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to: Dr José C. J. M. D. S. Menez
josemenezes@ua.pt.

Cite this: RSC Adv., 2017, 7, 9357

Received 21st January 2016
Accepted 14th January 2017

DOI: 10.1039/c6ra28613e

rsc.li/rsc-advances

This journal is © The Royal Society of C
ne scaffold: medicinal chemistry
and structure–activity relationship view

José C. J. M. D. S. Menezes†

Arylidene indanone (AI) scaffolds are considered as the rigid cousins of chalcones, incorporating the a,b-

unsaturated ketone system of chalcones forming a cyclic 5 membered ring. They are generally

synthesized from 1-indanone and benzaldehydes via an aldol reaction. The furnished molecules have

been explored as inhibitors of cholinesterases towards the treatment of Alzheimer’s disease, as tubulin

depolymerizing agents, as inhibitors of breast cancer and leukemia, inhibitors of dual specificity

phosphatase (DUSP), as antimalarials, and for many other uses. This review is an effort to highlight the

biochemical effects of arylidene indanones designed from natural or known drug compounds, discuss

their structure–activity relationships (SAR), and correlate them with related chalcones providing insights

for further development of this scaffold.
1. Introduction

Natural indanones like pterosin P 1 from fern (Pteridium)
species,1–3 4-hydroxy-7-methylindanone 2 and 7-formyl-3-
methoxy-5-methylindanone 3 from marine cyanobacterium4,5

have shown antibacterial,4 antispasmodic,6 inhibition of
hypoxia-induced activation of vascular endothelial growth
factor (VEGF)5 and cytotoxic activities.3 The 4,5,6-
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trimethoxyindanone-estradiol hybrid 4 was more potent against
MCF-7 breast cancer cells in comparison to the chalcone–
estradiol precursor 5 (see Fig. 1 for structures).7

Arylidene indanones (AI) are mostly synthetic molecules,
consisting of the natural/synthetic indanone core (see the part
of the structure in green lines) and an aryl group linked through
an exocyclic double bond at the 2-position of this indanone core
(for the numbering system see Fig. 1). This AI scaffold oen
connoted as cyclic chalcone can be considered as rigid cousins
or homologs of chalcones, incorporating the a,b-unsaturated
ketone (red dashed circles) into a cyclic 5 member ring which is
attached to the 2-position of chalcone ring (red arrow) and to
the a-position of the unsaturated bond (blue arrow), making it
Fig. 1 Natural and synthetic indanones and the basic similarities
between arylidene indanone and its cousin, the chalcone.
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Fig. 2 Drugs approved for the treatment of Alzheimer’s disease.

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

5/
07

/2
4 

23
:4

1:
10

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
a planar/rigid exocyclic a,b-unsaturated ketone system. Chal-
cones, belong to the class of avonoids and have been explored
as anti-infective, anti-inammatory and anti-cancer agents.8,9

The interaction of natural or synthetic chalcones with molec-
ular targets like tubulin, kinases, oxidoreductases, hydrolases,
esterases,10 and cell cycle blockers have been reviewed.11 Recent
developments of the synthetic chalcone scaffold with different
heterocyclic rings or hybrids with other natural compounds for
various therapeutic roles have been compiled.12

The position of the arylidene ring with respect to the inda-
none core results in a planar structure and allows transmission
of the electron donor effects of the substituents via the double
bond onto the carbonyl group of indanone, thus lowering the
wavenumber-frequency more effectively compared to chal-
cones.13 Higher values were observed in the 13C NMR of the a,b-
unsaturated ketone carbons of AIs compared with chalcones
which had similar electron donating substituents in the aryl
ring.13,14 The position of absorption maxima (UV-vis) for AI is
higher in comparison with chalcones having similar para-
substituents in the aryl ring indicating the strongest conjuga-
tion due to its planar structure.15 The lipophilicity of AI can be
increased by geometric inversion of the double bond from the E
to Z-isomer which occurs due to UV-light.16 In the case of
chalcones, the double bond can have either the s-cis or s-trans
conformation while in the case of AI the molecule is forced to
adopt the s-cis conformation due to the cyclic ring. The intro-
duction of an a-substituent on the double bond makes the
chalcone adopt the s-trans conformation and this was explored
to design potent tubulin inhibitors.17,18

Retrosynthesis of AI leads to 1-indanones (natural or
synthetic) which are assembled from phenyl/aryl propionic acid
via cyclization reactions using polyphosphoric acid,19 methane
sulphonic acid,20 Friedel–Cras acylation under microwave
heating and ultrasonication,21 and Nazarov cyclization of chal-
cones.7 Further reaction of suitably substituted 1-indanone with
benzaldehyde derivatives under aldol conditions or potassium
carbonate and microwave irradiation leads to the synthesis of
AI.22–24 Substitution in the indanone ring as well as in the
benzaldehyde moiety has furnished AI scaffolds having thera-
peutic effects against breast cancer,25 leukemia,26 and Alz-
heimer’s disease,27 AI scaffolds causing inhibition of DUSP28,29

and AI scaffolds acting as potential antimalarial agents.30,31 This
review discusses the various therapeutic roles of AIs, their
structure–activity relationships and correlates them wherever
possible with structurally similar or related chalcones. The web-
based Molinspiration soware and the related molecular
properties (using the Lipinski rule) were utilized to predict
theoretical milog P (octanol–water partition coefficient) of
selected groups of molecules.32,33

2. Effect of AI in Alzheimer’s disease

Alzheimer’s disease (AD) is a neurodegenerative disorder which
is the cause of dementia (loss of memory) in the later stages of
adult life and its prevalence is estimated to rise up to 106
million by 2050.34 The neuropathological features of AD are
extracellular deposits of amyloid beta peptide (Ab) called
9358 | RSC Adv., 2017, 7, 9357–9372
amyloidal plaques and hyperphosphorylated neurobrillary
tangles (NFTs).35 Cleavage of the amyloid protein precursor
(APP) by secretases (a-,b-, and g-secretase) results in the
production of various species of Ab which due to non-clearance
from the brain form Ab42 oligomers which hydrophobically
self-aggregate and give rise to diffuse senile plaques (SPs).35

The human brain has two major cholinesterases; acetylcho-
linesterase (AChE) and butyrylcholinesterase (BuChE) both
differing in their genetics, structure, and kinetics. In patients
with AD, BuChE is found in neurons and glial cells as well as in
neuritic plaques and tangles.36 Acetylcholine, a neurotrans-
mitter molecule linked with intellectual abilities decreases in
the brain due to enhanced acetylcholinesterase activity result-
ing from AD or old age. The acetylcholinesterase (AChE) enzyme
structure determined for Torpedo californica (Tc) consists of
a catalytic triad (having residues Ser200, His440, and Glu327)
and a peripheral anionic site (PAS).37 The active site also
contains an anionic subside consisting of the key residue Trp84
located near the bottom of the cavity. This site interacts with the
quaternary ammonium group of acetylcholine substrates and
other ligands via cation–p interaction.37 While the PAS of the
acetylcholinesterase enzyme is located at the entrance of the
narrow catalytic gorge which serves as a transient binding site
for substrates entering the active site. The Ab peptide interacts
with the PAS resulting in the folding of these proteins and the
formation of plaques.37 Donepezil hydrochloride 6 (see Fig. 2)
interacts with these dual binding sites of the AChE enzyme38

and is the presently used drug (Aricept) for all stages of Alz-
heimer’s disease.39 Several other drugs like rivastigmine 7, gal-
antamine 8, memantine 9 and the combination of donepezil
and memantine have been approved.39 Hybrid compounds for
the treatment of AD have been derived by combining fragments
or drug molecules like 6 and tacrine 10;40,41 8 and 9;42 and
natural molecules like curcumin, berberine, ferulic and caffeic
acid,42,43 chalcones and coumarin derivatives,43 and resveratrol
and clioquinol.44

Most of the compounds discussed in this section have been
derived from the indanone core of 6 with modication in the
5,6-position or substitution of arylidene with fragments from
This journal is © The Royal Society of Chemistry 2017
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other drugs. Hybrid molecules designed by combining the
phenyl-N-methylbenzylamine fragment of AP2238 (see the
structure and fragment in the blue ellipsoid; Fig. 3), with the
indanone core of donepezil 6 (see the red dashed box in Fig. 2)
resulted in several new indanone derivatives with potencies
against AChE (5 examples).45

Although the 5,6-dimethoxy groups of donepezil have effi-
cient interaction with the PAS of the cholinesterase enzyme, the
methoxy at 6-position of indanone 11a gave a hydrophobic
interaction with the side chain of the Leu289 residue and was
more potent for AChE inhibition.45 Further modication of the
6-position by introducing alkyl chains of varying lengths having
different terminal amine groups was studied for efficient
interaction with the PAS of AChE (12 examples). The optimum
length of the alkyl spacer was 5 carbons, with the terminal N,N-
diethyl substituent (11b). The ability of 11b to prevent AChE-
induced and self Ab aggregation was noted.45

APP is cleaved by a b-secretase known as the b-site APP
cleaving enzyme, BACE1, and this is the rate-limiting step in the
generation of Ab peptide fragments.35 Inhibition of this enzyme
was attempted by retaining the basic structure of 11b and
introducing piperazine on the pentyl side chain with a di-
substituent on the second nitrogen (8 examples). Substitution
with bis(4-uorophenyl)methyl resulted in the molecule 11c
which showed potent activity against BACE1 (IC50 ¼ 2.49 mM).46

Docking studies of 11c with the BACE1 enzyme showed inter-
action with amino acid residues outside the binding pocket but
it was unable to enter the narrow gorge of hAChE due to the
bulky nature of the bis(4-uorophenyl)methyl group and it had
low neurotoxicity in human neuronal SH-SY5Y cells.46

Meng and co-workers evaluated the modication of the 6-
position of indanone by derivatives of the type 12 (13 exam-
ples).49 The introduction of the piperidinyl ethoxy substituent at
the 6-position of indanone 12a and pyridinyl methylene at the 2-
position made indanone 12bmore potent than donepezil 6 and
the starting indanone 12a (see Fig. 3 and Table 1 for IC50

values). The introduction of the piperidinyl ethoxy group in the
Fig. 3 Cholinesterase inhibitor hybrids derived from donepezil and AP2

This journal is © The Royal Society of Chemistry 2017
6-position of the starting indanone 12a had no improvement on
the inhibition efficiency indicating the crucial nature of the
double bond for the activity. Chelation of biometals like Cu2+,
Fe3+ and Zn2+ is an important strategy for treatment of AD since
these metals accumulate on the formation of amyloidal plaques
and SPs.53,54 Metal chelation studies using 12b and a solution of
Cu2+, Fe3+ and Zn2+ indicated a blue shi using UV-vis spec-
trophotometry (a decrease in wavelength or a move towards the
blue end of the visible spectrum) from 360 nm to 352 nm,
346 nm, and 357 nm respectively.49 The piperidinyl ethoxy arm
of 12b (2 carbon spacer) functions/mimics as the biometal
chelator group is also present in clioquinol (see the dashed oval
shape for the clioquinol structure in Fig. 3) and is used as
a reference for these studies. This fact was fortied by using
a compound with a carbon spacer of 5 (C ¼ 5) which did not
show any metal chelation.49 In the case of clioquinol, the donor
groups N and O may form a bidentate chelate which can form
a ve-membered ring/complex with bivalent metals and the ve-
membered ring complex formed during chelation is more
effective, compared to any other ring size.55 The benets/
challenges of using chelating therapy for AD have been given
an overview, which includes clioquinol among other
molecules.53,54

The 6-piperidinylethoxy-5-methoxy indanone moiety from
12b was retained while the 4-position on the arylidene ring was
varied to design “multi-target one ligand” molecules (11
examples). Derivatives 13a–13c (Fig. 3) indicated a higher
potency for inhibition of AChE with nanomolar IC50 values
compared with 10 and similar ones to 6 (see Table 1 for IC50

values).51 The substituent at the 4-position of the phenyl ring
showed no relevant role as the potencies were similar for
compounds 13a–13c.51 Inhibition of Ab aggregation by 13a and
13b was noted. Antioxidant activity was highly diminished for
13c highlighting the importance of the amino group at the 4-
position on the phenyl ring.51 The chalcone derivative
13d(Fig. 3) having 2-pyrrolidinyl ethoxy at the 40-position and
a uoro group at the 4-position showed potency for AChE
238.

RSC Adv., 2017, 7, 9357–9372 | 9359
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Table 1 IC50 of AIs used for therapy of Alzheimer’s disease

Compound
IC50 hAChE
(mM)

IC50 hBuChE
(mM) Method/substrate and Ref Compound

IC50 hAChE
(mM)

IC50 hBuChE
(mM) Method/substrate and Ref

11a 0.63 7.93 Ellman45 7 10.54 0.26 Ellman47

11b 0.18 10.0 Ellman 14a 0.045 3.015 eeAChE/eqBuChe48

6 0.02 7.42 Ellman45 14b 0.025 2.434 eeAChE/eqBuChe
AP2238 0.044 48.9 Ellman45 14c 0.034 1.969 eeAChE/eqBuChe
11ca 2.49a ND hBACE1 6 0.039 3.36 eeAChE/eqBuChe48

12a 91.96 258.03 Ellman49 14d 4.895 — eeAChE/Ellman50

12b 0.0018 9.5 Ellman 6 0.2197 — eeAChE/Ellman50

6 0.026 4.66 Ellman49 10 0.3715 — eeAChE/Ellman50

13a 14.8 nM 1384.9 eeAChE/eqBuChe51 15a 0.42 315 Ellman52

13b 18.6 nM 1417.1 eeAChE/eqBuChe 15b 0.035 82 Ellman
13c 14.8 nM 3213.6 eeAChE/eqBuChe 15c 0.045 26.6 Ellman
6 38.2 nM 3365.4 eeAChE/eqBuChe51 15d 0.10 84.6 Ellman
10 109 nM 15.2 eeAChE/eqBuChe51 7 2.07 1.41 Ellman52

13d 0.21 13.65 Ellman47 — — — —

a Human recombinant BACE1 (hBACE1) using FRET assay; ND-not determined.
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compared to BuChE and this was correlated by docking analysis
which showed a dual interaction with the catalytic site and the
PAS of the AChE enzyme.47

The bis(4-uorophenyl)methyl piperazine group (see R of 11c
in Fig. 3) was introduced on the 4-position of the arylidene
group (14a; Fig. 4) providing the most potent acetylcholines-
terase inhibition amongst the 15 tested compounds.48 The
pyrimidine 14b and 3-furoyl groups 14c also gave potent
acetylcholinesterase and butyrylcholinesterase inhibition
compared with 6 (see Table 1).48 The substitution on the
piperazine ring by N,N-dimethyl aminopropyl group gave the
most potent molecule 14d having AChE inhibition activity
(among 24 examples) and was compared with standard refer-
ence donepezil 6 and tacrine 10.50

Incorporating the N,N-dimethyl amino side chain similar to
that found in rivastigmine 7 (Fig. 2), at the para position of the
benzene ring and varying the substituents to diethyl, pyrroli-
dine and piperidine resulted in 20 compounds of the type 15a–
Fig. 4 Inhibitors of acetylcholinesterase and Ab aggregation and metal

9360 | RSC Adv., 2017, 7, 9357–9372
d (see Fig. 4). The para isomers were more effective than their
meta isomers. The diethyl 15b and pyrrolidine 15c AIs were
more potent compared with dimethyl amino 15a, piperidine
15d, and rivastigmine 7 (see IC50 values in Table 1). In general,
the AIs were more potent than their reduced counterparts and
selective for AChE over BuChE.52 The active indanone derivative
15b improved the acquisition and memory loss induced by
scopolamine52,56 sodium nitrite, and ethanol56 and showed
neuroprotective functions in PC12 cells.56

Interaction of the diethylamine nitrogen of 15b with the
Trp84 residue situated at the bottom of the AChE gorge and of
the indanone ring with the indole ring of Trp279 at the top of
the gorge was shown by docking studies based on the X-ray
crystal structure of the TcAChE–E2020 (donepezil) complex
(see Fig. 5 reproduced with permission from Elsevier Masson
SAS).52 These docking interactions were veried by independent
QSAR and docking studies of 15b which revealed similar nd-
ings.57 Another recent docking study also veried these nding
chelation agents.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Docking of 15b (carbon atoms in black and bonds in purple),
into the gorge of the TcAChE enzyme. This figure has been repro-
duced from ref. 52 with permission from Elsevier Masson SAS.
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and found the pyrrolidinyl derivative 15c which is a non-
classical bioisostere of 15b to have a similar potency.58 A
recent study with the AI derivatives 15e and 15f having the N,N-
diethylamino and pyrrolidine groups directly attached to the 4-
position of aryl ring didn’t show promising AChE or BuChE
inhibition activities,50 pointing out the importance of methy-
lene substitution at the 4-position of aryl ring as seen in 15b and
15c.52

Self-mediated Ab1–42 aggregation which is implicated in the
progression of AD, was targeted by 16a (Fig. 4; highest potency
of 80.1% at a concentration of 20 mM) which was among 19
derivatives having the 5,6-position of the indanone core
substituted by methoxy and hydroxy groups while the arylidene
ring had methoxy and alkylamino or dialkylamino substitution
at the 30,40-position.27 Stoichiometric interaction of 16a (ratio of
1 : 1) with Cu2+ solutions showed a red shi (437 nm to 451 nm)
by UV-vis spectrophotometry, while no signicant change for
Fe3+ and Zn2+ metals were observed.27 The ortho-dihydroxy
group is also present in natural avonoids like quercetin and
myricetin and has shown chelation of copper ions at physio-
logical pH.59

Monoamine oxidases (MAO) A and B are enzymes which
belong to the family of avin adenine dinucleotides (FADs)
responsible for catalyzing the oxidative deamination of neuro-
transmitters like serotonin, dopamine and adrenaline in the
CNS due to the progression of AD.60 Inhibitors of MAO-A/B may
increase the levels of these neurotransmitters improving the
learning and memory decit of patients having AD. Selective
inhibition of MAO-B by 16a was observed (7.50 mM); while 5-
methoxy-6-hydroxy substitution diminished this activity (40.5
mM), indicating the importance of the dihydroxyl substitution.27

Various scaffolds like coumarins and indole have been synthe-
sized and tested as dual MAO-B and AChE inhibitors,60 indi-
cating the unexplored potential of the arylidene indanone
scaffold.
This journal is © The Royal Society of Chemistry 2017
Although the dihydroxy-substituted 16a showed MAO-B
inhibition, several new compounds like 16c–16h (Fig. 6)
similar to this scaffold have shown inhibition with mono
hydroxy/methoxyl substitution at the 5-position.61,62 The 5-
monohydroxyl compound 16c showed better inhibition of MAO-
B compared to the 6-hydroxy isomer 16d (see IC50 values in
Table 2). In a previous study, the appropriate benzyloxy
substituent on the 5 or 6-position of the indanone ring was
shown to have inuence in the inhibition of MAO-B over MAO-
A.63 Moreover, a comparison of the MAO-B inhibition data of the
5 and 6-hydroxyindanones 16c0 and 16d0 (ref. 63) with the ary-
lidene indanones 16c and 16d indicates that the inhibition
potency improved with the introduction of the benzylidene
moiety.61 The calculated milog P values of 16c and 16d (3.24) are
higher than 16c0 and 16d0 (1.22) indicating an increase of lip-
ophilicity due to the benzylidene moiety.32

Substitution on the arylidene ring at the 40-position with
bromo (16e) and methyl (16f) gave potent results among 22
tested compounds. These compounds were more potent for
MAO-B than as MAO-A inhibitors. The lipophilic 5-methox-
yindanone with the benzylidene moiety 16g improved the MAO-
B inhibition value compared to that observed for 16c. The
modication of the arylidene group using hetero arylidene
moieties like pyridine, furan and thiophene gave the equipotent
compound 16h which has a 5-bromo-2-furan substituent.62

Chalcones 16i and 16j having some structural similarities with
the AIs discussed above were more potent for MAO-B compared
to their use as MAO-A inhibitors (see Table 2).64,65

Detection of senile plaques (SPs) which are composed of Ab
protein aggregates and NFTs may help in the diagnosis of AD.66

The importance of single photon emission computed tomog-
raphy (SPECT) radiotracers for imaging amyloid plaques in the
brain of AD patients has been an active area of research using
different types of molecules.66 Amyloid imaging probes e.g., the
radioactive labeled Pittsburgh compound B (PIB), and its 18F
analog are routinely used for detection (Fig. 7). AIs 17a–17d
(Fig. 7) were evaluated as amyloid imaging agents in vitro and in
vivo since they qualify as a neutral molecule possessing at least
two phenyls (or heterocyclic) rings and a linker and are in
conjugation with each other, and the molecule as a whole has
a hydrophobic, planarized p system.67

A binding affinity assay with human AD brain homogenates
showed that 17a has the highest binding constant (Ki ¼ 16 � 1
nM) while the 5-methoxy 17b showed an increase in the binding
constant (Ki ¼ 21 � 1 nM). The iodinated derivatives 17c–17d
were bound to the SPs in less than 20 minutes but were unus-
able for in vivo experiments due to their high binding constants
(>20 nM) while 17d had excellent uorescence staining in SPs.
Radioiodination derivatives 17c [125I] and 17d [125I] showed
good brain uptake/penetration (2.74% and 4.58% ID g�1

(injected dose per gram) respectively; 2 minutes aer intrave-
nous injection), clearance rates (0.40% and 0.45% ID g�1

respectively; 60 minutes) and labeling of SPs with as intense
signals as those of 4-(6-iodoimidazo[1,2-a]pyridin-2-yl)-N,N-
dimethylaniline (IMPY). They were also more stable in human
brain homogenates (17c [125I]; 98% for 60 min) compared to
those in mice (17c [125I]; 13% for 30 min).67
RSC Adv., 2017, 7, 9357–9372 | 9361
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Fig. 6 AI and chalcones tested as inhibitors of MAO-A/B.

Table 2 IC50 of AIs evaluated for MAO-A/B inhibition

Compound milog P
IC50 MAO-A
(mM)

IC50 MAO-B
(mM)

16c 3.24 1.94 0.376
16d 3.24 0.440 2.42
16c0 1.22 61.7 >100
16d0 1.22 64.7 85.4
16e 4.05 1.05 0.0053
16f 3.69 3.22 0.0052
16g 3.77 NIa 0.0092
16h 3.79 0.183 0.0044
16i 4.46 — 0.0044
16j 4.34 28.6 0.174

a NI-no inhibition at maximum tested concentration of 100 mM.
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Modication of the same scaffold of 17a–17d, with the
incorporation of amethoxy group at the 6-position and iodine at
the 5-position, improved the binding affinity (Ki ¼ 28.63 nM) of
17e, in comparison to 17c and 17d (see discussion in the
previous paragraph and Fig. 7). Furthermore, 17e showed good
brain uptake/penetration (5.29% ID g�1; 2 minutes aer intra-
venous injection) which can be explained by the increase of
lipophilicity due to the methoxy group and correlated with the
partition coefficient value of log P 3.45. The stability of radio-
iodinated 17e in human AD brain homogenates was higher (17e
[125I]; 98% for 60 min) compared to those in mice (17e [125I];
9.9% for 30 min).68
Fig. 7 Amyloid imaging probes and potential AI and chalcones as imagi

9362 | RSC Adv., 2017, 7, 9357–9372
The radio labelled chalcone 17f having similar substitution
of N,N-dimethyl and an iodine group at the 4 and 40-positions
also showed excellent binding affinities (Kd ¼ 4.2 � 1.1 nM),
rapid uptake (2.04% ID g�1; 2 minutes aer intravenous
injection) and clearance (0.40% ID g�1; 30 min) from the
brain.69 Based on the same substitution pattern uoro-
polyethyleneglycol (PEG) chalcones 17g, 17h and 17i were
evaluated for detection of plaques and showed binding affini-
ties (inhibition constant; Ki ¼ 20–50 nM), [11C] radio labelled
17i had rapid uptake (4.31% ID g�1; 2 minutes aer intravenous
injection) and clearance (0.35% ID g�1; 60 min) from mice
brains and [18F] radio labelled chalcone 17i intensely labeled
existing amyloid plaques in the brain tissues from AD patient
thus having potential as positron emission computed tomog-
raphy (PET) probe.70
3. Arylidene indanones as inhibitors
of tubulin assembly

Microtubules are dynamic polymers, stiff hollow cylindrical
structures with an outer diameter of about 25 nm and a wall
approximately 5 nm thick, formed from globular protein
subunits of a-tubulin and b-tubulin of about 55 kDa each that
are tightly bound together by noncovalent bonds.71 They
assemble/disassemble continuously in the cell lling the cyto-
plasm and are equipped to transmit signals throughout the cell
and interact with signaling proteins and organelles. The
ng probes for b-amyloid plaques.

This journal is © The Royal Society of Chemistry 2017
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nucleation–elongation pathway for the polymerization of ab-
tubulin dimers occurs by forming a short polymer nucleus to
which subunits are added non-covalently. The association of
tubulin subunits to the growing polymer is faster compared to
the depolymerization and at the steady state; there is a balance
between these two processes. This dynamic steady state,
wherein the microtubules alternate between a period of
formation and disassembly is termed dynamic instability.
Chemical agents interact with microtubules promoting either
disassembly or assembly, thereby blocking microtubule
dynamics, modifying biological processes and signaling path-
ways and leading ultimately to apoptosis.71

Indanocine 18 was identied as a potent microtubule-
depolymerizing agent with anti-proliferative activity by the
National Cancer Institute’s (NCI) Therapeutic Program (see
Fig. 8).25 Indanocine 18 blocked tubulin polymerization,
induced apoptosis in stationary phase multidrug resistant
cancer cells and didn’t affect the viability of non-proliferating
cells.25 Assessment of the in vivo antitumor activity of 18 was
hampered due to poor water solubility (soluble in DMSO up to
20 mM and up to 100 mM in aqueous solutions). This solubility
issue was overcome by designing the 4-phosphate analog 18a,
having similar in vitro activity but reduced comparatively to 18
which is maybe due to the size of a phosphate group, low
penetration of the drug in cell membranes and dephosphory-
lation kinetics.72

The importance and structure–activity relationships of the
40-hydroxy and 30,50-dimethyl substitution in the arylidene
moiety and amino group in the 7-position were conrmed by
designing appropriate derivatives (24 examples) and using them
against Jurkat cells.73 A docking based study of various agents
that bind to the colchicine site on tubulin was evaluated to get
a seven point structure-based pharmacophore which is required
for effective binding. The red, pink and yellow spheres
(hydrogen bond acceptors; see Fig. 8) and blue sphere (hydro-
phobic center) mark the similar type of binding sites on the
colchicine molecule as well as on indanocine 18.74 The overall
geometric and steric requirements of binding with the colchi-
cine molecule were satised by the rigid portion of the inda-
nocine scaffold which is caused by the hydrophobic ring A and
planar ring C (18 has six out of the seven-point pharmaco-
phores).74 These results fortied the SAR derived earlier for
indanocine derivatives.73 The theoretically calculated milog P
Fig. 8 Indanocine and its derivatives, colchicine as tubulin binding agen

This journal is © The Royal Society of Chemistry 2017
and TPSA values for 18 and its 4-phosphate derivative 18a (see
Table 3) corroborate well with the observed IC50 values rein-
forcing the basic structural requirements. Based on these
theoretical milog P calculations development of the mono-
hydrochloride salt of 18 may have better cell penetration and
bioavailability as observed for a millepachine derivative (see 22d
in Fig. 11).75 At a concentration of 5 nM, 18 inhibited and
strongly suppressed microtubule dynamics and resulted in
concentration-dependent slow wound healing of MDA-MB-231
cells in the scratch wounds healing assay indicating a reduc-
tion in the migration of cells.76

The incorporation of indole motif as bioisostere for the
dimethoxyaniline group of 18 provided with indole indanone
derivative called indolocine 18b (Fig. 8), among 8 other deriv-
atives studied as tubulin interacting agents.77 Indolocine 18b
tested positive against the Non-Small Cell Lung NCI-H522 cell
line in a nanomolar concentration. Retention of the 40-hydroxy
and 30,50-dimethyl substitution in the arylidene moiety of the
new indolocine derivatives indicated that most derivatives were
equipotent, and complemented the previous SAR73 as well as
a pharmacophoric model.74 A striking resemblance to the 7-
amine substitution from 18 is seen by incorporation of natural
motifs like indole into the indanone structure like dilem-
maones A–C (see red dashed box on structures) from South
African sponge Ectyonanchora abellate.78
3.1 Potential of tri-methoxy substitution on the indanone
core for inhibiting cancer cell growth via tubulin interaction

The tri-methoxy benzene substituted moiety is common to
several important tubulin binding natural molecules like
colchicine, combretastatins-A4 and A-1 and podophyllotoxin
(see Fig. 8 and 9), forming the hydrophobic center and inter-
acting with the major binding site on tubulin.74 The red and
pink spheres on combretastatin A-4 and pink and yellow
spheres on podophyllotoxin are hydrogen bond acceptors
(Fig. 9) while the blue sphere (hydrophobic center) marks the
similar type of binding sites seen on the colchicine molecule in
tubulin by pharmacophore modeling.74 The incorporation of
the 3,4,5-trimethoxyphenyl group found in ring A of colchicine
into the ring A of indanone 19 and modication at the 3-posi-
tion with another aryl ring having a tri-methoxy substitution
pattern (see the E-ring in podophyllotoxin; Fig. 9) imparts
anticancer properties to the indanone 19 scaffold against breast
ts.
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Table 3 IC50 and theoretical milog P calculation of AI as tubulin inhibitors

Compound M. wt milog P n-ROTB
n-ON
acceptors

n-OHNH
donors n-Violations Volume TPSA IC50 mM Cell lines

18 339.39 3.51 3 5 3 0 311.33 81.79 0.001 Jurkat
18a 419.37 2.50 5 8 4 0 356.68 128.32 30 nM HUVEC
18ba 303.36 4.71 1 3 2 0 277.93 53.09 0.093 NCI-H522
18.HClb 340.40 0.77 3 5 4 0 312.13 83.41 — —
19 388.42 2.54 7 7 0 0 350.50 72.47 2.20 (1.88) MCF-7 (tubulin)
19a 566.60 4.19 11 10 0 1 509.16 100.18 1.0 (3.04) MCF-7 (tubulin)
19b 520.23 4.45 8 9 0 1 456.45 90.94 10 nM (0.63) MCF-7 (tubulin)
19c 494.51 4.73 8 7 0 0 437.45 72.47 0.68 (0.73) MCF-7 (tubulin)
19d 521.52 4.52 9 10 0 1 455.86 118.30 4.0 (1.54) MCF-7 (tubulin)
PDTc 412.44 2.31 4 7 1 0 362.25 83.47 3.5 (0.74) MCF-7 (tubulin)

a Non-Small Cell Lung NCI-H522. b Properties calculated with/without chloride counter ion mass gave same results. c PDT-podophyllotoxin.
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cancer cells (IC50 ¼ 2.20 mM).79,80 The introduction of the aryli-
dene moiety resulted in AIs of the type 19a–19c among the 15
derivatives tested against human cancer cell lines.81

Compounds 19a, 19b, and 19c were superior to the parent
indanone, indicating an improvement in activity on the intro-
duction of the arylidene moiety. Indanone 19b inhibited
tubulin polymerization in the same range when compared to
podophyllotoxin (see Table 3 for comparison of IC50 values).
Further in vivo acute oral toxicity tests in Swiss albino mice
indicated 1000 mg kg�1 body weight as a single acute oral
dose.81 Indanone 19b showed antiproliferative activity against
the ER + breast cancer cell line (MCF-7, IC50 ¼ 0.010 mM) and
didn’t allow the cells to form colonies in a concentration-
dependent manner. The in vivo oral toxicity test using 19b in
Swiss albino mice indicated a 100 mg kg�1 body weight dose
once in 28 days as a single acute dose and a 300 mg kg�1 body
weight dose as a single dose.82,83

Structurally the methylenedioxy group is an important
moiety for cancer drug design whichmay interact favorably with
the molecular targets in cancer cells and function as a prodrug
by the action of cytochrome p450 enzymes.84–86 The 3,4-meth-
ylenedioxyphenyl moiety in polygamain (see Fig. 9), a natural
Fig. 9 Natural anti-tubulin agents and AI designed based on tri-methox

9364 | RSC Adv., 2017, 7, 9357–9372
product isolated from Amyris madrensis shares the same space
occupied by the tri-methoxy benzene moiety found in podo-
phyllotoxin and shows a hydrophobic interaction within the
colchicine-binding site on tubulin.87 The presence of a uorine
atom in compound 19c shows better experimental potency in
both tests, and plays a critical role in the design of several anti-
cancer agents.88 Chalcone 19e having a similar substitution
pattern with respect to the positioning of the uorine and tri-
methoxy groups had the highest potency (30 nM) towards
inhibition of NO production in RAW macrophages.89

Further development of the indanone scaffold (7 examples)
with the introduction of the nitro group in the para-position
gave 19d which has potent activity in several cancer cell lines
and was tolerated up to 300 mg kg�1 doses in acute oral toxicity
experiments.90 In spite of 19d having an almost similar molar
mass and calculated theoretical volume as 19b, it violates Lip-
inski rule but was found to effectively cross the blood–brain
barrier due to its lipophilic nature (milog P-4.52; Table 3).90

Recently AI incorporating methoxy groups in the indanone
core similar to the colchicine A-ring were evaluated in several
human cancer cell lines as antitumor agents (18 examples). The
studies showed that AI with 4,5,6-trimethoxyl substitution
y substitution.

This journal is © The Royal Society of Chemistry 2017
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Fig. 11 Indolyl-indanones, indolyl-millepachine hybrid, and mil-
lepachine hydrochloride.
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similar to the colchicine A-ring (20a–20b; Fig. 10) was more
potent compared to the isomeric 5,6,7-trimethoxyl, 5-methoxy-
6-hydroxy and 5,6-dimethoxy indanone moieties tested.91 The
synthetic aurone derivative 20c (an oxygen analog of active
indanone 20a; Fig. 10) gave similar results against the K562
human chronic myelogenous leukemia cell line.92 It is worth-
while pointing out that the most active indanone derivative 20a
shares the same tri-methoxy and isovanillin type substitution
pattern as synthetic aurone and chalcone SD400 (ref. 92 and 93)
(see Fig. 10 for structures and a comparison of the colored
spheres with the binding sites seen on the colchicine molecule
in tubulin by pharmacophore modelling74 in Fig. 8). Several tri-
methoxy substituted chalcones among others with diverse
substitution patterns and the ability to inhibit tubulin have
been reviewed.10

Incorporating medicinally important scaffolds like indoles94

with 4,5,6-trimethoxy indanones gave hybrid compounds with
promising anti-cancer activity (14 examples). The linkage with
the indole moiety was varied between the 3, 4 and 5 positions.
The potent compounds (21a–21b and 22a–22b; Fig. 11) gave
promising results in several cancer cell lines and inhibited
tubulin with no inuence of the position of contact with the
indole moiety.95 Similarly, millepachine-indolyl chalcone 22c
with substitution at the 5-position of N-methyl indole was the
most potent among others and showed cytotoxicity against all
tested cancer cells.96 The bioavailability of millepachine deriv-
ative 22d was improved by 47% aer forming its hydrochloride
salt.75 This rationale may also increase the bioavailability of
derivative 20b which is a potent anti-tubulin agent, equipotent
with 20a (see Fig. 10) and has structural similarity with the aryl
ring in 22d.

Several chalcone derivatives attached to the 3-position of the
indole ring have shown induction of methuosis, a non-
apoptotic cell death,97 use as microtubule depolymerizing
agents98,99 and have anti-inammatory activities100 while when
connected to the 5-position of indole ring function as imaging
agents by competitively binding to the Ab bers for detection of
b-amyloid plaques in the brains of AD patients.101
Fig. 12 AI and their derivatives inhibiting aromatase, MCF-7 cell
growth and lung cancer.
4. Therapeutic potential of AI against
breast cancer

Aromatase is a cytochrome P450 enzyme, which functions as
a rate-limiting enzyme in the conversion of androgens to
estrogens. Nonsteroidal aromatase inhibitors of the type; 2-(4-
Fig. 10 Anti-proliferative AI, aurone and chalcone SD400 based on colc

This journal is © The Royal Society of Chemistry 2017
pyridylmethylene)-1-indanone 23 (Fig. 12) showed selectivity
and increased potency toward aromatase as compared to ami-
noglutethimide.102,103 On similar lines, the relative potency of
imidazolyl substituted derivative 24 against aromatase inhibi-
tion was 54 times more potent than aminoglutethimide (4
examples) and fared better in comparison with indanone 23.
This potency may be attributed to the orientation of the side
chain which inuences the binding at the active site of aro-
matase.104 2-Benzylidene-4,7-dimethyl indan-1-one 25 showed
inhibition against the MCF-7 cell line and was non-toxic to the
normal breast cell line HBL-100 up to 100 mM.105 The 2-
arylidene-1-indanones 25 and 26 (Fig. 12) were evaluated in
MCF-7 cells showing superior activity (7.3 mM) in a dose-
dependent manner.106
hicine tri methoxyl substitution.

RSC Adv., 2017, 7, 9357–9372 | 9365
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5. Arylidene indanones in treatment
of lung cancer

Akt activation and phosphorylation is the key to the survival of
cancer cells and has been linked to lung cancer resistant to
chemotherapy. The over-expression of Akt provides resistance
to chemotherapy and makes it an interesting therapeutic tool
for developing anti-cancer agents. Indan-1-one 25 inhibited Akt
enzyme activity by 0.20 mM and did not alter the IC50 value on
increasing the ATP concentration, indicating allosteric binding
of the molecule to the enzyme. Indan-1-one 25 reduced cell
proliferation of non-small cell lung cancer cell lines, NCI-H 460
and A549 cells with a GI50 of 0.28 mM and 0.77 mM via the
caspase-activated apoptosis pathway.107
6. Arylidene indanones in treatment
of leukemia

The therapeutic effects of natural and synthetic avonoids
including chalcones with respect to structure activity relation-
ships on various forms of leukemia has been recently
reviewed.108 AIs being the rigid cousins of chalcones also play
important roles in the therapy of leukemia. Indanocine 18
(Fig. 8) a potent tubulin binding agent, induces apoptosis in
malignant B cells from patients with chronic lymphocytic
leukemia (CLL) but remains ineffective in resistant CEM human
lymphoblastoid cells due to a single point mutation of the
nucleotide close to the colchicine binding site of tubulin.26 The
combination of an equimolar concentration of 18, an anti-
tubulin agent and mizoribine, a prodrug, synergistically led to
a decrease in the viability of chronic lymphocytic leukemia
(CLL) cells.109
7. Arylidene indanones as dual
specificity phosphatase (DUSP)
inhibitors

Dual specicity phosphatases (DUSP) are enzymes that
dephosphorylate and inactivate mitogen-activated protein
kinases (MAPKs). DUSP6, also known as mitogen-activated
protein kinase phosphatase 3 (MKP3), functions as a feed-
back regulator of broblast growth factor (FGF) signaling to
limit the activity of extracellular signal-regulated kinase (ERK)
1 and 2. The catalytic activity of members of the DUSP family
like DUSP6 and DUSP1 is substrate specic which on inter-
action with ERK is enhanced, while DUSP5 is active and
independent of substrate binding.28 FGFs play crucial roles in
development, proliferation, and cellular homeostasis.28 These
FGFs also bind to tyrosine kinase receptor proteins to activate
the signaling of the rat sarcoma homolog RAS/MAPK cascade
among others.110

BCI 27 was identied as a specic inhibitor of DUSP6 and
DUSP1 but not of DUSP5 using a zebrash chemical screen
which is an animal model well suited for small molecule
screening (Fig. 13).28,29 BCI 27 at a concentration of 10 mM,
9366 | RSC Adv., 2017, 7, 9357–9372
functions as an inhibitor of DUSP6 with increased expression of
FGF in treated embryos. Furthermore, using analogs 27a and
27b it was shown that cyclohexylamine, as well as the benzyli-
dene moiety, plays an important role in the inhibition (compare
EC50 values in Table 4).28

A total of 11 compounds (from 29 examples) effectively
activated FGF signaling in a concentration-dependent manner
in Tg(dusp6:EGFP)pt6 embryos with most of them being as
potent as the starting pharmacophore 27.29 Toxicity studies of
the compounds indicated BCI analog 28a showed no toxicity
even at twice the EC50 (20 mM) required for activation of FGF
signaling indicating an attractive and clean molecule to
investigate DUSPs.29 The theoretical milog P calculations
(Table 4) provide results which would disqualify the active
molecules 27 and 28a but substantiate the result for 28b,
which follows the Lipinski “rule of ve” with no violations.
However, it is not a necessity to qualify the “rule of ve” to
have drug-likeness.111

The study revealed the more potent derivative 28b due to the
introduction of a heteroatom in the ring at the 3-position of
indanone and the uoro substituent in 28c compared to 27.29

The importance of the carbonyl functionality was assayed by
testing its reduced form as hydroxyl derivative 28d (Fig. 12),
which showed no activity.29

The selective DUSP6 inhibitor, indanone 27, induced cell
death in patient-derived pre-B acute lymphoblastic leukemia
(ALL) cells and also overcame mechanisms of drug-resistance.
Treatment of patient-derived ALL cells led to hyperactivation
of Erk and compromised the negative control of Erk signaling
causing cell death.112
8. Quinolinylmethylidene indanones
as antimalarial agents

Malaria is an infectious disease which causes deaths world-
wide and is caused by transmission of Plasmodium strains by
mosquito bites. Natural chalcones, like licochalcone A iso-
lated from Chinese licorice roots protected mice infected with
P. yoelii for 3 to 6 days.113 The quinoline moiety is important in
drugs like chloroquine used for the treatment of malaria
infections.114 Hybrids resulting from substituted indanones
and quinolines led to indanones 29a and 29b (Fig. 14) as
potent antimalarial agents (13 examples).30 SAR studies
indicated that monosubstitution in the quinoline ring at
position 8 were effective inhibitors of haem polymerization
(29a and 29b). The in vivo tests using mice infected with
Plasmodium berghei ANKA, showed survival up to 12 days aer
infection by treatment with indanone 29b (at a concentration
of 20 mg kg�1 intraperitoneal once daily for 4 days post
infection).30

The SAR was carried out by substitution in the indanone ring
at positions 5 and 7 by a methoxy group as well as positions 6, 7
and 8 of the quinoline moiety (10 examples). In vivo tests in
mice infected with Plasmodium berghei, showed a survival rate of
11 days for indanones 30a and 30b (at concentration of 20 mg
kg�1 intraperitoneal once daily for 4 days post infection).31
This journal is © The Royal Society of Chemistry 2017
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Fig. 13 BCI and its analogs tested as DUSP inhibitors.
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9. Arylidene indanone as an aryl
hydrocarbon receptor antagonist

Recently, the simple E/Z-2-benzylindene-5,6-dimethoxy-3,3-
dimethylindan-1-one, 31 (Fig. 15) was shown to transiently act
as an aryl hydrocarbon receptor (AhR) antagonist and selectively
inhibit the UVB-induced expression of the CYP1A1 gene in
normal human epidermal keratinocytes (NHEK). Results of the
topical application of ointment containing 0.5% 31 protected
human skin from UV-B radiation by reduced expression of
CYP1A1, COX-2 and MMP-1 genes.115
10. Bioavailability and SAR
considerations

Although no bioavailability studies are reported for the AIs
mentioned in this review, a concise description of the analysis,
degradation and metabolism of acetylcholinesterase inhibitors
i.e., donepezil, the most structurally related molecule to the AI
scaffold has been reviewed.116 The current status of clinical
trials using disease modifying drugs in AD has also been
Table 4 EC50 for FGF activation, IC50 of DUSP6 and DUSP1 inhibition an

Compound Mol. weight milog P n-ROTB n-ON acceptors
n-OHNH
donors n-Vio

27 317.43 5.21 3 2 1 1
27a 220.27 3.74 1 1 0 0
27b 229.32 3.19 2 2 1 0
28a 396.33 6.00 3 2 1 1
28b 305.38 3.40 2 3 0 0
28c 323.37 3.56 2 3 0 0
28d 319.45 4.88 3 2 2 0

a EC50-concentration required for FGF activation in zebrash assay; ND-n

This journal is © The Royal Society of Chemistry 2017
reviewed.117 The increased lipophilicity of 6-substituted deriva-
tives 12b, 13a–13c which were equipotent to 6 (Table 1) may
improve their bioavailability by delaying metabolic
demethylation.116

Bioavailability of chalcone and arylidene indanone was
shown to be dependent on the formation of ionized species of
molecules (pKa) which have hydroxyl or N,N-dimethyl amino
groups, which may inhibit their passive diffusion across cell
membranes.118 The dimethylamino containing derivatives
remain uncharged at pH 7.4; therefore, they may easily pass
through the cellular membrane while the hydroxyl group may
get ionized with the negative charge which may inhibit their
diffusion. Inclusion complexes with cyclodextrins have shown
great potential for drug delivery systems by increasing their
bioavailability.119,120

Although, the 40-phosphate derivative of indanocine showed
reduced cytotoxicity compared to 18,72 the phosphate deriva-
tives of combretastatin-like chalcones have functioned as pro-
drugs and were equipotent to the parent molecules with respect
to cell proliferation. While the same compounds were inactive
for tubulin inhibition probably due to the in vitro assay not
being cell-based and no hydrolysis by phosphatases can occur.93
d theoretical milog P calculation of AI tested as DUSP inhibitors

lations Volume TPSA EC50 mM
a

IC50 of
DUSP6 inhibition

IC50 of
DUSP1 inhibition

310.24 29.10 10.6 � 0.8 13.3 � 1.8 8.0 � 0.6
207.81 17.07 Inactive ND ND
228.81 29.10 Inactive ND ND
328.12 29.10 12.0 � 3.0 55.9 � 8.6 28.6 � 3.8
285.97 29.54 4.5 � 0.6 50.8 � 4.1 28.4 � 1.8
290.90 29.54 10.3 ND ND
316.10 32.26 [25 ND ND

ot determined.

RSC Adv., 2017, 7, 9357–9372 | 9367

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra28613e


Fig. 14 Quinolinylmethylidene indanones and licochalcone A as antimalarial agents.

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

5/
07

/2
4 

23
:4

1:
10

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Several combretastatin analogs like A-1 and A-4 phosphates are
in various stages of clinical trials.121 The ethoxy derivative had
a better half-life compared to its methoxy derivative and also
improved the potency by delaying possible metabolic inactiva-
tion.122 The lipophilic acetate derivative of the natural avonoid
quercetin increased uptake in cells and delayed metabolism.123

Inhibition of P-glycoprotein (P-gp), the drug efflux trans-
porter in cancer cells can help increase the bioavailability of
anti-cancer drugs. Natural avonoids have been shown to be
inhibitors of P-gp and have been co-administered with anti-
cancer drugs.108 Indanone derivatives like 32a and 32b have
shown inhibition activity in the nanomolar range towards efflux
of daunomycin using the CCRF vcr1000 cell line (Fig. 15).124 The
SAR provides insights into the higher activity of 32b based on
the presence of one more rotatable bond than 32a while the
remaining structure is identical.124 Indanones 33a–33e have
shown modulation of the ABCG2 transporter which is respon-
sible for the efflux of a wide variety of drugs resulting in drug
resistance.125,126 The resulting SAR indicated the presence of the
dimethoxylated A-ring, adjacent to the carbonyl group and the
exocyclic double bond to be key features for such activity. The
activity was also dependent on the mono or disubstituted aryl
ring having hydroxyl or methoxyl groups (33b–33e).125

The majority of publications discussed in this review have
a substitution at the para position of the arylidene ring, with
ortho positions effectively not explored. The substitution of an
ortho position, in comparison to the para isomer, can be
differentiated by ESI-MS in AI as well as chalcones.23,127
Fig. 15 Aryl hydrocarbon Receptor (AhR) antagonist, p-glycoprotein and
inhibitors of cell cycle progression.

9368 | RSC Adv., 2017, 7, 9357–9372
Moreover the o-substituted chalcone derivative has higher
potency compared to p-substituted when the other structural
substitutions are maintained.84,128 The ring B of avopiridol and
combretastatin A-1 are classical examples of ortho substituents
inuencing the potential of these scaffolds as therapeutic
drugs.121 The potency of combretastatin derivatives having a 2-
amino substitution in the B-ring was improved as inhibitors of
tubulin assembly, cytotoxicity and in vivo reduction of blood
ow to tumors.129

Incorporation of the N-methyl-piperidinyl alkaloid moiety
found in avopiridol without the hydroxyl group in chalcones
34 has shown anti-cancer properties by inhibiting cell cycle
progression11,130 and can be explored on the AI scaffold. Incor-
poration of indole or quinoline moieties with indanone may be
benecial in the design of new antimicrobial or antimalarial
agents,114 which may become more effective for resistant strains
of bacteria on quaternization of nitrogen and improved solu-
bility in the physiological medium.131
11. Conclusions

Arylidene indanones tested as acetylcholinesterase inhibitors
have shown that the 6-position of the indanone core is impor-
tant for interactions with the PAS of the enzyme45 and subse-
quent modications improve the efficiency of interaction.45,49,51

Chelation of metals like copper is critical for Alzheimer’s
therapy and chelating groups like piperidinyl ethoxy mimicking
clioquinol in 12b or the catechol moiety in 16a serve as an
ABCG2 inhibitors based on AI; flavopiridol and its chalcone derivative as

This journal is © The Royal Society of Chemistry 2017
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important aspect for new drug design.27,49 Incorporation of
bulky groups like bis(4-uorophenyl)methyl on piperazine
either on the indanone side 11c or arylidene ring 14a can
modulate either as a BACE1 inhibitor or acetylcholinesterase
inhibitor.46,48 Tubulin depolymerization agents require the tri-
methoxy substitution on the indanone ring to mimic the
colchicine type activity.74,80,81,91,95

Tunability of the a,b-unsaturated ketone system as a Michael
acceptor is paramount to the type of biological activity,132 since
these systems are present in many natural products like chal-
cones as well as AI, where the molecule is more planar
comparatively and the transmission of electronic effects of the
aryl substituents are directed towards the carbonyl group.13 The
importance of the double bond at the 2-position in arylidene
indanone has been veried by SAR studies, indicating no DUSP
inhibition activity if removed28 or improved tubulin activity
compared to unsubstituted compounds79,81 or diminished AChE
activity if removed or hydrogenated.49,52 Similarly increased
MAO-B inhibition was seen for benzylidene substituted 5-
hydroxyindanones.61,63

The chalcones have been merited with a lot of attention by
structural modication of the position of the hydroxyl, methoxyl
and other substitutions such as incorporation of heteroaryl
moieties like coumarins, naphthyl, furan etc. displaying diverse
activities.10–12 Similarly, in-depth studies of novel arylidene
indanone scaffolds by pharmacophore modeling may give
better insights into the unexplored potential of this scaffold.
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