1:1). The
solvent was removed under reduced pressure, and the residue
was washed with EtOAc. The filtrate was concentrated to
dryness, washed with water (20 mL) and extracted with CH,-
Cl, (3 x 30 mL). The combined organic phases were dried
over anhydrous sodium sulfate, filtered, and evaporated to
dryness, providing the desired product, which proved to be
sufficiently pure to be directly used in the next reaction.
White solid. Yield: 60%. "H-NMR (400 MHz, DMSO-d;): 7.83-
7.73 (m, 3H), 7.56-7.51 (m, 1H), 7.40-7.36 (m, 1H), 4.37 (q,
2H, J = 7.2 Hz), 1.35 (t, 3H, J = 7.2 Hz).

Synthesis of methyl benzo[b]thiophene-2-carboxylate (61)

2-Nitrobenzaldehyde 59 (1.00 g, 6.6 mmol) was dissolved in
dry DMF (15 mL), followed by the addition of potassium
carbonate (1.10 g, 8.0 mmol) and methylthioglycolate (600
pL, 6.6 mmol) at 0 °C. The resulting mixture was stirred at 0
°C for 30 min and then heated at 60 °C overnight (TLC
analysis: EtOAc: petroleum ether 3:7). The reaction mixture
was poured into ice and the obtained precipitate was filtered
under reduced pressure, furnishing the desired product,
which proved to be sufficiently pure to be directly used in the
next reaction. Pale yellow solid. Yield: 77%. "H-NMR (400
MHz, DMSO-d,): 8.23 (s, 1H), 8.08 (d, 1H, J = 8.0 Hz), 8.04 (d,
1H, J = 8.0 Hz), 7.57-7.47 (m, 2H), 3.90 (s, 3H).

General procedure for the synthesis of benzofuran-2-
ylmethanol (62) and benzo[b]thiophen-2-ylmethanol (63)

LiAlH, (106 mg, 2.8 mmol) was suspended in dry THF (4
mL), followed by the dropwise addition of the appropriate
ester 60 or 61 (2.3 mmol), previously dissolved in 3 mL of the
same solvent. The resulting mixture was stirred at room
temperature for 2 h. The reaction was monitored with TLC
until conversion was complete (TLC analysis: EtOAc/
petroleum ether 1:1). A saturated aqueous potassium
carbonate solution (0.5 mL) was added to the mixture, and
the resulting suspension was filtered and washed with EtOAc.
The organic phase was dried over anhydrous sodium sulfate,
filtered, and evaporated to dryness, affording the desired
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products sufficiently pure to be directly used in the next step
of the reaction.

Benzofuran-2-ylmethanol (62)

Brown oil. Yield: 80%. "H-NMR (400 MHz, DMSO-de): 7.59-
7.52 (m, 2H), 7.29-7.20 (m, 2H), 6.75 (s, 1H), 5.49 (t, 1H, J =
5.8 Hz), 4.57 (d, 2H, J = 5.2 Hz).

Benzo[b|thiophen-2-ylmethanol (63)

Reddish solid. Yield: 100%. 'H-NMR (400 MHz, DMSO-dg):
7.93-7.90 (m, 1H), 7.78-7.76 (m, 1H), 7.36-7.27 (m, 3H), 5.66
(t, 1H, J = 5.8 Hz), 4.75 (d, 2H, J = 5.6 Hz).

General procedure for the synthesis of 2-(bromomethyl)
benzofuran (64) and 2-(bromomethyl)benzo[b]thiophene (65)

A solution of benzofuran-2-ylmethanol 62 or benzo[b]
thiophen-2-ylmethanol 63 (5.4 mmol) in dry THF was treated
with PBr; (0.51 mL, 5.4 mmol) at 0 °C. The resulting solution
was allowed to react at room temperature for 3 h. The
reaction was monitored with TLC until conversion was
complete (TLC analysis: EtOAc:petroleum ether 6:4). The
solution was washed with water and extracted with CH,Cl, (3
x 30 mL). The combined organic phases were dried over
anhydrous sodium sulfate, filtered, and evaporated to
dryness. The crude material was purified by flash
chromatography (petroleum ether/EtOAc 9:1) affording pure
derivatives 64 and 65.

2-(Bromomethyl)benzofuran (64)

Yellow oil. Yield: 59%. 'H-NMR (400 MHz, DMSO-d): 7.64 (d,
1H, J = 7.6 Hz), 7.59 (d, 1H, J = 8.0 Hz), 7.36 (t, 1H, ] = 7.6
Hz), 7.27 (t, 1H, J = 7.2 Hz), 7.04 (s, 1H), 4.93 (s, 2H).

2-(Bromomethyl)benzo[b]thiophene (65)

Pale yellow solid. Yield: 60%. '‘H-NMR (400 MHz, DMSO-d):
7.96-7.94 (m, 1H), 7.84-7.82 (m, 1H), 7.56 (s, 1H), 7.39-7.37
(m, 2H), 5.11 (s, 2H).

General procedure for the synthesis of N-alkylated isatins
(66-70)

Isatin (196 mg, 1.33 mmol) was dissolved in dry DMF,
followed by the addition of potassium carbonate (167 mg,
1.21 mmol). Concomitantly, the appropriate halide (64, 65,
commercially available 2-(bromomethyl)naphthalene,
2-(chloromethyl)benzimidazole, 3-bromo-5-chloro-1-
benzothiophene) (1.21 mmol) was dissolved in dry DMF
followed by the addition of potassium iodide (201 mg, 1.21
mmol). After 30 min, the two mixtures were combined, and
the resulting solution was stirred at room temperature for 5
h. The reaction was monitored with TLC until conversion was
complete (TLC analysis: eluent mixture EtOAc/petroleum
ether in different ratios). Then, the mixture was cautiously
poured into ice and the obtained precipitate was filtered
under reduced pressure. The crude material was purified by
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flash chromatography wusing EtOAc/petroleum ether in
different ratios as the eluting system, to afford compounds
66-70.

1-(Benzofuran-2-ylmethyl)indoline-2,3-dione (66)

Bright orange solid. Yield: 70%. '"H-NMR (400 MHz, DMSO-
de): 7.68-7.64 (m, 1H), 7.61-7.58 (m, 2H), 7.55-7.53 (m, 1H),
7.30-7.26 (m, 2H), 7.25-7.21 (m, 1H), 7.17-7.13 (m, 1H),
7.06-7.05 (m, 1H), 5.12 (s, 2H). "*C NMR (101 MHz, DMSO-
de) 6 182.74, 157.96, 154.38, 151.69, 150.08, 138.08, 127.77,
124.55, 124.43, 123.50, 123.04, 121.13, 117.74, 111.13, 111.09,
105.55, 36.91.

1-(Benzo[b|thiophen-2-ylmethyl)indoline-2,3-dione (67)

Yield: 100%. 'H-NMR (400 MHz, DMSO-dg): 7.92-7.90 (m,
1H), 7.79-7.77 (m, 1H), 7.67-7.58 (m, 3H), 7.38-7.31 (m, 2H),
7.24 (d, 1H, J = 8.0 Hz), 7.17-7.13 (m, 1H), 5.22 (s, 2H). *C
NMR (101 MHz, DMSO-dg) 6 182.78, 157.92, 149.91, 139.14,
139.07, 138.80, 138.13, 124.63, 124.57, 124.51, 123.58, 123.56,
123.51, 122.52, 117.71, 111.07, 38.85.

1-(Naphthalen-2-ylmethyl)indoline-2,3-dione (68)

Yield: 100%. 'H-NMR (400 MHz, DMSO-dq): 8.00 (s, 1H),
7.92-7.85 (m, 3H), 7.60-7.13 (m, 5H), 7.11 (t, 1H, J = 8.4 Hz),
6.99 (d, 1H, J = 8.0 Hz), 5.09 (s, 2H). *C NMR (101 MHz,
DMSO-dg) 6 183.12, 158.43, 150.37, 137.93, 133.03, 132.88,
132.35, 128.36, 127.60, 127.58, 126.36, 126.03, 125.77, 125.49,
124.48, 123.31, 117.83, 111.08, 43.13.

1-((1H-Benzo[d]imidazol-2-yl)methyl)indoline-2,3-dione (69)

Yield: 60%. 'H-NMR (400 MHz, DMSO-de): 12.50 (bs, 1H),
7.64-7.57 (m, 3H), 7.43-7.41 (m, 1H), 7.17-7.13 (m, 3H), 6.97
(d, 1H, J = 8.0 Hz), 5.18 (s, 2H). "*C NMR (101 MHz, DMSO-
de) 6 182.91, 158.19, 150.18, 148.91, 138.16, 124.52, 123.51,
121.87, 121.78, 120.42, 117.79, 110.84, 38.01.

1-((5-Chlorobenzo[b]thiophen-2-yl)methyl)indoline-2,3-dione
(70)

Yield: 90%. 'H-NMR (400 MHz, DMSO-de): 8.11-8.02 (m, 3H),
7.62-7.58 (m, 2H), 7.45 (dd, 1H, J = 1.6 Hz, J = 8.4 Hz), 7.15-
7.12 (m, 2H), 5.14 (s, 2H). >C NMR (101 MHz, DMSO-d) J
182.89, 158.32, 150.16, 138.73, 138.50, 137.82, 129.64, 129.44,
127.79, 124.74, 124.67, 124.44, 123.38, 121.77, 117.97, 111.11,
37.76.

TK inhibition

For fixed-dose inhibition of ABL, CSK, EGFR, EPHA2, EPHB4,
FGFR1, FLT3, IGF1R, ITK, JAK3, KDR, LCK, c-MET, PDGFRa,
PYK2, SRC, SYK, TIE2, TRKA, and TYRO3 TKs and ICs,
¢-MET inhibition studies, the test compounds were dissolved
in DMSO to achieve a 2 mM concentration. Then the solution
was further diluted with assay buffer to make the final test
compound solutions. Reference compounds for the assay
control were prepared similarly. A description of the
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employed 20 kinases is reported in the ESIf (Table S1). An
off-chip mobility shift assay (MSA) was then used to test the
inhibition of the compounds against the selected TKs.
Briefly, a 4x substrate/ATP/metal solution was prepared with
kit buffer (20 mM HEPES, 0.01% Triton X-100, 5 mM DTT,
pH 7.5), and a 2x kinase solution was prepared with assay
buffer (20 mM HEPES, 0.01% Triton X-100, 5 mM DTT, pH
7.5). 5 uL of 4x compound solution, 5 pL of 4x substrate/ATP/
metal solution, and 10 pL of 2x kinase solution were mixed
and incubated in a well of a polypropylene 384 well
microplate for 1 h at RT. 70 pL of termination buffer
(QuickScout Screening Assist MSA; Carna Biosciences) was
added to the well. The reaction mixture was applied to a
LabChip™ system (Perkin Elmer), and the product and
substrate peptide peaks were separated and quantified. The
kinase reaction was evaluated by the product ratio calculated
from the peak heights of product (P) and substrate (S)
peptides (P/(P + S)). The readout value of the reaction control
(complete reaction mixture) was set to 0% inhibition, and the
readout value of the background (enzyme(-)) was set to 100%
inhibition, then the percent inhibition of each test solution
was calculated. The IC;, values were calculated from the
concentration vs. % inhibition curves by fitting to a four
parameter logistic curve. All experiments were run in
triplicate and the results were expressed as averages + SD.

SMO radioligand binding assays

The binding experiments closely followed previously
established procedures with only a few adjustments.”” In
brief, 15 ng of HEK293T-WT SMO membranes (provided by
Multispan Inc., Cod. MC1442; K4 = 20 nM; Bax = 6.2 pmol
mg ™" protein) were incubated for 4 hours at RT in a binding
buffer composed of 50 mM HEPES, 5 mM MgCl,, and 0.02%
BSA. This buffer contained 25 nM [*H]-cyclopamine (provided
by American Radiolabeled Chemicals, Inc., Art. 1473, specific
activity 20 Ci mmol™) and varying concentrations of the
compounds. Nonspecific binding was determined in the
presence of 25 puM compound and the SMO antagonist
vismodegib (2-chloro-N-[4-chloro-3-(2-pyridinyl)phenyl]-4-
(methylsulfonyl)benzamide). The bound radioactivity was
separated by rapid filtration through GF/C glass fiber filters
pre-soaked for 2 hours in 0.3% polyethylenimine (pH 13.0)
and washed three times with 4 mL of ice-cold phosphate-
buffered saline with 0.01% Triton X-100 (pH 7.0).
Radioactivity levels were measured using liquid scintillation
spectrometry. For the active compounds, ICs, values were
determined, and K; values were calculated following the
Cheng and Prusoff equation. Dose-response curves are
provided in the ESL} Fig. S4.

Cell lines and treatments

The NCI-HCC827 and NCI-PC9 human lung adenocarcinoma
cell lines were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). The gefitinib-resistant
HCC827 (HCC827/GR) and osimertinib-resistant PC9 (PC9/
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OR) cell lines were established in-house by exposing parental
cell lines to increasing concentrations of TKIs. All cell lines
were grown in RPMI 1640 (Gibco) medium supplemented
with 10% fetal bovine serum (FBS), 100 IU mL™" penicillin
and 50 pg mL ™' streptomycin in a humidified incubator in
5% CO, at 37 °C.

Cell proliferation assay

Drug-induced toxicity was assessed by using the MTS assay
(Cell Counting Kit-8) following established protocols.*
Briefly, cells were seeded in 96-well flat-bottomed plates at a
density of 5000 cells per well and treated for 72 h with
increasing concentrations (0.01-10 uM) of compounds. The
number of viable cells was determined
spectrophotometrically by measuring absorbance at 490 nm
and expressed as the percentage of viable cells, considering
the untreated control cells to be 100%. The concentration
that inhibits 50% of cell growth (ICs,) was determined by
interpolation from the dose-response curves. At least three
independent experiments were performed in quadruplicate
and data were pooled.

Western blot analysis

Protein lysates from NSCLC cells were obtained by
homogenization in RIPA lysis buffer [0.1% sodium dodecyl
sulfate (SDS), 0.5% deoxycholate, 1% Nonidet, 100 mmol L™
NaCl, 10 mmol L™ Tris-HCl (pH 7.4), 0.5 mmol L™
dithiothreitol, and 0.5% phenylmethyl sulfonyl fluoride,
protease inhibitor cocktail (Hoffmann-La Roche) and
phosphatase  inhibitor  tablets = (PhosSTOP;  Roche
Diagnostics)] and clarification by centrifugation at 15000
rpm for 20 min at 4 ©°C. Protein samples containing
comparable amounts of proteins, estimated by a modified
Bradford assay (Bio-Rad), were resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels
and electro-transferred onto 0.2 pum nitrocellulose
membranes (Trans-Blot Turbo; BioRad). After blocking
membranes for 90 min at room temperature, they were
incubated overnight at 4 °C with primary antibodies, and
then with a secondary antibody for 1 h at room temperature.
Horseradish peroxidase-linked anti-rabbit (BioRad) and anti-
mouse (BioRad) antibodies were used as secondary
antibodies. Proteins were detected with Clarity Western ECL
Substrate using the ChemiDoc (BioRad). Images were
analysed using BioRad software Image Lab 3.0.1. Primary
antibodies for western blot analysis against pAKT (Ser473)
(D9E) (4060, 1:1000), AKT (9272, 1:1000), pMET (Tyr1234/
1235) (3126, 1:1000), MET (D1C2) (8198, 1:1000), GLI1
(L42B10) (2643, 1:1000) and vimentin (D21H3) (5741, 1:
1000) were purchased from Cell Signaling (Danvers, MA); the
monoclonal anti-SMO (E-5) antibody (166685, 1:500) was
from Santa Cruz Biotechnology and the monoclonal anti-o-
tubulin antibody (T8203) was from Sigma Chemical Co.
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Apoptosis assay

The gefitinib-resistant HCC827-GR and osimertinib-resistant
PC9-OR cells were seeded in Petri dishes at a density of
500.000 cells per well and the day after treated for 24 h with
test compounds at a 20 uM concentration. At the end of the
incubation, the cells were collected and washed with
phosphate-buffered saline. The cells were then stained with
the annexin V-Alexa 488 conjugate and PI according to the
manufacturer's protocol (“Invitrogen™ Alexa Fluor™ 488
annexin V/Dead Cell Apoptosis Kit”, cat.no V13241) and
analyzed by flow cytometry using a BD Fortessa. Analysis was
conducted using BD FACSDiva™ software (BD Biosciences).

Statistical analysis and graphical quantification

Statistical analyses were performed using Prism 8 (GraphPad
Software, San Diego, CA, USA). Two-way analysis of variance
(ANOVA) was used to evaluate the statistical significance of
the results. A P value <0.05 was considered to indicate
statistical significance. Western blotting signals were
quantified by morphodensitometric analysis using Image]
software (NIH, Bethesda, MD, USA). Briefly, the product of
the area and optical density of each band was determined
and normalized to the same parameter derived from the
equal loading used. The data are expressed as the relative
protein levels of each treated sample compared with those of
the corresponding vehicle-treated internal control.

Data availability

The data supporting the findings of this study are available
within the article and its ESL}
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