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The limited clinical efficacy of current symptomatic treatment and minute effect on progression of
Alzheimer's disease has shifted the research focus from single targets towards multi-target-directed li-
gands. Here, a potent selective inhibitor of human butyrylcholinesterase was used as the starting point to
develop a new series of multifunctional ligands. A focused library of derivatives was designed and
synthesised that showed both butyrylcholinesterase inhibition and good antioxidant activity as deter-
mined by the DPPH assay. The crystal structure of compound 11 in complex with butyrylcholinesterase
revealed the molecular basis for its low nanomolar inhibition of butyrylcholinesterase
(Ki¼ 1.09± 0.12 nM). In addition, compounds 8 and 11 show metal-chelating properties, and reduce the
redox activity of chelated Cu2þ ions in a Cu-ascorbate redox system. Compounds 8 and 11 decrease
intracellular levels of reactive oxygen species, and are not substrates of the active efflux transport system,
as determined in Caco2 cells. Compound 11 also protects neuroblastoma SH-SY5Y cells from toxic Ab1e42
species. These data indicate that compounds 8 and 11 are promising multifunctional lead ligands for
treatment of Alzheimer's disease.

© 2018 Elsevier Masson SAS. All rights reserved.
1. Introduction

Increased life expectancy and ageing of the population has led to
higher incidence of age-dependent neurodegenerative disorders.
As one of these, Alzheimer's disease (AD) accounts for 60%e70% of
cases of senile dementia. The number of patients with AD world-
wide is estimated at around 50 million and nearly 10 million new
patients are diagnosed every year [1,2]. Dementia associated with
AD substantially affects not only the daily life activities of patients,
but also their families and society as a whole [3].
bec).
ue des Martyrs, 38000 Gre-

served.
Alzheimer's disease is associated with decreased brain levels of
the neurotransmitter acetylcholine (ACh). This led to the cholin-
ergic hypothesis of AD, whereby decreased ACh levels are respon-
sible for defects in cholinergic neurotransmission, which affects
memory, orientation and judgment, and other cognitive processes
[4]. In line with this hypothesis, it was proposed that inhibition of
the enzymes involved in ACh breakdown, the cholinesterases
(ChEs), would alleviate the symptoms and possibly delay the pro-
gression of AD. Accordingly, three out of the four currently
approved anti-Alzheimer's drugs are ChE inhibitors: rivastigmine,
donepezil and galantamine (Fig. 1A) [5]. These compounds mainly
target acetylcholinesterase (AChE), the most abundant ChE in the
central nervous system (CNS).

The other ChE in the CNS is butyrylcholinesterase (BChE), which
accounts for 20% of the total brain ChE activity under normal
conditions. The observation that BChE activity increases during
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Fig. 1. (A) Structures and inhibitory potencies of the approved ChE inhibitors. (B) Design of multi-target-directed ligands (adapted from Refs. [27,35]).
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progression of AD then led to the hypothesis of BChE as a useful
target, at least in the later stages of AD [6e8]. Another advantage of
BChE is that unlike AChE, it is not expressed in the peripheral and
parasympathic autonomous nervous systems. BChE-specific in-
hibitors should thus be devoid of the adverse side-effects of AChE-
specific inhibitors that limit their dosing in the clinical context
[9,10]. Accordingly, selective inhibition of BChE with cymserine
analogues elevates ACh levels in the brain, reduces secretion of
amyloid b (Ab) peptide in a human neuronal cell line, and improves
cognitive performance in aged rats [11,12]. Several classes of se-
lective BChE inhibitors have been discovered and have been
reviewed elsewhere [13]. Recently developed selective reversible
BChE inhibitors 1 and 2 (Fig. 1A) improve cognitive functions in
models of scopolamine-induced cognitive impairment, without
causing acute cholinergic side-effects [14,15]. In line with these
data, BChE inhibition can be viewed as an alternative for restoration
of cholinergic activity and improvement of cognitive performance
for patients with AD [16]. However, inhibition of ChEs is not suffi-
cient for the treatment of patients with AD, as this provides at best
an alleviation of symptoms, with no substantial modification of the
progression of AD [9].

Fundamental science has provided insights into the complex
etiology of AD by showing that in addition to decreases in brain ACh
levels, a variety of cellular processes are impaired during the onset
and progression of AD. Some of the promising processes to target
are oxidative stress [17,18], loss of metal-ion homeostasis [19], and
aggregation and accumulation of the Ab peptide into plaques and
oligomers [20,21]. Formation of amyloid plaques affects several
molecular processes, as it reduces the amount of functional
monomers [22], results in oxidative stress [23], and contributes to
loss of metal-ion homeostasis [19]. High concentrations of several
important metals (i.e., Cu2þ, Zn2þ, Fe2þ) have indeed been associ-
ated with various Ab structures [23,24]. Alterations to metal bio-
distributions in pre-synaptic and post-synaptic neurons result in
abnormal neurotransmission, altered activities of metal-dependent
enzymes, and increased Ab secretion [19]. Furthermore, complexes
of Ab with redox active ions (i.e., Cu2þ, Fe2þ) can generate reactive
oxygen species (ROS), which can lead to oxidative stress, lipid
peroxidation and protein damage. Thus these ions, and especially
redox-active Cu2þ, represent an interesting target in drug discovery
targeted at AD [25]. Intracellular oxidative stress has also been
linked to early events in the pathogenesis of AD [26]. Accordingly,
drugs with radical scavenging activities hold big promises in the
treatment of this devastating disorder.

Treatment strategies for neurodegenerative diseases have long
focused on the ‘magic bullet’ concept. More recently, however, the
complex and multilayered pathophysiology of AD has led to the
rejection of this paradigm, and instead to a focus on multi-target
strategies [27e29]. A variety of multi-target-directed ligands
(MTDLs) has since been proposed that target multiple pathways
involved in the onset and progression of AD [30,31]. Apart from ChE
inhibition, which is the current target for symptomatic relief,
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several other activities can be introduced into MTDLs to potentially
achieve more effective treatment of AD. The grafting onto ChE in-
hibitors of pharmacophores that target Ab aggregation, inhibit
monoamine oxidase and BACE1, act on several receptor systems,
prevent oxidative stress, and/or chelate metal ions has therefore
been explored for the design of disease-modifying MTDLs [32e34].

A variety of strategies has been followed to produce such MTDLs
(Fig. 1B). Hybrid drugs can be produced by joining together two
pharmacophores through a low-molecular-weight linker. Most
recently, MTDLs have been designed where pharmacophores
overlap within structurally sharedmotifs. The degree of overlap can
vary from the fusing of one motif directly to another (which results
in compounds with high molecular weights) to highly integrated
pharmacophores (which produces compounds with lower molec-
ular weights) [35,36].

We reported previously on a series of piperidine-3-
ylmethanamine-based selective human (h)BChE inhibitors with
low nanomolar and picomolar inhibitory potencies [14,15]. The
most potent of these, hBChE inhibitor 2, has a Ki in the picomolar
range, crosses the blood-brain barrier (BBB) in vivo, and shows pro-
cognitive effects in a scopolamine mouse model of cognitive
impairment [15]. In the current study, we describe the design,
synthesis and biochemical evaluation of a focused library of BChE
inhibitors that include additional antioxidant, metal-chelating and
neuroprotective properties. The series of MTDLs presented herein
offers a new class of potential ligands for treatment of patients with
AD.

2. Results and discussion

2.1. Design

The crystal structures of hBChE with picomolar inhibitor 2 [15]
(Fig. 1A) and nitroxoline derivative 3 [37] (Fig. 2A) were used as the
starting point for functionalization and further optimisation of
multifunctional BChE inhibitors. Briefly, these structures showed
three potential positions for introduction of modifications to form
highly merged chimeric compounds with overlapping pharmaco-
phores. The first is the cationic sub-site of the active site, contrib-
uted to by Trp82 and Glu197, which accommodates the 2-
(dimethylamino)ethyl side-chain of compound 2 in the crystal
structure (PDB 5NN0). The cation-p interaction between this side-
chain and Trp82 is the origin of the exceptional binding affinity of
compound 2. Hence, this part of the molecule was left intact, with a
view to the retaining of the BChE inhibitory potency as the principal
activity of this series of MTDLs.

The first and the most explored option was the replacement of
the naphthalene moiety, which according to the crystal structure
with compound 2, binds in the hydrophobic acyl binding pocket of
hBChE (Trp231, Leu286, Val288, Phe398). The crystal structure of
hBChE with compound 3 where an 8-hydroxy-5-nitroquinoline
moiety replaces the naphthalene moiety of compound 2 illus-
trates that although it is lipophilic, the acyl binding pocket can
accommodate fragments with additional functionalities (e.g., that
can provide selective Cu2þ chelation, antioxidant activity). We also
explored substitution of the 2,3-dihydro-1H-indene attached to the
piperidine nitrogen that points towards the exit of the active-site
gorge, and that does not contribute to any specific interactions
with the residues of the active-site gorge. The basicity of the
piperidine nitrogen was nevertheless preserved, to maintain the
strong cation-p contact with Tyr332, as seen in the crystal struc-
tures of hBChE with both compounds 2 and 3.

The choice of the structural fragments with reported metal
chelation, antioxidant or neuroprotective properties was based on
their size and the extent of their potential activity in the pathology
of AD [38e41]. To limit the molecular weights of the final com-
pounds, and to ensure drug-like properties and the potential to
cross the BBB, moieties with lowmolecular weights were preferred
over larger ones. This particularly focused on those for which
previous data were available that showed beneficial activity in the
context of AD, as well as moieties available either commercially or
through rapid synthesis [42]. 8-Hydroxyquinoline (8-HQ) de-
rivatives are widely used in the design of multifunctional ligands
due to their potent metal-chelating properties, direct antioxidant
activities, and generally neuroprotective and neurorestorative ac-
tions [40]. Two derivatives have already been used in clinical trials
as anti-AD ligands, where their safety and positive clinical effects
on cognition were demonstrated: PBT2 and clioquinol [43,44].
Several derivatives were designed by varying the eCOOH substi-
tution position from either 2 or 7, together with the number and the
position of the substituents (i.e., OH, NO2). Known antioxidants
were also used to add antioxidant activity, such as Trolox, 4-
hydroxycinnamic acid and phenols [23]. Some additional de-
rivatives with phenol groups and nitrogen-free ion pairs that pro-
vide metal-ion chelation were also prepared to further probe the
chemical space and determine their potential as antioxidants and/
or metal chelators.

2.2. Chemistry

Key intermediates for the synthesis of the designed derivatives
(amines 4, 5, 6b) were prepared from the readily available nipecotic
acid and following procedures reported previously (Table 1, Scheme
1) [45]. Main synthon 5 was coupled with various fragments that
have metal-chelating and antioxidant properties, or neuro-
protective activity, which provided compounds 8e19 and 24e28
(Table 1). Some of these fragments are available commercially (e.g.,
8-hydroxyquinoline-7-carboxylic acid, 8-hydroxyquinoline-2-
carboxylic acid, 4,8-dihydroxyquinoline-2-carboxylic acid) while
others (7aed) were synthesised in the course of this study, as
described in the Supporting Information or in the literature [46].
Coupling of 8-hydroxyquinoline-7-carboxylic acid with 5 using the
carbonyldiimidazole (CDI) reagent in anhydrous tetrahydrofuran
(THF) resulted in the 8-HQ derivative 8. For the purpose of com-
parison with nitroxoline derivative 3 [37], 8-HQ derivative 9 with a
methoxyethyl side-chain was also prepared, through the same
procedure with CDI. Coupling procedures using O-(benzotriazol-1-
yl)-N,N,N0,N0-tetramethyluronium tetrafluoroborate (TBTU) or 11
[bis(dimethylamino)methylene]-1H-1,2,3-triazolo [4,5-b]pyr-
idinium 3-oxid hexafluorophosphate (HATU) in the presence of
Et3N as a base were also used to replace the naphthalene ring of the
parent inhibitor 2with 8-HQ derivatives (10e12), 2-methylimidazo
[1,2-a]pyridin-8-ol (17), and some other fragments (Table 1, com-
pounds 13e16,18). Later, the formation of acyl chloridewith thionyl
chloride was used to activate 2-oxo-2H-chromene-3-carboxylic
acid, which was reacted with 5 in pyridine as solvent, to yield
coumarine analogue 19. Amine 5 was also combined with acetyl-
protected hydroxybenzoic acids and 4-acetoxycinnamic acid us-
ing TBTU as the coupling reagent. The acetyl-protected in-
termediates 20e23 that were formed were already partially
deacetylated, as shown by proton nuclear magnetic resonance
(NMR), and were immediately deprotected in methanolic K2CO3
solution, to provide the final phenols 24e27. To determine the in-
fluence of the hydroxyl group on the antioxidant and BChE inhi-
bition of novel MTDLs, 4-methoxybezoyl chloride was reacted with
5 to prepare 28, a methoxy analogue of 26.

To prepare two derivatives where 2,3-dihydro-1H-inden was
replaced by other functionalities, 6a was first debenzylated with
cyclohexene in the presence of palladium hydroxide on carbon
(Pearlman's catalyst), which yielded crude secondary amine 6b (see



Fig. 2. (A) Overlay of the active sites of compounds 2 (yellow) and 3 (magenta) in complex with hBChE (PDB codes 4XII [cyan] and 5NN0 [green]). The structure of compound 3 is
also shown. (B) Merging the main features of inhibitor 2 with fragments with antioxidant, metal-chelation or neuroprotective properties. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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Supporting Information). Crude 6b was then alkylated with 4-
(chloromethyl)-N-(pyridin-2-yl)thiazol-2-amine hydrochloride 7d
(see Supporting Information) in anhydrous dimethylformamide
(DMF) using K2CO3 as the base, to produce the final amide 29. Crude
6b was also reacted with 8-hydroxyquinoline-2-carboxyaldehyde
under conditions for reductive amination in the presence of so-
dium triacetoxyborohydride, to obtain compound 30 at a moderate
yield.
2.3. Calculation of physicochemical parameters and ADMET
prediction

When designing ligands that are targeted to the CNS with drug-
like properties and sufficient penetration through the BBB, it is
important to ensure their oral bioavailability and activity at their
site of action [42,47]. For each of the synthesised compounds,
several physicochemical parameters, molecular descriptors, and
absorption, distribution, metabolism, excretion and toxicity
(ADMET) properties were calculated using in-silico tools and in-
house scripts (see Supporting Information, Table S1). All of the
derivatives showed calculated LogP <5, and the majority of the
structures satisfied the Lipinski rule of five [47], except for a few
compounds where the MWs were just above the reference value of
500 Da. Also, for themajority of the derivatives, the calculated polar
surface area (PSA) was below the empirical limits for potential BBB
penetration (PSA <90Å) [48], except for nitro derivatives 10 and 12.
Multilayered predictors that take into the account several other
parameters to predict BBB penetration and oral bioavailability
predicted borderline or moderate CNS penetration andmoderate to
good absorption in the gastrointestinal tract (e.g., MDCK cell
permeability model for BBB; modelled partition coefficient [logBB];
Caco2 cell permeability model for gut-blood barrier; human oral
absorption; for details, see Supporting Information, Table S1). All of
the compounds had modelled partition coefficients (logBB) above
the qualifying lower limit of�1.2 suggested by Ghose et al. [49], and
the preferred lower limit (�0.06) was satisfied by 11 of the de-
rivatives. The most problematic were derivatives that did not
comply with the general Lipinski rules, or those that were charac-
terised by high PSA. Similar predictions were obtained using the
MDCK model, which is considered to be a good approximation for
BBB permeability and a useful tool for rapid membrane-
permeability screening [50]. In summary, our series of MTDLs
were predicted to have adequate ADMET properties, with several of
them satisfying different drug-like criteria and having structures
that are compatible with brain penetration, as required for their
activities in the CNS.



Table 1
Synthesis of derivatives 8e19 and 24e28.

Cpd Proc.a Z R Cpd Proc.a Z R

3 Ref. [37] OMe 16 c NMe2

8 a NMe2 17 c NMe2

9 a OMe2 18 c NMe2

10 b NMe2 19 d NMe2

11 c NMe2 24 e NMe2

12 c NMe2 25 e NMe2

13 c NMe2 26 e NMe2

14 c NMe2 27 e NMe2

15 c NMe2 28 f NMe2

a Reagents and conditions: (a) (i) 8-hydroxyquinoline-7-carboxylic acid, CDI, anh. THF, 65 �C, 90min; (ii) 5 (for 8)/4 (for 9), Et3N, anh. THF, 65 �C, 24 h; (b) (i) 8-hydroxy-5-
nitroquinoline-7-carboxylic acid, SOCl2, toluene, 80 �C, 24 h; (ii) 5, Et3N, CH2Cl2, 0 �C, rt, overnight; (c) (i) corresponding acid, HATU, Et3N, MeCN, rt, 30min; (ii) 5, Et3N, MeCN,
rt, 24 h; (d) (i) 2-oxo-2H-chromene-3-carboxylic acid, SOCl2, 80 �C, 4 h; (ii) 5, Et3N, CH2Cl2, 0 �C, rt, 72 h; (e) (i) corresponding acid, TBTU, Et3N, CH2Cl2, 0 �C, 30min; (ii) 5,
CH2Cl2, rt, 24 h, to obtain acetyl protected intermediates 20e23; (iii) K2CO3, MeOH, rt, 24 h; (f) 5, Et3N, 4-methoxybenzoyl chloride, CH2Cl2, 0 �C, rt, 16 h.
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2.4. Inhibition of cholinesterases

The in-vitro hBChE inhibitory potencies of the designed MTDLs
were determined using the method of Ellman as done before [15]
and the BChE-specific substrate butyrylthiocholine iodide. To
address the selectivity of the designed inhibitors towards hBChE,
their inhibition of human (h)AChE was also determined under the
same assay conditions, but with the AChE-specific substrate



Scheme 1. Reagents and conditions: (a) cyclohexene, Pd(OH)2/C, MeOH, 75 �C, 18 h; (b) 7d, K2CO3, anh. DMF, 50 �C, 16 h; (c) 8-hydroxyquinoline-2-carboxyaldehyde, NaBH(OAc)3,
AcOH, ClCH2CH2Cl, rt, 24 h.
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acetylthiocholine iodide. All of the derivatives were more or less
selective towards hBChE over hAChE (Selectivity ratio, Table 2),
with IC50 values against hBChE in themicromolar to low nanomolar
range (Table 2).

Replacement of the naphthalene ring of compound 2 reduced
the BChE inhibitory potency. Such an effect was already noted in
our previous studies of sulfonamide and amide analogues, where
smaller monocyclic aromatic rings or substituents on the naph-
thalene were generally associated with lowered inhibitory po-
tencies [14,15]. This effect might be due to steric hindrance and/or
the non-optimal fit of the aromatic rings, loss of important T-
stacking of naphthalene with Trp231 or alternative binding mode
as disused further on [15,51]. However, the IC50 values of the best
MTDLs reported here were still comparable to those of the in-vivo
Table 2
Cholinesterase inhibitory potencies and radical-scavenging activities (DPPH assay) of the

No hBChE inhibition IC50 ±SEM (nM)a hAChE inhibition %RAb a

2 [15] 1.03± 0.04 [15] n.i.d

3 [37] 215 [37] n.i.d

8 IC50¼ 13.8± 0.6 n.i.d

9 265.8± 23.2 n.i.d

10 28.0± 1.3 n.i.d

11 IC50¼ 11.1± 0.6 75.8%
12 1611.8± 123.8 n.i.d

13 19.0± 1.0 n.i.d

14 6916.4± 203.4 n.i.d

15 228.6± 25.0 72.9%
16 634.5± 40.5 n.i.d

17 135.0± 7.8 n.i.d

18 20951.3 ± 165.1 n.i.d

19 9.5± 0.5 n.i.d

24 71.0± 1.9 n.i.d

25 2485.1± 21.2 n.i.d

26 1794.2± 45.1 n.i.d

27 460.4± 29.4 n.i.d

28 237.0± 25.8 n.i.d

29 103.1± 4.7 n.i.d

30 48.1± 1.4 n.i.d

Tacrine 23.2± 2.9 IC50¼ 114.8± 8.5 nM
Resveratrol n.d.e n.d.e

Trolox n.d.e n.d.e

a The IC50 values are expressed as mean± standard error of three independent experi
b RA, residual activity.
c Selectivity ratio: IC50 (hAChE)/IC50 (hBChE).
d ni., no inhibition (RA >80%).
e n. d., not determined.
active hBChE inhibitor 1 [14]. On the other hand, the loss of pico-
molar inhibitory potency was counterbalanced by additional ac-
tivities that were gained with these modifications. Data from the
concise 8-HQ sub-series (8�13) suggested that the 8-HQ metal-
chelating core can be accommodated into the acyl binding
pocket. Among these compounds, positional isomers 8 and 11were
equipotent inhibitors, with IC50 values of 13.8± 0.6 nM and
11.1± 0.6 nM, respectively. The introduction of a hydroxyl group at
position 4 of 8-hydroxyquinoline-2-carboxamide provided com-
pound 13 (IC50, 28.0± 1.3 nM), and did not alter the low nanomolar
potency of parent compound 11. On the other hand, the introduc-
tion of a nitro group at position 5 notably reduced the hBChE
inhibitory potency (12; IC50, 1611.8± 123.8 nM). When an addi-
tional nitro groupwas introduced at position 5 of 8-HQ derivative 8,
MTDLs.

t 10 mM Selectivity ratioc Radical-scavenging DPPH assay EC50 (mM)

>9709 [15] n.d.e

>140 [37] 3448.8± 3.7 [37]
>725 61.4± 7.6
>38 3544.0± 262.0
>357 1048.9± 76.4
>900 544.0± 41.5
>6 1753.3± 70.5
>526 74.6± 17.3
>1 264.2± 34.5
>44 3233.1± 139.4
>15 3475.0± 208.6
>74 42.1± 1.9
n.d.e 995.0± 7.0
>1053 Not active
>141 55.9± 4.6
>4 2862.7± 70.3
>2 2731.0± 59.8
>21 389.9± 28.7
>42 2625.7± 12.0
>96 761.8± 15.2
>208 402.4± 36.3
5.0 n.d.e

n.d.e 50.1± 4.6
n.d.e 12.4± 0.3

ments performed in triplicates.
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there was no significant change in inhibitory activity (10; IC50,
28.0± 1.3 nM), as expected from the crystal structure of compound
3with hBChE [37]. The presence of the 2-(dimethylamino)ethylene
side-chain increased the inhibitory potency of 8 to almost 10-fold
that of compound 3, which has a methoxyethyl side-chain. The
significance of this modification was also evident from the com-
parison of the inhibition properties of compound 8 (IC50,
13.8± 0.6 nM) and methoxyethyl analogue 9, where compound 9
had an almost 20-fold higher IC50.

Replacement of the naphthalene ring in compound 14 with
Trolox, as the active part of the antioxidant vitamin E, resulted in
almost complete loss of ChE inhibitory potency. Introduction of
several other potential metal chelators of varying sizes into com-
pounds 15e18 notably reduced the hBChE inhibitory potencies
(IC50, from 135.0 nM to 20.4 mM). The bulkiness and non-linear
conformation of these substituents challenged the fit of the
resulting MTDLs into the active-site gorge of hBChE, which would
explain their decreased inhibitory potencies. Derivative 19with the
coumarine core was the most potent inhibitor of the series (IC50,
9.5± 0.5 nM); however the potency was still in the range of the
other 8-HQ derivatives (e.g., 8, 11). Compounds 24e27 had
hydroxybenzene and p-hydroxycinnamic moieties that replaced
the naphthalene, and these showed nanomolar to low micromolar
BChE inhibitory potencies. The most potent hBChE inhibitor in this
sub-series with possible antioxidative activity was 24 (IC50,
71.0± 1.9 nM), which included p-hydroxycinnamic acid. Both 3-
hydroxybenzene and 4-hydroxybenzene derivatives (25, 26,
respectively) were micromolar inhibitors, whereas the more polar
2,4-dihydroxy derivative 27 inhibited hBChE in the sub-micromolar
range. Methoxy derivative 28 was more potent that its hydroxy
analogue 26, which again showed the improved interaction with
the binding pocket for substituents with higher lipophilicity.

Replacement of 2,3-dihydro-1H-inden with N-(pyridin-2-yl)-
thiazol-2-amine (29; IC50, 103.1± 4.7 nM) or 8-HQ (30; IC50,
48.1± 1.4 nM) also resulted in diminished inhibition of hBChE. The
larger entrance to the active-site gorge might accommodate sub-
stituents with larger volumes, although the orientation of the two
represented fragments was probably similar to the benzyl sub-
stituents, which as demonstrated before, did not provide the
optimal inhibitory activity seen for 2,3-dihydro-1H-inden of in-
hibitor 2 [15]. However, other beneficial properties were gained
that counterbalanced the loss of the BChE inhibitory potency,
which defines this series as suitable for further studies. Based on
these, the kinetic parameters of hBChE inhibition were determined
for compounds 8 and 11 (Table 3).

The selectivity of the compounds towards hBChE in comparison
to hAChE can be explained by the differences of their active site
composition. The acyl binding pocket of hAChE is lined with two
large aminoacid residues (Phe288 and Phe290), which are replaced
with smaller Leu286 and Val288 in hBChE. Therefore, hAChE cannot
accommodate bigger moieties, such as 8-hydroxyquinoline core of
Table 3
Inhibition constants of the most potent hBChE inhibitors 8 and
11.

No hBChE inhibition Ki (nM)

2 [15] Ki (þ)2¼ 603 pM
Ki (�)2¼ 11.1 pM [15]

8 1.71± 0.24 nMa

11 1.09± 0.12 nMa

a The Ki values were determined for compounds 8 and 11
(Supporting information, Figure S1), which show the most
promising multifunctional profile (as discussed below). Both
compounds display competitive mode of inhibition. The Ki are
expressed as mean ± error of three independent experiments.
compounds 8 and 11. This has been demonstrated previously for
the hit compound [51], on the basis of which the whole series of
selective hBChE inhibitors was designed.

2.5. Radical-scavenging activity

The increased oxidative stress observed in AD has been
addressed in several studies where known antioxidants were
introduced into novel multifunctional ligands (e.g., phenols, de-
rivatives of cinnamic acid, resveratrol) [31]. This might have addi-
tional symptomatic benefits in AD therapy, and moreover,
interference with the progression of AD is also anticipated [18,23].
Several MTDLs reported herein have free phenol groups that can
serve as a hydrogen radical (H�) or electron donor, and can there-
fore impart antioxidant potency. The antioxidant activities of the
derivatives were determined by measuring free-radical-scavenging
using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical. DPPH
assay is one of the most frequent assays for determination of
antioxidant activity due to its low cost, relative speed and
simplicity [52]. Antioxidant activity were expressed as an EC50
value, which is defined as the effective concentration of an anti-
oxidant required for reduction of 50% of DPPH radical in a solution.
The DPPH concentration is selected so, that it is in the linear range
of the method (UVevis spectroscopy). This is the reason why
antioxidant values cannot be directly compared with other activ-
ities (e.g., enzyme inhibition), but should be interpreted in com-
parison with known antioxidants assayed in the same manner.

The data from the DPPH assays indicate that all of the de-
rivatives showed antioxidant activity (Table 2). The antioxidant
potencies of the best derivatives are comparable to those of
resveratrol and Trolox, which were determined under the same
assay conditions (EC50, 50.1± 4.6 mM; 12.4± 0.3 mM; respectively).
In the 8-HQ sub-series, derivative 8 (8-hydroxyquinoline7-
carboxamide) was the most potent antioxidant, with an EC50 of
61.4± 7.6 mM. Positional isomer 11 (8-hydroxyquinoline-2-
carboxamide) showed an almost 90% reduction in potency, which
could stem from changes in the electron densities of the quinolone
rings that will depend on the position of the carboxamide substi-
tution. When a nitro group was introduced at the para position to
the hydroxyl group (i.e., compounds 10 and 12), the antioxidant
potency was reduced, arguably because of the electron-
withdrawing effects of this substituent. In contrast, introduction
of an additional 4-hydroxy group (-OH) into compound 13
increased the antioxidant activity (EC50, 74.6± 17.3 mM). Among the
different phenol-containing compounds, analogue 17 included an
imidazo [1,2-a]pyridin-8-ol moiety, and it was the most potent
antioxidant (EC50, 42.1± 1.9 mM), followed by derivative 24 (EC50,
55.9± 4.6 mM), which contained a fragment of the natural antioxi-
dant 4-hydroxycinnamic acid. Derivative 14 contained the frag-
ment of vitamin E (Trolox), and it showed an 80% reduction in
potency in comparison with the standard (Trolox alone). Hydrox-
ybenzene derivatives 25e27 showed only moderate to weak anti-
oxidant activities, which were comparable to those of the N-
(pyridin-2-yl)-thiazol-2-amine derivatives 16 and 29. This sug-
gested that the electron-withdrawing effect of carboxamide con-
trols the tendency of the phenol groups to donate H�. Compounds
16 and 29 showed a 4-fold difference in antioxidant potencies, and
contained only the secondary aminewith a hydrogen atom that can
be a donor of H� or of an electron.

2.6. Co-crystal structure of compound 11 with hBChE

The crystal structure of the complex of 8-HQ derivative 11 with
hBChE was solved at 2.6Å resolution (Supporting Information,
Table S2). Co-crystals were obtained by pre-incubation of hBChE
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with the racemic mixture of compound 11 at 500 mM (in 1% DMSO)
for 3 h, before mixing with the mother liquor and the subsequent
equilibration by vapour diffusion, using the hanging-drop geome-
try. Strong positive electron density was seen in the initial FoeFc
map for the active sites of the two monomers in the asymmetric
unit (Supporting Information, Figure S2A). Both the R and S enan-
tiomers can occupy the binding site; however, a better fit was ob-
tained with the R enantiomer (Fig. 3A). The refined binding pose of
compound 11was similar to that of the previously published parent
compound 2 [15], although with notable differences (Fig. 3B). The
8-HQ moiety of 11 was oriented towards the acyl binding pocket,
whereas the 2,3-dihydro-1H-inden and the piperidine ring span-
ned from the bottom of the active-site gorge towards the entrance.
The positively charged piperidine nitrogen of 11 formed a cation-p
interaction with the phenol ring of Tyr332 (distance between the
cation and the nearest carbon of the aromatic ring, 4.1Å for 2, and
4.2Å for 11). The 8-HQ moiety filled the acyl-binding pocket, and
interacted with Trp231 via perpendicular p-stacking. The hydroxyl
group of the 8-HQ moiety was oriented towards the catalytic res-
idues Ser198 and His438, and formed polar contact with Ser198.
Importantly, the nitrogen atom of the 2-(dimethylamino)ethylene
moiety was located further away from the Trp82 side-chain in
comparison to inhibitor 2 (4.2Å versus 3.7Å). This might explain
the lower affinity of compound 11 for hBChE, as compared to
compound 2.

Remarkably, two other inhibitor molecules were bound at the
interface between the two monomers in the co-crystal structure
(Fig. 4A). This was not observed with the parent compound 2 [15],
which was crystallized under the same conditions (using hBChE
from the same expression system; i.e., CHO cells), nor with any of
the other compounds from the series of piperidine-based selective
hBChE inhibitors [14,15,37,51]. Indeed, co-crystals with compound
11 were obtained in a different, and as yet unforeseen, space group
for hBChE (P4212). In the native orthorhombic P212121 crystals, a
biological dimer is generated by symmetry operations, wherein the
two monomers interact through a four-helix bundle. In the co-
crystal with 11, no biological dimer was found, which indicated
Fig. 3. Crystal structure of compound 11 bound in the active site of hBChE (PDB code 6F7Q)
sticks; important active site residues are shown as green sticks. (B) Alignment of the crystal
site of hBChE. (For interpretation of the references to color in this figure legend, the reade
that compound 11 can challenge the formation of the four-helix
bundle (Fig. 4A). The helices involved in the formation of the
four-helix bundle were indeed seen perpendicular to one another
in the hBChE/11 structure, as opposed to parallel to each other in
the native structure (Figure S2BeE). Such dramatic changes in the
quaternary organisation appear not to result from the crystal-
lisation process, and might have occurred instead during the pre-
incubation of hBChE and compound 11. Disruption of the four-
helix bundle yielded no major impact at the ternary level, as
attested by the 0.32Å root-mean-square deviation between the
535 Ca atoms of the apo and holo enzymes. The buried surface area
at the new dimerisation interface was smaller than that observed
between monomers that formed a biological dimer in ortho-
rhombic crystals (i.e., 2335 versus 3296Å2, respectively). None-
theless, each of the two compound 11 molecules at the
dimerisation interface had ~85% of its molecular surface buried,
which contributed to almost 40% of the overall interface. Close-up
analysis of the inhibitor pose in the tetragonal crystals (Fig. 4B)
revealed that the piperidine ring and the 2,3-dihydro-1H-inden
moiety were accommodated in a cavity at the surface of the first
monomer, while the 8-HQ ring was bound in another cavity of the
second monomer. At the surface of the first monomer, the piperi-
dine ring was lain over the backbone and side-chain atoms of
Asp375 and Trp376, respectively, and the 2,3-dihydro-1H-inden
was accommodated in a hydrophobic groove that was lined by
residues His372, Tyr373, Val377, Gln517, Gln518 and Phe521. The
positively charged dimethylamino moiety of compound 11 was
positioned above the quinoline nitrogen (distance between nitro-
gens, 2.8Å). At the surface of the secondmonomer, the 8-HQ ring of
compound 11 was fit into a shallow groove that was contributed to
by the side-chains of Ile462, Leu463, Arg470 and Glu482, and the
Leu503eThr508 loop. No H-bond was observed between com-
pound 11 and hBChE, which indicated that the contribution of
compound 11 to the formation of the tetragonal crystals of hBChE
was purely entropic. The overall conformation of the interface
ligand differed greatly from the active-site conformation, as was
evident from the superposition of the binding poses (Fig. 4C).
. (A) Binding mode of selective hBChE inhibitor 11. Compound 11 is shown as magenta
structures of compound 11 (magenta) and the parent compound 2 (cyan) in the active
r is referred to the Web version of this article.)



Fig. 4. Binding of 8-HQ derivative 11 to the interface of the two hBChE monomers. The 8-HQ are shown as sticks. Compound 11 located in the active-site is magenta, while the one
at the interfaces of the monomers is orange. The amino acids are shown as green sticks. (A) Overall view of the crystal structure of compound 11 in complex with the hBChE dimer.
The protein monomers are shown as blue ribbon models with a grey surface. (B) Close-up view of the interface binding site of compound 11 at the interface between two hBChE
monomers. (C) Superposition of compound 11 from the active site of hBChE (magenta) and from the interface (orange). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 5. Metal-chelation properties of compound 8. Absorption spectra changes for 8
incubated with different metal ions at equimolar concentrations. Inset: Changes in the
spectra for Mg2þ/Ca2þ-8 complexes after the addition of Cu2þ at equimolar concen-
trations. Only the spectra of the biologically relevant Ca2þ and Mg2þ are given.
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2.7. Chelating properties of compounds 8, 11 and 17

Given their activities on the selected targets (i.e., hBChE inhi-
bition and radical scavenging) and their predicted favourable
ADMET properties, the three compounds 8,11 and 17were selected
for further studies. The complexing of metal ions by these com-
pounds was investigated using UVevis spectroscopy measure-
ments at 30 mM compound concentration [37]. This concentration
was selected to obtain spectra in the linear range of the method
(i.e., UVeVis spectroscopy). The addition of equimolar amounts of
metal ions (i.e., CuCl2, CaCl2, MgCl2, ZnCl2, CoCl2, NiCl2, MnCl2,
FeCl2, FeCl3, AlCl3) to solutions of these test compounds resulted in
changes in the absorbance spectra between 230 nm and 320 nm if
the ligand-metal complex was formed, in comparison to the blank
untreated sample. Compound 8 chelated several of these metal
ions, including the biologically less relevant Co2þ, Ni2þ and Al3þ,
and themore important Cu2þ, Zn2þ and Fe2þ, which are found in Ab
aggregates and can contribute to toxicity and oxidative stress
through generation of ROS. The absorbance spectra were not
changed upon addition of Ca2þ and Fe3þ, and only minor changes
were seen upon addition ofMg2þ (Fig. 5). Similar observations were
made for 11, although the alterations to the absorbance spectra
were less obvious and did not allow conclusions about the chela-
tion of ions by compound 11 (Supporting Information, Figure S3).
Nonetheless, chelation of Cu2þ and Ni2þ was evident from the shift
in the absorbance maximum at 255 nm and the shoulder that
appeared around 270 nm upon mixing with the compound 11. Se-
lective hBChE inhibitor 17 was devoid of any chelating capacity
under the conditions used here, and was therefore not used in the
subsequent characterisations.
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Cu2þ is one of the central ions involved in Ab aggregation and
redox cycling, and accordingly, it has been targeted by many
experimental drugs [53e55]. The selectivity of chelators towards
Cu2þ over other metals was determined, to ensure that the ho-
meostasis of these would not be perturbed, as this might modify
cellular metabolism and other functions, especially if the concen-
trations of the biologically important Ca2þ and Mg2þ were affected.
Equimolar amounts of CuCl2 were added to solutions of 8 and 11
(30 mM, 1% DMSO) that had previously been incubated with the
investigatedmetal ions. The absorbance spectra of the complexes of
compound 8with other metals shifted towards the spectra of Cu2þ-
8 for Ca2þ, Mg2þ, Al3þ and Mn2þ ions (Fig. 5, inset). The non-
selective chelation patterns of compound 8 observed might also
be beneficial here, as targeting the other metal ions that are
involved in the pathological changes of AD is also desired (e.g.,
Zn2þ, Fe2þ) [56].

Unambiguous determination of Cu2þ selectivity for compound
11 was not possible due to the small changes in the absorbance
spectra before and after addition of CuCl2. These data might be
explained by low stability of the complexes formed, small changes
in electronic densities and related absorbance properties, and
equilibria between several species.

To determine the binding stoichiometry, these compounds were
incubated with increasing concentrations of Cu2þ (Supporting In-
formation, Figures S4, S5). Incremental additions of CuCl2 to 30 mM
buffered solution of compound 8 resulted in increases in the
absorbance at 266 nm. The absorbance changes at 226 nm were
plotted relative to the Cu2þ-8M ratios, and the distal parts of the
curve (as approximations to tangents) gave an intercept of
approximately 1.3, which suggested that one molecule of com-
pound 8 binds one Cu2þ (Figure S4). 8-HQ derivatives would typi-
cally result in a ratio of 0.5, which represent the binding of one
divalent ion to two molecules of 8-HQ, as observed before with
clioquinol [57]. However, several reports have also show presence
of 1:1 complexes for 8-HQ analogues (e.g., PBT2) [58]. Increasing
concentrations of Cu2þ also resulted in changes in the absorbance
spectra of compound 11. However, the binding stoichiometry could
not be determined here, as the changes in the spectra did not in-
crease linearly with increasing Cu2þ concentrations (Figure S5).
These deviations from the typical binding stoichiometry might be
explained by the presence of the 2-(dimethylamino)ethyl side-
chain, which can interact directly with metal ions located near
the 8-HQ core or with the quinoline nitrogen.
Fig. 6. Ascorbate assay, showing the fluorescence intensity of 7-hydroxy-CCA after
incubation of CCA ascorbate with Cu2þ (red), compound 8 (green), compound 11
(blue), 8-hydroxyquinoline (black), nitroxoline (orange) and clioquinol (magenta). The
ligand (40 mM in the form of salt with HCl) to Cu2þ ratio was 2:1. Each experiment was
completed in triplicate and the average values are represented as lines. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
Production of ROS by redox-active ions (e.g., Cu(II) ions) in
complex with Ab in brain significantly contributes to the increased
oxidative stress in the AD brain. To determine whether compounds
8 and 11 bind Cu(II) and limit hydroxyl radical production in
presence of oxygen, the Cu-ascorbate redox system was used as a
complimentary antioxidant assay. This system mimics the high
levels of oxygen and ascorbate present in the brain [59], and
measures the production of hydroxyl radicals through hydroxyl-
ation of coumarin-3-carboxylic acid (CCA) to form fluorescent 7-
hydroxy-CCA. In the absence of any chelators, a free hydroxyl
radical is produced, with the 7-hydroxy-CCA fluorescence reaching
a plateau after 20min (Fig. 6, red line). The production of hydroxyl
radical was lowered when compounds 8 and 11 were co-incubated
with the Cu-ascorbate system, which indicated that these MTDLs
can inhibit the production of hydroxyl radical via metal complex-
ation, along with compounds' antioxidant activity. Compounds 8
and 11 are more potent antioxidants in comparison to clioquinol,
yet less effective than 8-hydroxyquinoline itself [60,61].

2.8. Cytotoxicity and neuroprotective activity against ROS and
Ab1e42

To gain further insight into the therapeutic potential of these
selected compounds, their cell viability and neuroprotective activ-
ities against Ab1e42-induced toxicity and oxidative stress were
determined using the SH-SY5Y neuroblastoma cell line. The color-
imetric 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
assay was performed to examine the potential cytotoxic effects of
these compounds. Compounds 8 and 11 showed concentration-
dependent cytotoxicities, with LD50 values of 9.55 mM and
9.70 mM (Fig. 7), respectively (means of at least three independent
experiments), which is in the same range as that of in vivo active
parent compound 2 [15]. The cytotoxicity in the low micromolar
rangemight seem problematic in terms of safety. However, the LD50
values are >700-fold greater than the concentrations needed to
achieve 50% in-vitro inhibition of hBChE. The antioxidant activity
cannot be directly compared with the cytotoxicity assay. The assays
differ in the media used (methanol solution for the former and
aqueous cell media for the latter), thus the cytotoxicity values lower
than the EC50 values in DPPH assay do not directly mean the
compounds are cytotoxic at concentrations effective in the anti-
oxidant assay. In comparison to known natural antioxidants
assayed herein (resveratrol and Trolox), compounds 8 and 11 are
equipotent in the DPPH assay. Neuroprotective effects of a-
tocopherol against oxidative stress have been described at nano-
molar concentrations [62], with typical concentrations of antioxi-
dants, (e.g., tocopherols) in human brain in low nanomol/kg of
tissue [63]. Given the low effective concentrations of antioxidants,
the cytotoxicity in the micromolar range does not represent any
major impairment.

The Ab1e42 isoform is the most amyloidogenic and most abun-
dant form of the Ab peptide in senile plaques, and this was used as
the model peptide for the induction of cytotoxicity [20]. Treatment
of SH-SY5Y cells for 48 h with 5 mM pre-aggregated Ab1e42 resulted
in reduced cell viability, compared to the control. As can be seen in
Fig. 8A, compound 11 had a neuroprotective effect at 1 mM,whereas
compound 8 showed only a weaker trend.

The intracellular antioxidant activity was then studied using the
cell permeable non-fluorescent 2,7-dichlorodihydrofluorescein
diacetate probe, which passively diffuses into cells and is deacety-
lated to form the non-fluorescent 2,7-dichlorodihydrofluorescein. In
the presence of ROS, 2,7-dichlorodihydrofluorescein is oxidised to
the highly fluorescent 20,70-dichlorodihydrofluorescein, which is
trapped inside the cells [64]. After acute exposure to H2O2, the levels



Fig. 7. Cytotoxicity profiles of compounds 8 and 11. SH-SY5Y cells were incubated with increasing concentrations of the 8-HQ derivatives 8 and 11 (0.5e50 mM). After 48 h, cell
viability was evaluated using the MTS assay. The control group (DMSO) was considered as 100% cell viability. The assays were carried out in quadruplicate. The data are means± SD
of at least three independent experiments.

Fig. 8. Neuroprotective activities of compounds 8 and 11 against Ab1e42-induced toxicity (A), and effects on intracellular ROS levels (B). (A) Cells were treated with Ab1e42 (5 mM) in
the absence and presence of compounds 8 and 11 (1 mM). The control group (DMSO) was considered as 100% cell viability. The assays were carried out in quadruplicate. The data are
means ± SD of three independent experiments. *p < 0.05. (B) SH-SY5Y cells were pretreated in the absence (control) and presence of compounds 8 and 11 (5 mM) for 30min,
followed by treatment with H2O2 (500 mM) for an additional 90 min. The ROS levels were measured by 20 ,70-dichlorodihydrofluorescein fluorescence intensity and normalised to the
control cells. The assays were carried out in quadruplicate. The data are means ± SD of three independent experiments. *p < 0.05.

Table 4
Caco2 permeabilities of compounds 8 and 11.

Compound Papp(BeA)
a Papp(AeB)

b Efflux ratio (Papp(BeA)/Papp(AeB))

8 22.8± 0.9 15.1± 0.6 1.5
11 35.1± 0.9 21.5± 0.8 1.6

a Permeability in the absorptive direction (� 10�6 cm s�1).
b Permeability in the eliminatory direction (� 10�6 cm s�1). The data are

means± SD from four replicates.
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intracellular ROS were highly increased (Fig. 8B). Compounds 8 and
11 reduced the levels of ROS, thus indicating that they are both
effective antioxidants at the cellular level.

2.9. Permeability studies in Caco2 cells and the PAMPA-BBB system

To reach their site of action, and thus show activity in the CNS,
drugs must permeate the BBB, i.e., the barrier between the blood
and the brain tissue that regulates neuronal homeostasis and limits
the access of compounds from the outer environment into the brain
tissue [42]. The potential of 8-HQ derivatives 8 and 11 to cross the
BBB was also estimated in parallel artificial membrane permeation
assay (PAMPA). High permeability expressed as effective perme-
ability (logPe), was predicted for compounds 8 and 11 in this high-
throughput assay [65]. The logPe values for compounds 8 and 11
were �4.93 and �4.97, respectively, in comparison to the reference
drugs used (logPe (theophylline), �6.71, low BBB permeability;
logPe (propranolol), �4.66, high BBB permeability).

Several membrane proteins, like P-glycoprotein and breast-
cancer-resistance protein, also limit exposure of the brain via
active extrusion of exogenous substances from the CNS. To deter-
mine the effects of active transport on the permeability of com-
pounds 8 and 11, simple bidirectional permeability measurements
were performed using Caco2 cells that expressed these two pro-
teins [42]. The permeabilities (Papp) were determined in both the
eliminatory (AeB) and absorptive (BeA) directions, and the efflux
ratios (Papp(BeA)/Papp(AeB)) were calculated (Table 4). The Papp(BeA)
and Papp(AeB) permeability values for compounds 8 and 11 were in
the same range. Their efflux ratios of <2 suggested that compounds
8 and 11 permeate mainly by passive diffusion or paracellular
permeation, and that no active efflux transport should impede their
distribution into the CNS [66]. Additionally, the permeability co-
efficients measured in the absorptive direction were comparable to
those of highly permeable drugs like ketoprofen, naproxen and
propranolol, which were measured in the same laboratory under
the same conditions [67]. As reported by Summerfield et al., mol-
ecules with low efflux ratios and high permeabilities tend to also
show good CNS penetration [68].

3. Conclusions

In conclusion, a series of highly merged chimeric MTDLs was
designed based on selective hBChE inhibitor 2. Biological evalua-
tion of these MTDLs showed balanced hBChE inhibition and radical
scavenging for several of them. The crystal structure of compound
11 in complex with hBChE revealed the molecular basis for its low
nanomolar inhibition, and demonstrated that polar fragments with
additional anti-AD activities can be positioned in the acyl-binding
pocket of hBChE. The 8-HQ derivatives 8 and 11 showed prom-
ising ion-chelating properties, and lowered redox cycling of
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chelated Cu2þ ions. Additionally, compounds 8 and 11 decreased
intracellular levels of ROS after acute treatment with H2O2, and
protected cells to some extent from toxic Ab1e42 species. Com-
pounds 8 and 11 also showed potential to cross the BBB, and were
not substrates for any efflux transport system that might limit their
penetration into the brain, as determined in Caco2 cells. This
multifunctional profile suggests that compounds 8 and 11 are
promising ligands for further development of MTDL drug candi-
dates for the treatment of patients with AD.

4. Experimental methods

4.1. General chemistry methods

The solvents and reagents used for these syntheses were pur-
chased from commercial sources (i.e., Acros Organics, Sigma
Aldrich, TCI Europe, Merck, Carlo Erba, Apollo Scientific) and were
used as provided, unless indicated otherwise. Analytical thin-layer
chromatography was performed on Merck Silica Gel aluminium
sheets (60 F254, 0.20mm), with visualisation using UV light
(254 nm) and/or visualisation reagents. Flash column chromatog-
raphy was performed on Merck Silica Gel 60 (particle size
0.040e0.063mm, 230e400 mesh). 1H NMR and 13C spectra were
recorded at 400MHz and 100MHz, respectively, on a Bruker
Avance III NMR spectrometer (Bruker Corporation, Billerica, MA,
USA) at 295 K, unless indicated otherwise. The chemical shifts (d)
are reported in parts per million (ppm) and are referenced to the
deuterated solvent used. Due to the various conformations
(rotamers) in solution at room temperature, the number of signals
in the 13C spectra exceeded the number of carbon atoms for the
majority of these compounds. Also, the 1H spectra exhibit the same
phenomena where partial H signals integrations are observed. This
was also observed in the literature and in our previous studies
[69,70]. 13C NMR spectra could not be obtained for all of the com-
pounds due to the poor relaxation of the carbon atoms, even at
elevated temperature (353 K) and in various solvents (e.g.,
DMSO‑d6, TFA-d, CDCl3). Mass spectrometry (MS) measurements
were performed on an Advion Expression CMS mass spectrometer
(Advion, Ithaca, NY, USA). High-resolution mass measurements
(HRMS) were performed on a VG Analytical Autospec Q Micromass
mass spectrometer (Fisons, VG Analytical, Manchester, UK) at the
Jo�zef Stefan Insitute, Ljubljana, Slovenia. Analytical reversed-phase
HPLC analyses were performed on a Thermo Scientific Dionex Ul-
tiMate 3000 modular system (Thermo Fisher Scientific Inc., Wal-
tham,MA, USA). The general HPLCmethod used a Thermo Scientific
Accucore C18 column (4.6� 100mm, 2.6 mm) thermostated at
25 �C, with: injection volume, 15 mL; sample, 0.2mg/mL in MeCN;
flow rate, 1.0mL/min; detector l, 254 nm; mobile phase A, 0.1% TFA
(v/v) in water; mobile phase B, MeCN. Gradient (for mobile phase
B): 0e10min,10%e90%; 10e14min, 90%; 14e15min, 90%e10%. The
purities of the tested compounds were established to be� 95%, as
determined by HPLC. The tested compounds were examined for
known classes of assay interference compounds and were not
classified as Pan Assay Interference Compounds (Supporting In-
formation, Table S1).

4.2. General procedure A: HATU coupling

The appropriate acid (1.0 eq.), HATU (1.2 eq.) and Et3N (1.1 eq.)
were stirred in MeCN (20mL) at room temperature for 30min. To
the resulting mixture, a solution of 5 (1.0 eq.) and Et3N (5.0 eq.) in
MeCN (10mL) was added, and the mixture was stirred at room
temperature for 24 h. The solvent was evaporated, and the residue
was dissolved in CH2Cl2 (80mL) and transferred into a separating
funnel. The organic phase was washed with saturated aqueous
NaHCO3 solution (50mL), water (3� 50mL), and saturated brine
solution (50mL), dried over anhydrous Na2SO4, filtered, and
evaporated under reduced pressure. The residue was purified by
flash column chromatograph and/or reversed-phase column chro-
matography (Isolera Biotage system, SNAP Biotage KP-18-HS col-
umn) using a gradient of 0.1% TFA (aq. sol) and MeCN as eluent.
After the reversed-phase column chromatography, the fractions
containing the product were combined and the organic solvent was
evaporated under reduced pressure. The remaining aqueous solu-
tion was made alkaline using saturated aqueous NaHCO3 solution
(30mL), transferred into a separating funnel, and extracted with
CH2Cl2 (50mL). The organic phase was dried over anhydrous
Na2SO4, filtered, and evaporated under reduced pressure.

4.3. General procedure B: TBTU coupling

To the solution of the suitable acetylated acid (e.g., 3-
acetoxybenzoic acid, 4-acetoxybenzoic acid, 2,4-diacetoxybenzoic
acid) or 4-acetoxycinnamic acid (1.0 eq.) in CH2Cl2 (30mL) at
0 �C, TBTU (1.1 eq.) and Et3N (5.0 eq.) were added, and stirred at 0 �C
for 30min. To the resulting mixture 5 (1.1 eq.) was added, and the
mixture was stirred at room temperature for 24 h. The reaction
mixture was then transferred into a separating funnel. The organic
phase was washed with saturated aqueous NaHCO3 solution
(30mL) and saturated brine solution (30mL), dried over anhydrous
Na2SO4, filtered, and evaporated under reduced pressure. The res-
idue was purified by column chromatography using CH2Cl2/MeOH
(v/v, 9/1) as eluent. The fractions containing the product were
combined to obtain the compounds, which were immediately used
in the next step.

4.4. General procedure C: removal of acetyl group

To a solution of acetate 20e23 (1.0 eq.) in MeOH (20mL), K2CO3
(5.0 eq.) was added and the mixture was stirred at room temper-
ature for 24 h. The solvent was evaporated, and the residue was
dissolved in water (30mL), acidified with 1M HCl to pH 7, and
extracted with CH2Cl2 (3� 40mL). The combined organic layers
were dried over anhydrous Na2SO4, filtered, and evaporated under
reduced pressure, to obtain the pure compounds, unless indicated
otherwise.

The detailed experimental procedures on the synthesis of amine
6b and its precursors are provided in the Supporting Information.

4.5. Syntheses of MTDLs

4.5.1. (±)-N-((1-(2,3-dihydro-1H-inden-2-yl)piperidin-3-yl)
methyl)-N-(2-(dimethylamino)ethyl)-8-hydroxyquinoline-7-
carboxamide (8)

A solution of 8-hydroxyquinoline-7-carboxylic acid (230mg,
1.22mmol, 1.33 eq.) and CDI (197mg, 1.22mmol, 1.33 eq.) in
anhydrous THF (15mL) was stirred under an argon atmosphere at
65 �C for 90min. To the resulting mixture, a solution of 5 [15]
(589mg, 0.92mmol,1.0 eq.) and Et3N (634 mL, 4.58mmol, 5.0 eq.) in
anhydrous THF (10mL) was added, and the mixture was stirred at
65 �C for 24 h. The solvent was evaporated, and the residue was
dissolved in CH2Cl2 (50mL) and transferred into a separating fun-
nel. The organic phasewaswashedwith saturated aqueous NaHCO3

solution (3� 50mL), water (2� 50mL) and saturated brine solu-
tion (50mL), dried over anhydrous Na2SO4, filtered, and evaporated
under reduced pressure. The solvent was evaporated and the res-
idue was purified by reversed-phase column chromatography
(Isolera Biotage system, SNAP Biotage KP-18-HS column) using a
gradient of 0.1% TFA (aq. sol) and MeCN as eluent. Fractions con-
taining the product were combined and the organic solvent was
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evaporated under reduced pressure. The remaining aqueous solu-
tion was made alkaline using saturated aqueous NaHCO3 solution
(30mL), transferred into a separating funnel, and extracted with
CH2Cl2 (50mL). The organic phase was dried over anhydrous
Na2SO4, filtered, and evaporated under reduced pressure. The res-
idue was purified by reversed-phase column chromatography as
described for compound 9.

Yield: 7% (23mg); off-white solid, mp 76e79 �C; Rf¼ 0.19
(CH2Cl2/MeOH ¼ 9/1 þ 0.3% NH3 (25% aq. sol), v/v); 1H NMR
(400MHz, acetone-d6): d 0.69 (bs, 0.4H), 1.15 (bs, 0.6H), 1.38e1.75
(m, 3H), 1.81e2.02 (m, 6H), 2.27e2.44 (m, 3H), 2.61e3.78 (m, 14H),
7.10e7.20 (m, 4H), 7.36e7.48 (m, 2H), 7.60 (dd, J¼ 8.3, 4.2 Hz, 1H),
8.34 (dd, J¼ 8.3, 1.4 Hz, 1H), 8.88 (dd, J¼ 4.0, 1.2 Hz, 1H); 13C NMR
(100MHz, DMSO‑d6): d 24.25, 24.52, 28.17, 34.28, 34.69, 36.06,
36.38, 36.54, 44.93, 45.39, 45.79, 47.60, 51.34, 51.68, 52.06, 55.04,
55.43, 56.15, 57.38, 66.23, 66.82, 117.67, 117.77, 120.30, 120.71,
122.35, 124.07, 124.17, 124.30, 126.10, 126.35, 126.51, 128.43, 128.51,
136.17, 138.14, 141.46, 141.54, 141.66, 148.39, 148.63, 148.72, 168.35,
168.50; ESI-HRMS m/z calcd. for C29H37N4O2 [MþH]þ 473.2917,
found 473.2927; IR (ATR) y¼ 2939, 2792, 1614, 1503, 1460, 1378,
1252, 1162, 1141, 1115, 1066, 1015, 940, 828, 752 cm�1; HPLC purity,
97.0% at 254 nm (tR¼ 4.54min).

4.5.2. (±)-N-((1-(2,3-dihydro-1H-inden-2-yl)piperidin-3-yl)
methyl)-8-hydroxy-N-(2-methoxyethyl)quinoline-7-carboxamide
(9)

A solution of 8-hydroxyquinoline-7-carboxylic acid (80mg,
0.42mmol, 1.0 eq) and CDI (69mg, 0.42mmol, 1.0 eq.) in anhydrous
THF (15mL) was stirred under an argon atmosphere at 65 �C for
90min. To the resulting mixture, a solution of 4 (186mg,
0.36mmol, 0.85 eq.) and Et3N (176 mL, 1.27mmol, 3.0 eq.) in
anhydrous THF (5mL) was added, and the mixture was stirred at
65 �C for 24 h. The solvent was evaporated, and the residue was
purified by reversed-phase column chromatography, as described
for compound 8.

Yield: 19% (32mg); pale yellow solid, mp 61e63 �C; Rf¼ 0.34
(CH2Cl2/MeOH ¼ 9/1 þ 0.3% NH3 (25% aq. sol), v/v); 1H NMR
(400MHz, CDCl3): d 0.62 (bs, 0.4H), 1.15 (bs, 0.6H), 1.51e2.20 (m,
6H), 2.80e3.80 (m, 17H), 7.10e7.16 (m, 4H), 7.34 (d, J¼ 8.3 Hz, 1H),
7.43 (bs, 1H), 7.45 (dd, J¼ 8.3, 4.1 Hz, 1H), 8.13 (dd, J¼ 8.3, 1.6 Hz,
1H), 8.80 (dd, J¼ 4.3, 1.6 Hz, 1H); 13C NMR (100MHz, CDCl3):
d 24.98, 28.55, 35.04, 36.97, 37.07, 45.12, 47.86, 48.36, 52.19, 56.01,
58.90, 67.33, 70.71, 118.28, 119.01, 122.54, 124.37, 124.42, 126.38,
126.98, 128.65, 136.20, 138.10, 141.57, 141.60, 148.61, 169.27; ESI-
HRMS m/z calcd. for C28H34N3O3 [MþH]þ 460.2600, found
460.2589; IR (ATR) y¼ 2929, 1601, 1584, 1543, 1502, 1442, 1382,
1301, 1252, 1195, 1108, 1020, 827, 735, 681 cm�1; HPLC purity, 98.4%
at 254 nm (tR¼ 5.42min).

4.5.3. (±)-N-((1-(2,3-dihydro-1H-inden-2-yl)piperidin-3-yl)
methyl)-N-(2-(dimethylamino)ethyl)-8-hydroxy-5-nitroquinoline-
7-carboxamide (10)

This compound was prepared following a procedure described
before for a series of nitroxoline derivatives [37]. In a 100-mL
round-bottomed flask, amine 5 [15] (220mg, 0.34mmol, 0.8
equiv.) was dissolved in CH2Cl2 (50mL), and cooled to 0 �C Et3N
(297 mL, 2.14mmol, 4.0 equiv.) and previously prepared 8-hydroxy-
5-nitroquinoline-7-carbonyl chloride [37] (starting from 8-
hydroxy-5-nitroquinoline-7-carboxylic acid: 100mg, 0.43mmol,
1.0 equiv.) were added at 0 �C. The resulting yellow solution was
stirred for 24 h at room temperature. The mixture was then trans-
ferred into a separating funnel and washed with a saturated
aqueous NaHCO3 solution (2� 30mL) and saturated brine solution
(30mL), dried over anhydrous Na2SO4, filtered, and evaporated
under reduced pressure. The residue was purified by column
chromatography using CH2Cl2/MeOH (v/v, 9/1)þ 0.3% NH3 (25% aq.
sol) as eluent, and subsequently by reversed-phase column chro-
matography, as described for compound 8.

Yield: 9% (16mg); yellow solid, mp 136e138 �C; Rf¼ 0.19
(CH2Cl2/MeOH ¼ 9/1 þ 0.3% NH3 (25% aq. sol), v/v); 1H NMR
(400MHz, TFA-d): d 1.21e1.51 (m, 1H), 2.01e2.23 (m, 3H),
2.71e3.62 (m, 14H), 3.69e3.94 (m, 5H), 4.15e4.38 (m, 3H), 7.33 (bs,
4H), 8.19 (bs, 0.5 H), 8.44 (bs, 0.5H), 8.57e8.60 (m, 1H), 9.07 (s, 1H),
9.43 (d, J¼ 5.1 Hz,1H), 10.32 (d, J¼ 8.7 Hz,1H); ESI-HRMSm/z calcd.
for C29H36N5O4 [MþH]þ 518.2767, found 518.2782; IR (ATR)
y¼ 2934, 1611, 1553, 1519, 1493, 1460, 1388, 1248, 1180, 1141, 1050,
933, 789, 806, 777, 742, 703 cm�1; HPLC purity, 95.5% at 254 nm
(tR¼ 4.81min).

4.5.4. (±)-N-((1-(2,3-dihydro-1H-inden-2-yl)piperidin-3-yl)
methyl)-N-(2-(dimethylamino)ethyl)-8-hydroxyquinoline-2-
carboxamide (11)

Compound 11 was synthesised from 8-hydroxyquinoline-2-
carboxylic acid (50mg, 0.26mmol, 1.0 eq.) via general procedure
A. It was purified by column chromatography using CH2Cl2/MeOH
(v/v, 20/1) þ 0.3% NH3 (25% aq. sol) as eluent.

Yield: 46% (57mg); yellow solid, mp 68e71 �C; Rf¼ 0.40
(CH2Cl2/MeOH ¼ 9/1 þ 0.3% NH3 (25% aq. sol), v/v); 1H NMR
(400MHz, CDCl3): 1.12e1.23 (m, 1H), 1.70e1.81 (m, 3H), 2.01e2.15
(m, 2H), 2.23e2.27 (m, 1H), 2.32 (s, 6H), 2.87e3.03 (m, 6H),
3.06e3.12 (m, 2H), 3.23e3.31 (m,1H), 3.53 (dd, J¼ 13.5, 6.9 Hz, 1H),
3.61 (dd, J¼ 13.5, 8.1 Hz, 1H), 4.08e4.19 (m, 2H), 7.10e7.17 (m, 4H),
7.19 (dd, J¼ 7.7, 1.2 Hz, 1H), 7.31 (dd, J¼ 8.2, 1.2 Hz, 1H), 7.49e7.53
(m, 1H), 8.17 (d, J¼ 8.6 Hz, 1H), 8.23 (dd, J¼ 8.8 Hz, 1H), resonance
for OH missing; 13C NMR (100MHz, CDCl3): d 24.82, 28.71, 35.41,
36.78, 36.92, 45.28, 48.89, 51.78, 52.01, 56.07, 59.35, 67.13, 117.02,
122.60, 124.26, 124.30, 126.37, 129.08, 129.51, 136.82, 141.31, 141.35,
149.79, 155.28, 166.05; ESI-HRMS m/z calcd. for C29H37N4O2
[MþH]þ 473.2917, found 473.2909; IR (ATR) y¼ 2933, 2789, 1624,
1562, 1463, 1377, 1324, 1237, 1143, 1114, 1063, 842, 744 cm�1; HPLC
purity, 95.8% at 254 nm (tR¼ 5.18min).

4.5.5. (±)-N-((1-(2,3-dihydro-1H-inden-2-yl)piperidin-3-yl)
methyl)-N-(2-(dimethylamino)ethyl)-8-hydroxy-5-nitroquinoline-
2-carboxamide (12)

Compound 12 was synthesised from 8-hydroxy-5-
nitroquinoline-2-carboxylic acid [46] (34mg, 0.145mmol, 1.0 eq.)
via general procedure A. It was purified by column chromatography
using CH2Cl2/MeOH (v/v, 9/1) þ 0.3% NH3 (25% aq. sol) as eluent,
and subsequently by reversed-phase column chromatography.

Yield: 52% (39mg); yellow solid, mp 67e70 �C; Rf¼ 0.18
(CH2Cl2/MeOH ¼ 9/1 þ 0.3% NH3 (25% aq. sol), v/v); 1H NMR
(400MHz, CDCl3): d 1.27e1.39 (m, 2H), 1.88e1.98 (m, 2H),
2.19e2.27 (m, 1H), 2.53e2.66 (m, 2H), 2.83 (s, 6H), 3.20e3.45 (m,
8H), 3.72e3.80 (m, 2H), 4.06e4.13 (m, 2H), 4.75e4.83 (m, 1H), 6.77
(d, J¼ 9.4 Hz, 1H), 7.13e7.17 (m, 4H), 8.27 (d, J¼ 9.2 Hz, 1H), 8.62 (d,
J¼ 9.4 Hz, 1H), 9.51 (d, J¼ 9.2 Hz, 1H), resonance for OH missing;
13C NMR (100MHz, CDCl3): d 22.37, 27.19, 29.67, 34.57, 35.08, 44.44,
47.84, 50.74, 51.68, 54.92, 58.23, 66.98, 113.27, 124.22, 124.45,
125.70,125.90, 127.50, 127.59, 128.67, 133.64, 134.53, 138.55, 138.69,
138.83, 146.89, 165.99, 173.22; ESI-HRMS m/z calcd. for C29H36N5O4

[MþH]þ 518.2767, found 518.2780; IR (ATR) y¼ 3333, 2926, 1630,
1597, 1555, 1475, 1361, 1251, 1178, 1132, 1038, 980, 952, 833, 808,
758, 740 cm�1; HPLC purity, 95.6% at 254 nm (tR¼ 5.50min).

4.5.6. (±)-N-((1-(2,3-dihydro-1H-inden-2-yl)piperidin-3-yl)
methyl)-N-(2-(dimethylamino)ethyl)-4,8-dihydroxyquinoline-2-
carboxamide (13)

Compound 13 was synthesised from 4,8-dihydroxyquinoline-2-
carboxylic acid (100mg, 0.49mmol, 1.0 eq.), via general procedure
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A. It was purified by column chromatography using CH2Cl2/MeOH
(v/v, 4/1) þ 0.3% NH3 (25% aq. sol) as eluent.

Yield: 20% (47mg); pale yellow solid, mp 78e81 �C; Rf¼ 0.20
(CH2Cl2/MeOH ¼ 4/1 þ 0.3% NH3 (25% aq. sol), v/v); 1H NMR
(400MHz, MeOD): 0.82e0.92 (m, 0.7H), 1.15e1.23 (m, 0.3H),
1.54e2.09 (m, 6H), 2.20 (bs, 3H), 2.45 (bs, 4H), 2.65e3.29 (m, 10H),
3.50e3.58 (m, 1H), 3.74e3.85 (m, 1H), 6.28e6.40 (m, 1H), 7.12e7.19
(m, 5H), 7.26e7.30 (m, 1H), 7.72 (dd, J¼ 8.3, 1.2 Hz, 1H), resonances
for OH missing; ESI-HRMS m/z calcd. for C29H37N4O3 [MþH]þ

489.2866, found 489.2878; IR (ATR) y¼ 2932, 1630, 1577, 1523,
1444, 1375, 1284, 1168, 1017, 811, 745 cm�1; HPLC purity, 99.3% at
254 nm (tR¼ 4.39min).
4.5.7. (±)-N-((1-(2,3-Dihydro-1H-inden-2-yl)piperidin-3-yl)
methyl)-N-(2-(dimethylamino)ethyl)-6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxamide (14)

Compound 14 was synthesised from Trolox (0.070mg,
0.28mmol, 1.0 eq.) via general procedure A. It was purified by
column chromatography using CH2Cl2/MeOH (v/v, 9/1) as eluent, to
obtain a mixture of four diastereoisomers and enantiomers.

Yield: 9% (14mg); white solid, mp 45e47 �C; Rf¼ 0.15 (CH2Cl2/
MeOH¼ 9/1, v/v); 1H NMR (400MHz, CDCl3): d 0.73e1.09 (m,1.5H),
1.20e1.37 (m, 0.5H), 1.47e1.84 (m, 6H), 1.89e2.34 (m, 15H),
2.42e2.77 (m, 5H), 2.85e3.14 (m, 7H), 3.22e3.68 (m, 7H), 4.11e4.48
(m, 1H), 7.11e7.18 (m, 4H), resonance for OH missing; 13C NMR
(100MHz, CDCl3): d 12.09, 12.36, 13.07, 21.18, 24.10, 24.52, 25.82,
27.90, 28.44, 27.90, 28.44, 29.63, 31.87, 33.97, 34.95, 35.35, 36.12,
36.49, 36.78, 45.29, 45.64, 51.41, 51.77, 55.75, 57.80, 58.08, 66.60,
67.60, 79.50, 80.84, 118.56, 122.25, 124.34, 126.53, 126.68, 138.58,
140.64, 141.15, 141.70, 148.38, 154.61, 154.93, 173.57; ESI-HRMS m/z
calcd. for C33H48N3O3 [MþH]þ 534.3696, found 534.3709; IR (ATR)
y¼ 2933, 2854, 2767, 1714, 1631, 1459, 1406, 1373, 1237, 1194, 1096,
1062, 1022, 935, 871, 743 cm�1; HPLC purity (both di-
astereoisomers), 95.2% at 254 nm (tR¼ 5.23 and 5.34min).
4.5.8. (±)-(2 R)-N-((1-(2,3-dihydro-1H-inden-2-yl)piperidin-3-yl)
methyl)-N-(2-(dimethylamino)ethyl)-4-(2-hydroxyphenyl)-2,5-
dihydrothiazole-2-carboxamide (15)

Compound 15 was synthesised from 7a (105mg, 0.47mmol, 1.0
eq.) via general procedure A. It was purified by column chroma-
tography using CH2Cl2/MeOH (v/v, 20/1)þ 0.3% NH3 (25% aq. sol) as
eluent.

Yield: 42% (101mg); pale orange solid, mp 45e47 �C; Rf¼ 0.55
(CH2Cl2/MeOH ¼ 9/1 þ 0.3% NH3 (25% aq. sol), v/v); 1H NMR
(400MHz, CDCl3): d 0.98e1.09 (m, 0.7H), 1.16e1.22 (m, 0.3H),
1.57e2.09 (m, 5H), 2.27 (s, 6H), 2.42e2.67 (m, 3H), 2.77e3.49 (m,
10H), 3.65e4.12 (m, 3H), 5.48e5.71 (m, 1H), 6.76e7.06 (m, 3H),
7.10e7.21 (m, 3H), 7.23e7.48 (m, 3H); 13C NMR (100MHz, CDCl3):
d 24.53, 24.69, 24.83, 28.23, 28.59, 32.28, 32.47, 32.58, 32.63, 34.86,
34.96, 36.35, 36.41, 36.79, 36.82, 36.93, 36.98, 37.09, 44.58, 45.20,
45.57, 45.60, 45.88, 46.57, 49.00, 49.72, 51.77, 51.91, 51.95, 52.15,
55.87, 56.10, 56.20, 58.01, 58.14, 66.73, 67.03, 67.07, 67.22, 75.04,
75.30, 115.98, 116.00, 116.02, 116.05, 116.89, 116.93, 116.97, 117.13,
118.63, 118.94, 118.98, 124.04, 124.26, 126.02, 126.26, 126.33, 126.40,
127.96, 128.06, 128.14, 128.23, 128.84, 129.11, 129.21, 130.80, 133.15,
133.28, 133.34, 133.39, 134.09, 141.28, 141.30, 141.32, 141.45, 141.50,
158.68, 158.77, 158.84, 168.45, 168.67, 168.78, 173.66, 173.88, 173.90,
174.03; ESI-HRMS m/z calcd. for C29H39N4O2S [MþH]þ 507.2794,
found 507.2790; IR (ATR) y¼ 2934, 2767, 1648, 1622, 1592, 1486,
1453, 1288, 1254, 1219, 1155, 1118, 1034, 955, 817, 745, 670 cm�1;
HPLC purity, 95.1% at 254 nm (tR¼ 5.95min).
4.5.9. (±)-N-((1-(2,3-dihydro-1H-inden-2-yl)piperidin-3-yl)
methyl)-N-(2-(dimethylamino)ethyl)-2-(pyridin-2-ylamino)
thiazole-4-carboxamide (16)

Compound 16 was synthesised from 7b (80mg, 0.36mmol, 1.0
eq.) via general procedure A. It was purified by column chroma-
tography using CH2Cl2/MeOH (v/v, 20/1)þ 0.3% NH3 (25% aq. sol) as
eluent.

Yield: 48% (88mg); pale yellow solid, mp 88e91 �C; Rf¼ 0.38
(CH2Cl2/MeOH ¼ 9/1 þ 0.3% NH3 (25% aq. sol), v/v); 1H NMR
(400MHz, CDCl3): d 0.76e1.10 (m,1H), 1.41e1.70 (m, 3H), 1.89e2.26
(m, 9H), 2.41e3.18 (m, 8H), 3.38e3.87 (m, 5H), 6.84e6.87 (m, 2H),
7.09e7.14 (m, 4H), 7.20e7.36 (m, 1H), 7.56 (t, J¼ 7.3 Hz, 1H),
8.31e8.33 (m, 1H), 9.82 (bs, 1H); 13C NMR (100MHz, CDCl3):
d 24.81, 28.60, 35.33, 36.13, 36.77, 37.05, 44.99, 45.56, 46.84, 50.05,
51.95, 52.85, 55.43, 56.18, 56.41, 57.90, 63.39, 67.09, 110.58, 115.5,
116.09, 116.40, 124.29, 126.30, 128.09, 129.18, 137.78, 141.27, 141.55,
144.85, 146.65,151.30,159.40, 159.54, 165.05, 165.58; ESI-HRMSm/z
calcd. for C28H37N6OS [MþH]þ 505.2750, found 505.2760; IR (ATR)
y¼ 2932, 1605, 1537, 1479, 1455, 1409, 1305, 1223, 1150, 1053, 773,
741, 660 cm�1; HPLC purity, 95.3% at 254 nm (tR¼ 5.26min).

4.5.10. (±)-N-((1-(2,3-dihydro-1H-inden-2-yl)piperidin-3-yl)
methyl)-N-(2-(dimethylamino)ethyl)-8-hydroxyimidazo[1,2-a]
pyridine-2-carboxamide (17)

Compound 17 was synthesised from 7c (71mg, 0.40mmol, 1.0
eq.) via general procedure A. The residue was purified by column
chromatography using CH2Cl2/MeOH (v/v, 9/1)þ 0.3% NH3 (25% aq.
sol) as eluent, and subsequently by reversed-phase column
chromatography.

Yield: 48% (75mg); brown solid, mp 105e107 �C; Rf¼ 0.09
(CH2Cl2/MeOH ¼ 9/1 þ 0.3% NH3 (25% aq. sol), v/v); 1H NMR
(400MHz, CDCl3): d 1.04e1.14 (m, 1H), 1.55e1.81 (m, 3H), 1.90e2.12
(m, 2H), 2.19e2.42 (m, 7H), 2.57e2.62 (m, 1H), 2.72e2.84 (m, 2H),
2.90e3.21 (m, 6H), 3.41e3.62 (m, 3H), 4.19e4.33 (m,1H), 6.53e6.65
(m, 2H), 7.04e7.11 (m, 4H), 7.51e7.60 (m, 1H), 7.90e8.03 (m, 1H),
9.40 (bs, 1H); 13C NMR (100MHz, CDCl3): d 24.81, 28.63, 29.62,
31.36, 35.37, 35.66, 36.42, 36.65, 36.95, 44.65, 45.22, 45.48, 46.22,
50.45, 51.67, 51.93, 52.17, 56.16, 56.42, 57.68, 66.63, 67.15, 105.37,
106.06, 114.72, 115.57, 116.19, 116.77, 117.42, 124.28, 126.27, 126.67,
138.92, 140.36, 141.12, 141.43, 148.80, 162.47, 164.40, 165.14; ESI-
HRMS m/z calcd. for C27H36N5O2 [MþH]þ 462.2869, found
462.2860; IR (ATR) y¼ 2932, 1612, 1537, 1458, 1294, 1241, 1159,
1048, 927, 734 cm�1; HPLC purity, 95.7% at 254 nm (tR¼ 4.47min).

4.5.11. (±)-N-((1-(2,3-dihydro-1H-inden-2-yl)piperidin-3-yl)
methyl)-N-(2-(dimethylamino)ethyl)-6-hydroxynicotinamide (18)

Compound 18 was synthesised from 6-hydroxynicotinic acid
(100mg, 0.72mmol,1.0 eq.) via general procedure A. It was purified
by column chromatography using CH2Cl2/MeOH (v/v, 4/1) þ 0.3%
NH3 (25% aq. sol) as eluent, and subsequently by reversed-phase
column chromatography.

Yield: 13% (39mg); orange solid, mp 60e63 �C; Rf¼ 0.17
(CH2Cl2/MeOH ¼ 4/1 þ 0.3% NH3 (25% aq. sol), v/v); 1H NMR
(400MHz, CDCl3): d 0.81e1.01 (m,1H),1.55e1.81 (m, 4H),1.97e2.29
(m, 9H), 2.40e2.52 (m, 2H), 2.77e2.94 (m, 4H), 3.01e3.09 (m, 3H),
3.30e3.40 (m, 2H), 3.45e3.55 (m, 2H), 6.57 (d, J¼ 9.4 Hz, 1H),
7.11e7.18 (m, 4H), 7.51 (d, J¼ 9.1 Hz, 1H), 7.59 (bs, 1H); 13C NMR
(100MHz, CDCl3): d 24.58, 28.39, 35.06, 36.57, 36.80, 45.60, 51.79,
55.37, 56.98, 66.80, 116.32, 119.90, 124.26, 124.32, 126.42, 135.23,
140.93, 141.29, 141.34, 164.65, 168.53; ESI-HRMS m/z calcd. for
C25H35N4O2 [MþH]þ 423.2760, found 423.2770; IR (ATR) y¼ 2933,
2791, 1654, 1613, 1544, 1427, 1348, 1213, 1132, 1042, 932, 838, 744,
659 cm�1; HPLC purity, 98.4% at 254 nm (tR¼ 3.71min).
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4.5.12. (±)-N-((1-(2,3-dihydro-1H-inden-2-yl)piperidin-3-yl)
methyl)-N-(2-(dimethylamino)ethyl)-2-oxo-2H-chromene-3-
carboxamide (19)

A solution of 2-oxo-2H-chromene-3-carboxylic acid (323mg,
1.70mmol, 3.4 eq.) in SOCl2 (8mL) was stirred under an argon at-
mosphere at 80 �C for 4 h. The reagent was evaporated under
reduced pressure, and the oily residue was dried under vacuum for
30min. Anhydrous pyridine (10mL) was added under an argon
atmosphere to dissolve the acyl chloride formed. A solution of 5
[15] (323mg, 0.50mmol, 1.0 eq.) in anhydrous pyridine (5mL) was
then added, and the mixture was stirred at room temperature for
72 h. The solvent was evaporated, and the residue was dissolved in
CH2Cl2 (100mL) and transferred into a separating funnel. The
organic phase was washed with saturated aqueous NaHCO3 solu-
tion (2� 70mL), and saturated brine solution (100mL), dried over
anhydrous Na2SO4, filtered, and evaporated under reduced pres-
sure. The residue was purified by reversed-phase column chro-
matography (Isolera Biotage system, SNAP Biotage KP-18-HS
column) using a gradient of 0.1% TFA (aq) and MeCN as eluent. The
fractions containing the product were combined and the organic
solvent was evaporated under reduced pressure. The remaining
aqueous solution was made alkaline using saturated aqueous so-
lution of NaHCO3 (80mL), transferred into a separating funnel, and
extracted with CH2Cl2 (3� 50mL). The combined organic phases
were dried over anhydrous Na2SO4, filtered, and evaporated under
reduced pressure.

Yield: 19% (44mg); white solid, mp 88e91 �C; Rf¼ 0.10 (CH2Cl2/
MeOH¼ 9/1); 1H NMR (400MHz, CDCl3): d 0.76e0.89 (m, 0.4H),
1.09e1.20 (m, 0.6H), 1.67e2.14 (m, 7H), 2.20e2.26 (m, 1H), 2.34 (s,
2H), 2.40e2.47 (m, 1.3H), 2.62e2.66 (m, 0.7H), 2.81e3.65 (m, 12H),
2.57e2.66 (m, 1H), 7.11e7.21 (m, 4H), 7.29e7.34 (m, 1H), 7.36e7.38
(m, 1H), 7.47e7.53 (m, 1H), 7.56e7.61 (m, 1H), 7.75 (s, 0.4H), 7.82 (s,
0.6H); 13C NMR (100MHz, CDCl3): d 24.62, 28.24, 28.44, 34.44,
35.34, 36.59, 36.80, 36.94, 43.59, 45.64, 45.71, 46.58, 47.81, 51.87,
52.03, 53.13, 55.68, 56.14, 57.60, 66.97, 67.35, 116.84, 118.20, 118.27,
124.29, 124.32, 124.38, 124.49, 124.85, 125.81, 125.99, 126.38,
126.45, 128.32, 128.46, 132.57, 132.63, 141.34, 141.89, 142.10, 153.94,
157.94, 158.06, 165.32, 165.72; ESI-HRMS m/z calcd. for C29H36N3O3
[MþH]þ 474.2757, found 474.2750; IR (ATR) y¼ 2931, 2823, 2772,
1709, 1631, 1607, 1573, 1466, 1434, 1365, 1306, 1255, 1201, 1171, 1118,
1018, 948, 825, 753, 738, 702 cm�1; HPLC purity, 95.2% at 254 nm
(tR¼ 5.17min).

4.5.13. (E)-4-(3-(((1-(2,3-dihydro-1H-inden-2-yl)piperidin-3-yl)
methyl) (2-(dimethylamino)ethyl)amino)-3-oxoprop-1-en-1-yl)
phenyl acetate (20)

Compound 20 was synthesised from 4-acetoxycinnamic acid
(206mg,1.0mmol, 1.0 eq.) via general procedure B, and was used in
the following reaction step as a crude material.

Yield: 11%; off-white solid, Rf¼ 0.42 (EtOAc/MeOH¼ 3/1, v/v);
1H NMR (400MHz, CDCl3): d 0.95e1.14 (m, 1H), 1.52e1.79 (m, 4H),
1.91e2.11 (m, 4H), 2.18 (s, 3H), 2.31 (s, 3H), 2.36 (s, 3H), 2.51e2.65
(m, 2H), 2.84e3.32 (m, 7H), 3.46e3.57 (m, 1.6H), 3.64e3.72 (m,
0.4H), 6.37 (d, J¼ 15.5 Hz, 0.6H), 6.65e6.75 (m, 2.4H), 7.09e7.17 (m,
4H), 7.21 (d, J¼ 8.3 Hz, 1.2H), 7.33 (d, J¼ 8.3 Hz, 0.8H), 7.48 (d,
J¼ 15.3 Hz, 0.6H), 7.62 (d, J¼ 15.3 Hz, 0.4H); ESI-MS m/z calcd. for
C30H40N3O3 [MþH]þ 490.31, found 490.20.

4.5.14. (±)-3-(((1-(2,3-dihydro-1H-inden-2-yl)piperidin-3-yl)
methyl) (2-(dimethylamino)ethyl) carbamoyl)phenyl acetate (21)

Compound 21 was synthesised from 3-acetoxybenzoic acid
(250mg, 1.39mmol, 1.0 eq.) via general procedure B.

Yield: 79% (455mg); orange oil, Rf¼ 0.24 (CH2Cl2/MeOH¼ 15/1,
v/v); 1H NMR (400MHz, CDCl3): d 0.65e0.75 (m, 0.4H), 1.11e1.18
(m, 0.6H), 1.41e1.95 (m, 5H), 2.03 (s, 3H), 2.09e2.14 (m, 1H),
2.23e2.37 (m, 7H), 2.57 (bs, 1H), 2.77e3.66 (m, 11H), 7.07e7.23 (m,
7H), 7.37e7.43 (m, 1H); ESI-HRMS m/z calcd. for C28H38N3O3
[MþH]þ 464.2913, found 464.2909.

4.5.15. (±)-4-(((1-(2,3-dihydro-1H-inden-2-yl)piperidin-3-yl)
methyl) (2-(dimethylamino)ethyl) carbamoyl)phenyl acetate (22)

Compound 22 was synthesised from 4-acetoxybenzoic acid
(250mg, 1.39mmol, 1.0 eq.) via general procedure B.

Yield: 48% (276mg); brown solid, mp 49e51, Rf¼ 0.24 (CH2Cl2/
MeOH¼ 15/1, v/v); 1H NMR (400MHz, CDCl3): d 0.64e0.75 (m,
0.4H), 1.03e1.16 (m, 0.6H), 1.38e1.91 (m, 5H), 2.02 (s, 3H),
2.08e2.13 (m, 1H), 2.21e2.39 (m, 7H), 2.57 (bs, 1H), 2.73e3.66 (m,
11H), 7.10e7.18 (m, 6H), 7.31e7.36 (m, 2H); ESI-HRMSm/z calcd. for
C28H38N3O3 [MþH]þ 464.2913, found 464.2917.

4.5.16. (±)-4-(((1-(2,3-dihydro-1H-inden-2-yl)piperidin-3-yl)
methyl) (2-(dimethylamino)ethyl) carbamoyl)-1,3-phenylene
diacetate (23)

Compound 23 was synthesised from 2,4-diacetoxybenzoic acid
(250mg, 1.05mmol, 1.0 eq.) via general procedure B, and was used
in the following reaction step as a crude material.

Yield: 79% (165mg); orange oil, Rf¼ 0.30 (CH2Cl2/MeOH¼ 9/1,
v/v); 1H NMR (400MHz, CDCl3): d 0.67e0.73 (m, 0.4H), 1.09e1.18
(m, 0.6H), 1.54e1.99 (m, 5H), 2.05 (s, 3H), 2.03e2.13 (m, 1H),
2.23e2.25 (m, 3H), 2.28e2.36 (m, 7H), 2.55e2.59 (m, 1H),
2.81e3.42 (m, 11H), 7.00e7.06 (m, 2H), 7.10e7.33 (m, 5H); ESI-MS
m/z calcd. for C30H40N3O5 [MþH]þ 522.30, found 522.15.

4.5.17. (±)-((E)-N-((1-(2,3-dihydro-1H-inden-2-yl)piperidin-3-yl)
methyl)-N-(2-(dimethylamino)ethyl)-3-(4-hydroxyphenyl)
acrylamide (24)

Compound 24was synthesised from 20 via general procedure C.
Yield: 38% (18mg); slightly yellow crystals, mp 67e70 �C;

Rf¼ 0.47 (CH2Cl2/MeOH ¼ 9/1 þ 0.3% NH3 (25% aq. sol), v/v); 1H
NMR (400MHz, CDCl3): d 0.83e1.10 (m, 1H), 1.51e1.86 (m, 4H),
2.00e2.08 (m, 4H), 2.29 (s, 3H), 2.35 (s, 3H), 2.50e2.63 (m, 2H),
2.80e3.30 (m, 7H), 3.45e3.55 (m, 1.6H), 3.62e3.70 (m, 0.4H), 5.92
(bs, 1H), 6.41 (d, J¼ 15.3 Hz, 0.6H), 6.66 (d, J¼ 15.2 Hz, 0.4H), 6.69
(d, J¼ 8.3 Hz,1.2H), 6.75 (d, J¼ 8.2 Hz, 0.8H), 7.07e7.17 (m, 4H), 7.22
(d, J¼ 8.3 Hz, 1.2H), 7.34 (d, J¼ 8.2 Hz, 0.8H), 7.51 (d, J¼ 15.2 Hz,
0.6H), 7.62 (d, J¼ 15.2 Hz, 0.4H); 13C NMR (100MHz, CDCl3):
d 24.42, 24.64, 28.55, 28.63, 29.19, 35.76, 36.12, 36.48, 36.74, 36.87,
44.86, 45.31, 45.55, 46.21, 50.26, 51.50, 51.93, 55.67, 56.24, 56.68,
58.11, 67.08, 67.15, 113.16, 113.30, 116.02, 116.14, 124.31, 126.39,
126.45, 129.69, 129.74, 141.24, 141.29, 142.77, 143.52, 158.96, 159.15,
167.29, 167.46; ESI-HRMS m/z calcd. for C28H38N3O2 [MþH]þ

448.2964, found 448.2954; IR (ATR) y¼ 2935, 2794, 1639, 1583,
1513, 1448, 1373, 1318, 1279, 1239, 1167, 1118, 1041, 978, 937 cm�1;
HPLC purity, 95.2% at 254 nm (tR¼ 4.71min).

4.5.18. (±)-N-((1-(2,3-dihydro-1H-inden-2-yl)piperidin-3-yl)
methyl)-N-(2-(dimethylamino)ethyl)-3-hydroxybenzamide (25)

Compound 25 was synthesised from compound 21 via general
procedure C.

Yield: 77% (288mg); brown oil; Rf¼ 0.08 (CH2Cl2/MeOH¼ 9/1);
1H NMR (400MHz, CDCl3): d 0.64e0.73 (m, 0.4H), 1.07e1.15 (m,
0.6H), 1.44e2.14 (m, 10H), 2.30e2.37 (m, 3H), 2.60e2.65 (m, 1H),
2.75e3.66 (m, 11H), 6.71e6.80 (m, 3H), 7.12e7.19 (m, 5H), reso-
nance for OH missing; 13C NMR (100MHz, CDCl3): d 24.35, 28.22,
34.84, 35.00, 36.16, 36.49, 42.76, 44.98, 45.15, 46.71, 48.12, 51.50,
53.18, 53.29, 55.35, 55.81, 56.04, 57.13, 66.74, 66.87, 113.62, 114.04,
116.77, 117.46, 124.11, 124.15, 126.24, 129.47, 137.18, 140.99, 141.03,
157.02, 157.16, 172.39, 172.57; ESI-HRMS m/z calcd. for C26H36N3O2
[MþH]þ 422.2808, found 422.2798; IR (ATR) y¼ 2935, 2791, 1580,
1444, 1349, 1291, 1228, 1159, 1130, 1110, 1043, 876, 792, 744,
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700 cm�1; HPLC purity, 96.1% at 254 nm (tR¼ 4.40min).

4.5.19. (±)-N-((1-(2,3-dihydro-1H-inden-2-yl)piperidin-3-yl)
methyl)-N-(2-(dimethylamino)ethyl)-4-hydroxybenzamide (26)

Compound 26 was synthesised from compound 22 via general
procedure C. It was purified by column chromatography using
CH2Cl2/MeOH (v/v, 9/1) as eluent.

Yield: 65% (114mg); orange solid, mp 47e51 �C; Rf¼ 0.11
(CH2Cl2/MeOH¼ 9/1); 1H NMR (400MHz, CDCl3): d 0.67 (bs, 0.4H),
1.09 (bs, 0.6H), 1.44e2.41 (m, 13H), 2.62 (bs, 1H), 2.77e3.69 (m,
11H), 6.62 (d, J¼ 7.8 Hz, 2H), 7.09e7.16 (m, 6H), resonance for OH
missing; 13C NMR (100MHz, CDCl3): d 24.50, 28.38, 35.15, 36.59,
43.19, 45.29, 47.27, 48.47, 51.68, 53.68, 55.47, 56.00, 56.42, 57.23,
66.95, 115.47, 124.26, 126.37, 126.67, 128.31, 128.65, 141.15, 141.21,
158.44, 173.09; ESI-HRMS m/z calcd. for C26H36N3O2 [MþH]þ

422.2808, found 422.2799; IR (ATR) y¼ 2935, 2791, 1607, 1515,
1425, 1372, 1275, 1166, 1135, 1105, 1044, 910, 843, 729 cm�1; HPLC
purity, 97.6% at 254 nm (tR¼ 4.26min).

4.5.20. (±)-N-((1-(2,3-dihydro-1H-inden-2-yl)piperidin-3-yl)
methyl)-N-(2-(dimethylamino)ethyl)-2,4-dihydroxybenzamide (27)

Compound 27 was synthesised from compound 23 via general
procedure C.

Yield: 38% (49mg); pale brown solid, mp 87e89 �C; Rf¼ 0.05
(CH2Cl2/MeOH¼ 9/1); 1H NMR (400MHz, CDCl3): d 0.83 (bs, 1H),
1.53e1.77 (m, 4H), 1.91e2.04 (m, 2H), 2.27 (bs, 6H), 2.52 (bs, 2H),
2.85e3.29 (m, 9H), 3.58e3.82 (m, 2H), 6.18 (dd, J¼ 8.4, 1.9 Hz, 1H),
6.30 (s, 1H), 6.97 (d, J¼ 8.3 Hz, 1H), 7.10e7.17 (m, 4H), resonance for
OH missing; 13C NMR (100MHz, CDCl3): d 24.35, 28.22, 34.84,
35.00, 36.16, 36.49, 42.76, 44.98, 45.15, 46.71, 48.12, 51.50, 53.18,
53.29, 55.35, 55.81, 56.04, 57.13, 66.74, 66.87, 113.62, 114.04, 116.77,
117.46, 124.11, 124.15, 126.24, 129.47, 137.18, 140.99, 141.03, 157.02,
157.16, 172.39, 172.57; ESI-HRMSm/z calcd. for C26H36N3O3 [MþH]þ

438.2757, found 438.2751; IR (ATR) y¼ 2932, 1597, 1429, 1349,
1305, 1259, 1220, 1171, 1101, 1045, 977, 909, 844, 810, 742 cm�1;
HPLC purity, 95.7% at 254 nm (tR¼ 4.08min).

4.5.21. (±)-N-((1-(2,3-dihydro-1H-inden-2-yl)piperidin-3-yl)
methyl)-N-(2-(dimethylamino)ethyl)-4-methoxybenzamide (28)

To a solution of 5 [15] (400mg, 0.62mmol, 1.0 eq.) and Et3N
(345 mL, 2.48mmol, 4.0 eq.) in CH2Cl2 (50mL) cooled to 0 �C, 4-
methoxybenzoyl chloride (400mg, 0.74mmol, 1.2 eq.) was added,
and the mixture was stirred at room temperature for 16 h. Then the
mixture was transferred into the separating funnel and CH2Cl2
(30mL) was added. Organic phase was washed with saturated
aqueous solutions of NaHCO3 (30mL), water (30mL) and saturated
brine solution (30mL), dried over anhydrous Na2SO4, filtered, and
evaporated under reduced pressure. The residue was purified by
column chromatography using CH2Cl2/MeOH (v/v, 20/1) as eluent.

Yield: 16% (42mg); orange oil; Rf¼ 0.20 (CH2Cl2/MeOH¼ 15/1,
v/v); 1H NMR (400MHz, CDCl3): d 0.68 (bs, 0.4H), 1.10 (bs, 0.6H),
1.37e2.44 (m, 13H), 2.53e3.61 (m, 12H), 3.81 (s, 3H), 6.88 (d,
J¼ 8.2 Hz, 2H), 7.11e7.18 (m, 4H), 7.29 (bs, 2H); 13C NMR (100MHz,
CDCl3): d 24.78, 28.50, 35.30, 36.84, 43.25, 45.54, 47.40, 48.29, 51.94,
53.63, 55.24, 55.59, 55.99, 56.75, 57.53, 67.02, 113.61, 124.27, 124.30,
126.35, 128.42, 129.01, 141.36, 141.41, 160.20, 172.22; ESI-HRMS m/z
calcd. for C27H38N3O2 [MþH]þ 436.2964, found 436.2961; IR (ATR)
y¼ 2934, 2768, 1609, 1512, 1460, 1424, 1348, 1299, 1248, 1173, 1135,
1110, 1027, 936, 840, 799, 744 cm�1; HPLC purity, 95.6% at 254 nm
(tR¼ 4.92min).

4.5.22. (±)-N-(2-(dimethylamino)ethyl)-N-((1-((2-(pyridin-2-
ylamino)thiazol-4-yl)methyl)piperidin-3-yl)methyl)-2-
naphthamide (29)

Amine 6b (231mg, 0.68mmol, 1.0 eq.), alkyl chloride 7d
(178mg, 0.68mmol, 1.0 eq., see Supporting Information) and K2CO3
(282mg, 2.04mmol, 3.0 eq.) were suspended in anhydrous DMF
(7mL), and stirred under an argon atmosphere at 50 �C for 16 h. The
solvent was evaporated, and the residue was dissolved in CH2Cl2
(60mL) and transferred into a separating funnel. The organic phase
was washed with saturated aqueous NaHCO3 solution (2� 50mL)
and saturated brine solution (50mL), dried over anhydrous Na2SO4,
filtered, and evaporated under reduced pressure. The residue was
purified by column chromatography using CH2Cl2/MeOH (v/v, 9/
1) þ 0.3% NH3 (25% aq. sol) as eluent, and subsequently by
reversed-phase column chromatography (Isolera Biotage system,
SNAP Biotage KP-18-HS column; gradient: 0.1% TFA (aq) and
MeCN). The fractions containing the product were combined and
treated as described in general procedure A.

Yield: 8% (30mg); pale organge solid, mp 115e118 �C; Rf¼ 0.19
(CH2Cl2/MeOH ¼ 9/1 þ 0.3% NH3 (25% aq. sol), v/v); 1H NMR
(400MHz, CDCl3): d 0.60e0.68 (m, 0.4H), 1.17e1.22 (m, 0.6H),
1.41e1.70 (m, 3H), 1.52e2.07 (m, 7H), 2.18e2.56 (m, 5H), 2.84e3.08
(m, 2H), 3.29e3.58 (m, 6H), 6.58e6.88 (m, 3H), 7.31e7.57 (m, 4H),
7.74e7.87 (m, 4H), 8.35 (d, J¼ 4.7 Hz, 1H); 13C NMR (100MHz,
CDCl3): d 24.51, 28.21, 28.35, 28.42, 34.79, 35.20, 42.98, 45.47, 47.18,
47.96, 53.40, 53.86, 54.51, 56.52, 57.22, 57.67, 58.82, 108.75, 109.23,
110.34, 116.11, 123.96, 124.40, 125.77, 126.45, 126.64, 127.68, 128.13,
128.21, 128.25, 132.57, 133.24, 134.14, 137.59, 146.82, 147.13, 151.41,
160.00, 172.31; ESI-HRMS m/z calcd. for C30H37N6OS [MþH]þ

529.2750, found 529.2768; IR (ATR) y¼ 2932, 2770, 1604, 1537,
1479, 1451, 1409, 1326, 1304, 1149, 1099, 1048, 996, 864, 822, 773,
755, 737, 667 cm�1; HPLC purity, 96.5% at 254 nm (tR¼ 4.55min).

4.5.23. (±)-N-(2-(dimethylamino)ethyl)-N-((1-((8-
hydroxyquinolin-2-yl)methyl)piperidin-3-yl)methyl)-2-
naphthamide (30)

Amine 6b (300mg, 0.88mmol, 1.0 eq.) was dissolved in
ClCH2CH2Cl (15mL) and stirred and agitated with a stream of argon
for 10min. AcOH (50 mL, 0.88mmol, 1.0 eq.), NaBH(OAc)3 (560mg,
2.64mmol, 3.0 eq.) and 8-hydroxyquinoline-2-carboxyaldehyde
(168mg, 0.96mmol, 1.1 eq.) were added, and the resulting sus-
pension was stirred under an argon atmosphere at room temper-
ature for 24 h. The reaction mixture was quenched with saturated
aqueous NaHCO3 solution, and the solvent was evaporated under
reduced pressure. The residue was dissolved in CH2Cl2 (50mL) and
transferred into a separating funnel. The organic phase was washed
with saturated aqueous NaHCO3 solution (50mL) and saturated
brine solution (50mL), dried over anhydrous Na2SO4, filtered, and
evaporated under reduced pressure. The residue was purified by
column chromatography using CH2Cl2/MeOH (v/v, 9/1) þ 0.3% NH3
(25% aq. sol) as eluent, and subsequently by reversed-phase column
chromatography (Isolera Biotage system, SNAP Biotage KP-18-HS
column; gradient: 0.1% TFA (aq) and MeCN). The fractions con-
taining the product were combined and treated as described in
general procedure A.

Yield: 27% (116mg); orange solid, mp 44e46 �C; Rf¼ 0.25
(CH2Cl2/MeOH ¼ 9/1 þ 0.3% NH3 (25% aq. sol), v/v); 1H NMR
(400MHz, CDCl3): d 0.67e0.75 (m, 0.4H), 1.12e1.22 (m, 0.6H),
1.43e2.33 (m, 13H), 2.54e2.72 (m, 2H), 2.81e2.93 (m, 1H),
3.18e3.90 (m, 6H), 7.15e6.17 (m, 1H), 7.23e7.48 (m, 6H), 7.65e7.87
(m, 4H), 7.96e8.09 (m, 1H), 8.34 (bs, 1H); 13C NMR (100MHz,
CDCl3): d 24.38, 24.72, 27.87, 28.26, 34.84, 35.15, 42.86, 45.40, 45.54,
47.39, 48.07, 53.04, 53.80, 54.53, 56.55, 57.53, 57.77, 65.01, 109.96,
117.49, 121.51, 121.83, 123.85, 124.31, 125.73, 126.30, 126.43, 126.64,
127.05, 127.37, 127.62, 128.09, 132.45, 133.17, 134.03, 136.24, 137.35,
151.99, 157.13, 157.38, 172.01, 172.17; ESI-HRMS m/z calcd. for
C33H37N4O2 [MþH]þ 497.2917, found 497.2903; IR (ATR) y¼ 2934,
2820, 1621, 1572, 1504, 1471, 1429, 1369, 1323, 1243, 1193, 1135,
1099, 1048, 906, 863, 823, 752, 726 cm�1; HPLC purity, 93.9% at
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254 nm (tR¼ 5.42min).

4.6. Inhibition of cholinesterases

The inhibitory potencies of the MTDLs against the ChEs were
determined using the method of Ellman following the procedure
described previously [37]. Briefly, compound stock solutions (100%
in DMSO) were incubated with Ellman's reagent and the ChEs (final
concentrations, 333 mM Ellman's reagent, 1 nM or 50 pM hBChE or
hAChE, respectively, in 0.1M phosphate buffer, pH 8.0) for 5min at
room temperature. The reactions were started by addition of the
substrate (final concentration, 500 mM butyrylthiocholine iodide/
acetylthiocholine iodide). The final content of DMSOwas always 1%.
The increase in absorbance at 412 nm was monitored for 1min
using a 96-well microplate reader (Synergy H4; BioTek In-
struments, Inc., USA). The initial velocities in the presence (vi) and
absence (vo) of the test compounds were calculated. The inhibitory
potencies are expressed as the residual activities, according to
Equation (1):

RA ¼ ðvi � bÞ = ðvo � bÞ (1)

where b is the blank value using phosphate buffer instead of the
ChEs. For IC50 determinations, at least seven different concentra-
tions of each compound were used. The IC50 values were obtained
by plotting the residual ChE activities against the applied inhibitor
concentrations, with the experimental data fitted to a four-
parameter logistic function. For the fitting procedure, the Gnuplot
software and an in-house python script were used. Tacrine was
used as the positive control.

4.7. DPPH radical-scavenging potency

Free-radical scavenging potency was evaluated using the DPPH
assay. DPPH (2,2-diphenyl-1-picrylhydrazyl radical) was dissolved
in EtOH (150 mL, 140 mM) and added to 150 mL ethanol solution of
the test sample (seven concentrations, 35e5600 mM) or ethanol
(negative control). The microtiter plate was shaken for 1min and
then left to stand at room temperature in the dark for 90min. The
absorbance was then determined with a microplate reader, at
517 nm (Synergy H4 Hybrid Multi-Mode Microplate Reader; Bio-
Tek). The experiments were performed in triplicate, with subtrac-
tion of the blank value (compoundwithout DPPH). The percentages
of DPPH free radicals were calculated using Equation (2):

DPPH free radicals ð%Þ ¼ ððA0 � A1Þ = A0 Þ � 100 (2)

where A0 is the absorbance of the negative control, and A1 is the
absorbance of the test sample. The free-radical scavenging potency
is expressed as the concentration that scavenged 50% of the DPPH
free radicals (EC50) ± SEM. Resveratrol and Trolox were used as the
positive controls under the same assay conditions.

4.8. Crystallisation, and data collection and processing

Human BChE was expressed in CHO cells, purified and
concentrated to 6.0mg/mL, as described previously [71]. The
crystals of compound 11 in complex with hBChE were obtained by
the co-crystallisation method. Briefly, 500 mM aqueous solution of
11 (1% DMSO) was incubated with hBChE solution (90 mM) for 3 h.
Co-crystals were grown at 20 �C over a period of 3 weeks, using the
hanging-drop vapour diffusion method. The mother liquor solution
was 0.1M Tris (pH 8.9), 2.3M ammonium sulphate. Prior to data
collection, crystals were cryoprotected by soaking in mother liquor
solution containing 18% glycerol and compound 11 at 500 mM,
before being flash-cooled directly under a stream of nitrogen at
100 K. Diffraction data were collected at the ID30A-3 (MASSIF-3)
beamline of the European Synchrotron Radiation Facility (Grenoble,
France) using a wavelength of 0.9679Å. The data were indexed and
integrated and processed as reported previously [15]. The protein
structure was deposited in the Protein Data Bank under accession
code 6F7Q.

4.9. Metal-chelating properties

The chelation properties were determined in 20mM HEPES
buffer (pH 7.4, 150mM NaCl) using a 0.5-cm quartz cuvette and a
UVevisible spectrophotometer (Varian Cary 100 Bio; Agilent, Santa
Clara, CA, USA). Equimolar concentrations of CuCl2, ZnCl2, CoCl2,
MgCl2, NiCl2, CaCl2, MnCl2, FeCl2, FeCl3 and AlCl3 were added to
30 mM compound solutions (final content, 1% DMSO). The stock
solution of FeCl2 was prepared in the presence of 1mM ascorbic
acid to prevent oxidation of Fe2þ. Chelation was detected as
changes in the absorption spectra after 5min of incubation. To
further investigate the metal-ion selectivity of the test compounds
for Cu2þ over other metal ions, a CuCl2 stock solution was added to
a final concentration of 30 mM. The resulting solutions that con-
tained equimolar concentrations of the compounds, Cu2þ, and the
various metal salts (e.g. ZnCl2) were mixed, and the absorption
spectra were recorded after an additional 5min of incubation at
room temperature. The selectivity was confirmed by comparing the
absorbance spectra changes of the metaleligand complexes in the
presence and absence of CuCl2.

The Cu2þ-binding stoichiometry was resolved by titration of
30 mM buffered solutions of compounds 8 and 11 with CuCl2 buff-
ered stock solutions of suitable concentrations. The absorption
spectra of the compounds in the absence and presence of Cu2þ

were recorded after 10min incubation at room temperature. In the
case of Cu2þ chelation, a specific change in absorbance spectra was
observed. The absorbance differences at specified wavelengths (in
the absence and presence of the different equivalents of Cu2þ) were
plotted against the Cu2þ/8 or Cu2þ/11molar ratios, respectively. The
curves were approximated using data points at the lowest and
highest Cu2þ/compound ratios, and the intercepts were calculated.

4.10. Ascorbate studies

The copper-ascorbate assay was performed following the liter-
ature procedure [72]. Compounds 8 and 11 (both in the form of salts
with hydrochloric acid), and clioquinol, 8-hydroxyquinoline and
nitroxoline (as positive controls) were dissolved in MeOH (40mM)
and diluted to 4mM in 20mM phosphate buffer (pH 7.4, 100mM
NaCl, 2 mM desferryl). Stock solutions of CCA and ascorbic acids
were prepared in phosphate buffer, except CuCl2, which was dis-
solved and diluted in Milli-Q water. The final sample volumes of
300 mL contained (in order of addition; final concentrations):
200 mM CCA, 40 mM compound/positive control (0.1% [v/v] MeOH),
20 mM Cu2þ and 600 mM ascorbate. Hydroxyl radical production
was followed by measuring the conversion of CCA into 7-hydroxy-
CCA (lexc, 395 nm; lem, 450 nm) using a 96-well microplate reader
(Synergy H4; BioTek Instruments, Inc., USA). Experiments were
performed in triplicate, and the means were used in the data
analysis.

4.11. Cell based assays

4.11.1. Cell culture and treatments
The human neuroblastoma SH-SY5Y cells line was purchased

from American Type Culture Collection (CRL-2266, Manassas, VA,
USA). The cells were cultured in Dulbecco's modified Eagle's
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medium (Sigma, St. Louis, MO, USA) supplemented with 10% foetal
bovine serum (HyClone, Logan, UT, USA), 2mM L-glutamine (Sigma,
St. Louis, MO, USA), 50 U/mL penicillin and 50 mg/mL streptomycin
(Sigma, St. Louis, MO, USA), in a humidified atmosphere of 95% air
and 5% CO2 at 37 �C, and grown to 80% confluence. Prior to cell
treatment, complete medium was replaced with reduced-serum
medium (i.e., with 2% foetal bovine serum). Compounds 8 and 11
were prepared as stock solutions at 20mM in DMSO. For the
cytotoxic stimuli, the Ab1e42 peptide (Merck Millipore, Darmstadt,
Germany) was dissolved in DMSO to a 1mM stock solution.

4.11.2. Cell viability assay
SH-SY5Y cells were seeded in 96-well plates (2� 104/well) and

assessed for their responses to compounds 8 and 11 using the MTS
assay. The cells were treated with increasing concentrations of
compounds 8 and 11 (0.5e50 mM), and cell viability was deter-
mined after 48 h using the CellTiter 96 Aqueous One Solution Cell
Proliferation Assay (Promega, Madison, WI, USA), in accordance
with the manufacturer instructions. Absorbance was measured
with an automatic microplate reader (Tecan Safire2, Switzerland) at
a wavelength of 492 nm. Cells were treated in quadruplicate. The
LD50 values are the mean± SD of at least three independent
experiments.

4.11.3. Neuroprotection assay
The neuroprotective effects of compounds 8 and 11 on the

cytotoxic effects of Ab1e42 were determined using the MTS assay.
Prior to cell treatment, the Ab1e42 peptide was incubated at a final
concentration of 5 mM in reduced-serum medium in the absence
and presence of compounds 8 (1 mM) and 11 (1 mM), for 24 h at
37 �C, to induce Ab aggregation. SH-Y5Y cells were seeded in 96-
well plates (2� 104/well) and treated the next day with the pre-
aggregated Ab1e42 in the absence and presence of compounds 8
and 11. After 48 h treatment, the cell viability was determined using
the CellTiter 96 Aqueous One Solution Cell Proliferation Assay
(Promega, Madison,WI, USA), in accordance with themanufacturer
instructions. Absorbance was measured with an automatic micro-
plate reader (Tecan Safire2, Switzerland) at awavelength of 492 nm.
The data are presented as percentages of the DMSO control.

4.11.4. Measurement of reactive oxygen species
Intracellular ROS levels were determined by staining the cells

with the dichlorofluorescein diacetate (DCFH-DA) probe (Sigma, St.
Louis, MO, USA). SH-Y5Y cells were seeded in 96-well plates
(2� 104/well), and the next day they were stained with 10 mM
DCFH-DA in pre-warmed phosphate-buffered saline for 20min at
37 �C. The cells were then washed with phosphate-buffered saline
and cultured in reduced-serum medium for 15min at 37 �C. Then
the cells were pretreated without (control) and with compounds 8
or 11 (5 mM) for 30min, following treatment with H2O2 for an
additional 90min. The fluorescence intensity was measured at
485 nm excitation and 530 nm emission using a microplate reader
(Tecan Safire2, Switzerland). The data are presented relative to the
DMSO control.

4.12. In-vitro permeability assay with Caco2 cells

Caco-2 cells were obtained from American Type Culture
Collection (HTB.37), and were grown on Transwell Costar culture
inserts with a polycarbonate membrane (diameter, 12mm; pore
size, 0.4 mm). Then 50,000 cells/filter membrane were used for
seeding, and the mediumwas changed every 2 days. At day 20, the
transepithelial electrical resistance (TEER) was measured for each
filter with Caco-2 cell monolayers. If the TEER was in the range of
800e1100 cm2, the Caco-2 cell monolayers were used for the
subsequent testing of permeability at day 21. P-glycoprotein ac-
tivity was confirmed with Rhodamine123.

Ringer buffer with 10mM D-glucose or 10mM mannitol on the
apical and basolateral sides of the tissue, respectively, was used as
the incubation saline. The tissue was kept at 37 �C in a carbogen
(95% O2, 5% CO2) atmosphere. The addition of stock solutions of
compounds 8, 11 and fluorescein into the donor compartment
provided the final 100 mM donor concentration for compounds 8
and 11, and 20 mM for fluorescein. The stock solutions were added
to either the apical or the basolateral compartment, to obtain
bidirectional permeability measurements. Six samples were with-
drawn in 20-min intervals. Here, 300 mL was taken from the 1500 mL
basolateral acceptor compartment and 100 mL from the 500 mL
apical acceptor compartment at each sampling time. These vol-
umes were immediately replaced by the appropriate fresh incu-
bation saline. The concentrations of compounds 8 and 11 in the
samples were determined by HPLC-UV immediately after the
experiment. The analysis was performed on an Agilent 1100 system
(with degasser, binary pump, well plate sampler, column thermo-
stat, diode-array detector) using a Zorbax Eclipse XDB-C18 column
(4.6� 75mm, 3.5 mm) at 50 �C, with a mobile phase consisting of A
(0.5% ammonium phosphate, pH 3.0) and B (MeCN) with a flow rate
of 2.0mL/min. For compound 8, the A:B ratio in the mobile phase
was 85:15, the detectionwavelengthwas 246 nm, and the retention
time was 1.71min. For compound 11, the A:B ratio in the mobile
phasewas 81.5:18.5, the detectionwavelength was 252 nm, and the
retention time was 1.61min. The injection volume was 50 mL.
4.13. In-vitro blood-brain barrier permeation assay

To estimate the potential of compounds 8 and 11 to cross the
BBB, PAMPA-BBBs were performed as described previously [70].
The PAMPA-BBB Explorer Test System was obtained from pION
(pION Inc., MA, USA), and the assays were performed according to
the manufacturer instructions. Briefly, the test compounds and the
set of standard compounds were dissolved in DMSO at 10mM. The
stock DMSO solutions were further diluted in Prisma HT buffer, pH
7.40 (final concentration, 50 mM). The donor 96-well microplates
were equipped with Sphere stirrers (stainless steel; diameter,
3.2mm; Next Advance, USA), and filled with buffered solutions of
the test compounds (180 mL per well) in quadruplicate. Each filter
membrane on the 96-well acceptor plate was impregnated with
5 mL pION BBB-1 lipid solution. The acceptor plate was filled with
Brain Sink buffer (200 mL per well) and placed on the donor plate.
The plate ‘sandwich’ was then incubated for 16 h at room temper-
ature without stirring. The plates were then carefully separated and
the absorbance spectra of the blank (Prisma HT buffer, pH 7.40),
donor, acceptor and reference wells were measured with a micro-
plate reader (Synergy H4; BioTek Instruments, Inc., VT, USA). The
logarithms of the effective permeability (logPe) were calculated
using the PAMPA Explorer Software (pION Inc.).
Accession codes

Atomic coordinates and structure factors for the crystal struc-
ture of compound 11 in complex with hBChE have been deposited
in the Protein Data Bank (PDB code 6F7Q). The authors will release
the atomic coordinates upon publication.
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Ab amyloid b
ACh acetycholine
AChE acetylcholinesterase
AD Alzheimer's disease
ADMET absorption, distribution, metabolism, excretion and

toxicity
BBB blood-brain barrier
BChE butyrylcholinesterase
Caco-2 heterogeneous human epithelial colorectal

adenocarcinoma cells
CCA coumarin-3-carboxylic acid
CDI carbonyldiimidazole
ChE cholinesterase
CNS central nervous system
DCFH-DA dichlorofluorescein diacetate
DMF dimethylformamide
DMSO dimethyl sulphoxide
DPPH 2,2-dipheny-l-1-picrylhydrazyl
HATU 1[bis(dimethylamino)methylene]-1H-1,2,3-triazolo

[4,5-b]pyridinium 3-oxid hexafluorophosphate
hBChE human butyrylcholinesterase
8-HQ 8-hydroxyquinoline
hAChE human acetylcholinesterase
MTDL(s) multi-target-directed ligand(s)
MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium, inner salt)

NMR nuclear magnetic resonance
PAMPA parallel artificial membrane permeation assay
ROS reactive oxygen species
TBTU O -(benzotriazol-1-yl)-N,N,N0,N0-tetramethyluronium

tetrafluoroborate
TEER transepithelial electrical resistance
TFA 2,2,2-trifluoroacetic acid
THF tetrahydrofuran
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