
RESEARCH PAPER

Novel benzothiazole derivatives as multitargeted-directed ligands for the
treatment of Alzheimer’s disease

Donia E. Hafeza, Mariam Dubielb, Gabriella La Spadac, Marco Cattoc, David Reiner-Linkb, Yu-Ting Syud, Mohammad
Abdel-Halima, Tsong-Long Hwangd,e,f,g , Holger Starkb and Ashraf H. Abadia

aDepartment of Pharmaceutical Chemistry, Faculty of Pharmacy and Biotechnology, German University in Cairo, Cairo, Egypt; bInstitute of
Pharmaceutical and Medicinal Chemistry, Heinrich Heine University D€usseldorf, Duesseldorf, Germany; cDipartimento di Farmacia-Scienze del
Farmaco, Universit�a degli Studi di Bari Aldo Moro, Bari, Italy; dGraduate Institute of Natural Products, College of Medicine, Chang Gung
University, Taoyuan, Taiwan; eResearch Center for Chinese Herbal Medicine, Graduate Institute of Health Industry Technology, College of
Human Ecology, Chang Gung University of Science and Technology, Taoyuan, Taiwan; fDepartment of Anesthesiology, Chang Gung Memorial
Hospital, Taoyuan, Taiwan; gDepartment of Chemical Engineering, Ming Chi University of Technology, New Taipei City, Taiwan

ABSTRACT
Neurodegenerative diseases such as Alzheimer’s disease (AD) are multifactorial with several different
pathologic mechanisms. Therefore, it is assumed that multitargeted-directed ligands (MTDLs) which inter-
act with different biological targets relevant to the diseases, might offer an improved therapeutic alterna-
tive than using the traditional “one-target, one-molecule” approach. Herein, we describe new
benzothiazole-based derivatives as a privileged scaffold for histamine H3 receptor ligands (H3R). The most
affine compound, the 3-(azepan-1-yl)propyloxy-linked benzothiazole derivative 4b, displayed a Ki value of
0.012lM. The multitargeting potential of these H3R ligands towards AChE, BuChE and MAO-B enzymes
was evaluated to yield compound 3s (pyrrolidin-1-yl-(6-((5-(pyrrolidin-1-yl)pentyl)oxy)benzo[d]thiazol-2-
yl)methanone) as the most promising MTDL with a Ki value of 0.036lM at H3R and IC50 values of 6.7mM,
2.35mM, and 1.6mM towards AChE, BuChE, and MAO-B, respectively. These findings suggest that com-
pound 3s can be a lead structure for developing new multi-targeting anti-AD agents.
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Introduction

AD is a progressive irreversible neurodegenerative brain disorder and
it is the most common form of dementia.1,2 The histopathological
changes observed in AD patients include deficiency in cholinergic
neurotransmission, accumulation of amyloid-b (Ab) peptide in the
form of amyloid plaques in the brain, intracellular neurofibrillary tan-
gles and progression of inflammation and damage caused by oxida-
tive stress.3 The drugs approved for treating AD only offer a
symptomatic treatment, but fail to stop the neurodegenerative pro-
cess. Owing to the complex pathology of the disease, a single ligand
for a certain target is not sufficient to produce a relevant therapeutic
effect.4,5 Therefore, the new pharmacological approach is to design
single molecules that modulate multiple targets simultaneously, so-
called multitarget-directed ligands (MTDLs). MTDLs are synthesised
mainly as potential therapeutics for the treatment of multifactorial
diseases such as neurodegenerative diseases.6,7 MTDLs are com-
pounds that affect more than one pathophysiological pathway since
they can be rationally designed as structures with pharmacophore
moieties that bind to different receptors and enzymes.8 The patho-
genesis of most neurodegenerative diseases (especially AD) is linked
to different pharmacological targets. Among these targets, neuro-
transmitters such as ACh, histamine, dopamine and glutamate play
major roles in the progressive deterioration of cognitive functions.
The combination of H3R antagonist pharmacophore and acetylcholin-
esterase pharmacophore is one of the most interesting and promis-
ing combinations among MTDLs for the treatment of AD.9,10

Histamine H3 receptors (H3Rs) belong to the family of G pro-
tein-coupled receptors (GPCR). H3R was first identified on pre-
synaptic histaminergic neurons acting as autoreceptors. Besides its
inhibitory activity as an autoreceptor, modulating the release of
other neurotransmitters such as noradrenaline, serotonin, dopa-
mine and acetylcholine has been observed by H3 hetero receptor
located on non-histaminergic neurons.11 Thus the precognitive
use of H3R antagonists/inverse agonists for the treatment of CNS-
related disorders, such as depression, schizophrenia, PD, and AD is
being investigated.12 Pitolisant, is the first H3R antagonist/inverse
agonist which received the approval in Europe and United States
for the treatment of narcolepsy with or without cataplexy.13 In the
early stage of its discovery, pitolisant showed selectivity towards
H3R and induced central histaminergic transmissions in animal
models increasing wakefulness and resulted in increased release
of dopamine and ACh in the prefrontal cortex of rats. New classes
of H3R antagonists with additional pharmacological properties
have been described.14 These classes may have synergistic effect
leading to the increase of their therapeutic efficacy in the treat-
ment of disorders related to neurotransmitter deficits, such as AD.
Accordingly, the development of multitarget compounds includ-
ing H3 receptor-blocking properties has been of great interest.2,11

Acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE)
are enzymes responsible for the hydrolysis of acetylcholine and
the increase in their activity leads to cognitive disorders.15

Moreover, the inhibition of AChE may not only result in increased
levels of ACh but may also affect the Ab aggregation.16 So far, the
anti-Alzheimer’s drugs include acetylcholinesterase inhibitors
(AChEI), such as donepezil, rivastigmine and galantamine and the
N-methyl-D-aspartate (NMDA) receptor antagonist memantine.3

Unfortunately, these drugs can only slow down the progression of
the disease and relief the symptoms but they do not provide
effective treatment for AD. In AD, the cognitive decline is caused
by neuronal degeneration of brain regions where the cholinergic
activity is predominant. The loss of cholinergic transmission can
be counteracted by AChE inhibitors, whose efficacy indeed
declines during progression of the disease, while at the same time

BuChE remains unaltered or increased. Hence, the inhibition of
BuChE may provide additional cognitive benefits in the late stages
of disease.17 Hence, cholinergic neurotransmission can be
enhanced by cholinesterase inhibitors (ChEIs) which counteract
such depletion of ACh neurotransmitter.18

Several studies proposed structures similar to those designed in
this work to have dual activity on AChE and H3R such as contilisant,
compound 4 and 5 as shown in Figure 1.11 Therefore, the combin-
ation of both H3R inhibition and cholinesterase enzymes inhibition in
a single drug might lead to significant synergistic effects on cognitive
function and memory. Using these hybrid compounds can lead to
huge progress in the treatment of cognitive disorders.9,19

Herein, novel benzothiazole derivatives as H3R ligands were
developed. Benzothiazole is a privileged heterocyclic scaffold used
worldwide for a variety of therapeutic applications.20 Several novel
benzothiazoles have been developed and exhibited significant
antitumour, antimicrobial, antidiabetic, anti-inflammatory, antiviral,
antioxidant, antimalarial, antiasthmatic, anthelmintic, and other
activities.21–27 New benzothiazole molecules are currently under
development and are being evaluated as therapeutic drug candi-
dates for the treatment of neurodegenerative diseases such as
Alzheimer’s.28 For instance, riluzole (2-amino-6-trifluoromethoxy)
benzothiazole is used to treat amyotrophic lateral sclerosis due to
its neuroprotective effect acting as voltage-gated sodium channel
blockers, non-competitive inhibition of NMDA receptors and inhib-
ition of glutamate release. Recently, evaluation of riluzole in a clin-
ical trial for AD was reported.29

Inspired by the similarity in the pharmacophoric features of the
H3R antagonists and AChE inhibitors, the activity of the synthes-
ised compounds on AChE enzyme to reach multitarget inhibition
was tested.14 The dual-acting compounds (3b, 3h, 3j, 3n, 3s, 3t,
4a, and 4b) were also tested against BuChE as well as MAO-B
enzyme to extend the multitarget range against AD. MAO-B
enzyme inhibition was assessed since some literature stated that
MAO-B activity is increased in the brain of patients with neurode-
generative diseases and suggested that MAO-B regulates b-amyl-
oid production via c-secretase.30,31 Moreover, molecular modelling
studies have revealed possible interactions between active com-
pounds and both AChE and BuChE as well as H3R.

Results and discussion

Compounds’ design

The presented compounds were designed to match the general
structure suggested for histamine H3R antagonists/inverse agonists
(Figure 2).32 This pharmacophore blueprint contains a basic

Figure 1. Compounds having dual activities on AChE and H3R.
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moiety (mostly a tertiary amine), linked by a spacer to a central
core, which is connected to further affinity-enhancing elements in
the eastern arbitrary region which can be another basic moiety or
hydrophilic/lipophilic groups as shown in Figure 2.33–35 The fol-
lowing structural modification strategies were applied to design
potent H3R antagonists: (1) employing benzothiazole ring as a
central core;36–38 (2) several amines were examined as a basic
head including alicyclic amines, cycloalkyl amines and amino
acids; (3) the spacer connecting the central benzothiazole core
and the basic head was varied from two to five carbons; (4) differ-
ent esters and amides were added to the eastern arbitrary region
of the compound.

Chemistry

The adopted synthetic pathways for the intended compounds are
depicted in Schemes 1–4. The synthesis of methyl/ethyl 6-hydrox-
ybenzothiazole-2-carboxylate core was accomplished through a

three-step synthesis (Scheme 1). First, 1,4-benzoquinone was
reacted with cysteine methyl/ethyl ester hydrochloride through
Michael addition to afford the hydroquinone. Then, the hydro-
quinone intermediate underwent an oxidation reaction by potas-
sium ferricyanide to give the benzothiazine derivative, which
underwent contraction to benzothiazole ring in the presence of
an acidic medium to yield compounds A and B. The mechanism
of ring contraction was proposed to take place via benzothiazine
ring hydrolysis to give a mercaptoaldehyde derivative, intramo-
lecular attack to form the contracted ring, followed by oxidation
and decarboxylation of the aldehyde group.39 Compounds A and
B were refluxed with different chloroalkyl amines in presence of
potassium carbonate to yield compounds 1a–1e. In Scheme 2, the
6-hydroxybenzothiazole-2-carboxylate methyl ester (A) reacted
with the appropriate alpha, omega-dibromoalkane to give an
ether in presence of potassium carbonate and potassium iodide
to produce compounds C–F, which were then refluxed with the
methyl ester of different aromatic amino acids to yield com-
pounds 2a–2e. In Scheme 3, the alkyl bromides (C–F) were

Varia�on from 
2 to 5 carbons

Different 
amines

Different esters and 
amides 

Basic part Spacer Core
Eastern arbitrary 

region

Figure 2. Structure modifications adopted in the synthesised compounds.
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1b ethyl piperidinyl 2 1e methyl piperidinyl 2

1c ethyl pyrrolidinyl 2

Scheme 1. Reagents and conditions: (i) MeOH, RT, overnight, (ii) K3Fe(CN)6, 4 M NaOH, aq. isopropanol, RT, overnight, (iii) 1 M HCl, EtOH, RT, overnight, (iv) 2 equiv.
of chloro alkyl amine hydrochloride, 4 equiv. of K2CO3, KI, acetone, reflux, overnight.
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Scheme 2. Reagents and conditions: (i) 3 equiv. of a,x-dibromoalkane, 4 equiv. of K2CO3, KI, acetone, reflux, overnight, (ii) 3 equiv. of the methyl ester of the aromatic
amino acid, MeOH, reflux, overnight.

Scheme 3. Reagents and conditions: (i) 3 equiv. of a,x-dibromoalkane, 4 equiv. of K2CO3, KI, acetone, reflux, overnight, (ii) 3 equiv. of appropriate amine, MeOH,
reflux, overnight, (iii) TFA, DCM, 0 �C, RT, 2 h for Boc-protected derivative.

Scheme 4. Reagents and conditions: (i) 4 equiv. of glacial acetic acid, 4 equiv. of DMAP, 4 equiv. of EDC in DCM and DMF in ratio 1:1, RT, overnight.
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refluxed with corresponding amines (added in excess) to give
compounds 3a–3t and 4a–4l. Compound 4m was synthesised by
direct coupling of acetic acid with compound 4h using EDC in the
presence of DMAP that acts as a base (Scheme 4).40

Biological evaluation

Initial screening was done to all compounds shown in Tables 1–3
in which the spacer length was varied against hH1R (10 mM), hH4R
(10mM) and hH3R (1 mM) in a 1-point radioligand displacement
assays. Ki values were determined for the most promising com-
pounds. Additionally, the compounds were screened against AChE
at 10 mM, compounds that showed percent inhibition above 50 as
threshold were selected for IC50 value determination. Compounds
from the 2nd stage in which the 3-methylene spacer was only
adopted (4a–4m) were screened against H1R (1 mM), H3R and
AChE as shown in Table 4.

Human histamine hH3R affinity
We tried attaching an alkyl ether ending with diverse basic heads
to the benzothiazole core and an ester or amide in the eastern
arbitrary region in the presented series (Figure 2).

An alicyclic amine as the basic head, a 2-carbon spacer, and
short alkyl esters at the eastern arbitrary region were used in the
first cluster of compounds. However, these analogues (1a–1e,
Table 1) showed weak ligand displacement at H3R at 1 mM of the
tested compound (% inhibition 25–63%).

Next, in the 2nd cluster of compounds we tried aromatic L-
amino acid esters at the basic head (L-Tyr, L-Trp and L-PhGly),
while varying the spacer length between 3–5 carbons and methyl
ester at the eastern part of the molecule. Like the first cluster of
compounds, none of the adopted changes led to potent com-
pounds at H3R (Table 2).

In the 3rd group of compounds, we adopted a synthetic strat-
egy in which the same terminal basic group in the western part
of the molecule, was also used in the eastern arbitrary region but
incorporated via an amide linkage to the benzothiazole core
(Table 3). This cluster includes several derivatives with variable
spacer length (n¼ 2–5).

Effect of the spacer length on H3R affinity
Generally, we found that compounds with 3- and 5-carbon
spacers between the basic amine nitrogen and the ether oxygen
provide higher affinity to H3R compared to compounds with 2-
and 4-carbon spacers. For instance, in piperidine and pyrrolidine
derivatives, the alkyl spacer with 3 or 5 methylene groups (com-
pounds 3d, 3o, 3h, 3s) was statistically at the same affinity (Ki ¼
0.074, 0.068, 0.038, and 0.036 lM, respectively) than those with 4
methylene groups (compounds 3j, 3n) with Ki values 0.17 and
0.059 lM, respectively. The 2 methylene spacer (3a, 3b) showed
the lowest affinity with Ki values of >1 mM for 3a and 0.64lM for
3b. Based on this, in our last stage of synthesis, we made more
diversification in the basic head focussed only on compounds hav-
ing a 3-carbon spacer, since it provides the so far best balance in
the gain of affinity and lipophilicity (Table 4).

The basic amine head. Generally, the 3ry alicyclic amines like pyr-
rolidine and piperidine demonstrated higher affinity to H3R than
the 2ry cycloalkyl amines, which is in accordance with previous
investigations.34 It can be protonated for ionic interactions at
physiological pH values (cf. Figure 3).

Pyrrolidine analogues. The use of pyrrolidine afforded the ligands
with the highest affinity to H3R in the present series. Compound
3s (5C spacer) showed the highest affinity with Ki value 0.036 lM.
Decreasing the spacer length to 3 and 4 methylene groups led to
a close inhibitory activity with Ki values 0.038 lM for 3h and
0.059 lM for 3n. While compound 3b with two methylene groups
showed a 10-fold decrease in affinity (Ki ¼ 0.64 lM) (Table 3). In
compound 4a having the 1-(2-aminoethyl) pyrrolidine group as
the basic part, it only slightly reduced the activity (Ki ¼ 0.053 lM,
Table 4) compared to the pyrrolidine analogue (3h) indicating
that having two basic nitrogen atoms can be tolerated in this part
of the molecule.

Piperidine analogues. Piperidine ring was also tried as a basic
amine. Compounds 3d, 3j, 3o with 3-, 4- and 5-carbon spacers
showed good inhibitory activity with Ki ¼ 0.074, 0.17, 0.068 lM,
respectively (Table 3). Obeying the general trend, compound 3a
with a 2-carbon spacer showed the lowest affinity to H3R with Ki
>1lM. Introduction of a mono methyl substituent at position 3 of
the piperidine moiety (4k) seemed to be more tolerated than at
position 4 (4l). Compound 4k showed the highest affinity among
all compounds bearing the substituted piperidine moiety with Ki
value of 0.064 lM (Table 4). Also, fusing a benzene ring to the
piperidine ring as in the tetrahydro-isoquinoline derivative 4e led
to a clear reduction in the affinity with Ki value of 0.34 lM
(Table 4).

Piperazine analogues. The piperazine ring was tried as a basic
head to see the influence of having two basic nitrogen atoms at
the western part of the compound. First, the 1-ethyl and 1-methyl
piperazine derivatives were used in compounds 4f and 4g.
Compound 4f showed moderate inhibitory activity with Ki value
of 0.43mM while compound 4g showed weak inhibitory activity
with Ki value of >1 lM (Table 4). Also, we tried 3-methyl pipera-
zine and 1-(2-hydroxyethyl) piperazine to yield compounds 4h
and 4i respectively. The inhibition by 4h was close to 4f with Ki
value of 0.47 mM while 4i showed a 4-fold boost in the affinity
with Ki value of 0.12lM. Moreover, acetylation of 4h was done to
give 4m, which showed Ki value of 0.4lM, similar to the values of
4f and 4h (Table 4).

Azepane ring. In compound 4b, the azepane ring was tried as the
basic part (with a 3-carbon spacer). This compound showed the
highest affinity towards H3R in the present series with a Ki value of
0.012lM. The increased lipophilicity may contribute to this effect.

Secondary amines. The effect of replacing the 3ry alicyclic amine as
a basic centre with different 2ry amines was also examined.
Cyclopentyl amino derivatives showed low potency, e.g. 3t, which
has a 5-carbon spacer, only showed a marginal Ki value of >1mM
(Table 3). The same applies for the cyclohexyl methyl amino deriva-
tive 3q (also having 5-carbon spacer) with a Ki value >3mM. Ring
expansion to give cycloheptyl amino (3e, 3k, 3p) and ring contrac-
tion to cyclopropyl amino (3g, 3m, 3r) did not recover the activity
towards H3R regardless of the spacer length. The use of aralkyl
amines like the phenyl ethyl amino 4d and benzyl amino 4j led to
ligands with Ki values >1 and 0.64lM respectively (Table 4).

Selectivity
Within the group of histamine receptors, subtype H3R shows the
highest sequence homology to the histamine H4 receptor (H4R). It
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was therefore essential to test newly developed histamine H3R
ligands for their potential interaction with this most closely related
subtype of the histamine receptor family (testing was performed
at 10lM), since modulation of H3Rs is more specific towards neu-
rodegenerative diseases while H4Rs mainly have role in inflamma-
tion and immune response. Based on the obtained data, it was
shown that the active compounds at H3R did not possess remark-
able affinities at the H4R. Additionally, to exclude side effects of
first-generation sedating H1 antagonists which readily cross the
blood–brain barrier, leading to drowsiness, fatigue, and psycho-
motor disturbances, the affinity at the H1R was screened mostly at
a concentration of 10lM and was, except for one compound (3o),
considered negligible (Tables 1–3).

Cholinesterase inhibitory activity
AChE inhibition. To achieve our aim to find MTDLs for Alzheimer’s
disease, all compounds were tested against human AChE as
shown in Tables 1–4. The compounds were tested at 10mM
screening concentration then IC50 values were determined for
compounds showing higher than 50% inhibition at 10lM. Similar
to the activity towards H3R, pyrrolidine derivatives were among
the most potent compounds against AChE regardless of the spa-
cer length. All compounds having pyrrolidine showed % inhibition
of more than 50% at 10mM, however, the strongest inhibitor was
found to be compound 3b bearing the 2 methylene groups with
an IC50 value of 0.44 mM. Interestingly, and unlike what was
observed towards H3R, the 2nd best pyrrolidine derivative is com-
pound 3n with 4-carbon spacer (IC50 ¼ 1.3mM), indicating that
spacer length of two and four methylene groups (Table 2 and
Figure 2) was generally superior for AChE inhibition.

Compound 4b, the most affine compound to H3R, having aze-
panyl head and 3-carbon spacer showed the ability to inhibit AChE
with IC50 ¼ 5.91 mM. This compound showed higher potency
towards AChE than the respective pyrrolidine analogue 3h.
Piperidine derivatives showed potency only with the 4-carbon spa-
cer in compound 3j with IC50 ¼ 8.56 mM. A remarkable drop in
inhibitory activity towards AChE occurred in all the secondary
amines except cyclopentyl amino at spacer 3 and 5 (compounds 3i
and 3t) which showed IC50 values of 7.31 and 3.55 mM, respectively.
Compounds 1c (pyrrolidine derivative) and 1e (piperidine deriva-
tive) which have simple ethyl and methyl esters respectively (2 car-
bon spacer) showed AChE inhibitory activity (IC50 ¼ 7.63 mM,
2.92 mM respectively). This confirms the superiority of the 2-carbon
spacer as a favourable requirement for the AChE inhibitory activity.

BuChE inhibition. As for BuChE, only compounds with dual activity
towards H3R and AChE were tested for their inhibitory activity
towards this enzyme in addition to three compounds (3d, 3o, and
4k) with very good activity towards H3R with Ki values 0.074, 0.068,
and 0.064 mM, respectively (Table 5). Most of the tested com-
pounds showed inhibitory activity towards BuChE in the micromo-
lar range with IC50 values below 5.5mM. Interestingly, compound
4a having 1-(2-amino ethyl) pyrrolidine ring and three carbon spa-
cer showed the highest inhibitory activity with IC50 of 0.169 mM.

MAO-A and B inhibition
The activity of MAO-B enzyme is increased in the cortical areas
and in the hippocampus of the brains of patients with AD. This
overexpression of MAO-B leads to stimulation of free radical for-
mation and thus may feasibly advance the neurodegenerative

Table 1. Screening at H1R, H3R, H4R, and AChE by the first cluster of compounds (1a–1e).

Cpd No. R1 R2 n

hH1R
a hH3R

b hH4R
c AChEd

Inhibition at
10 mM [%] ±SD

(n)

Inhibition at
1 mM [%] ±SD

(n)
Inhibition at
10 mM [%] (n)

Inhibition at
10 mM [%] IC50 (lM)

1a –Et 2 NI
(2)

63.3 ± 4.2%
(2)

39.2 ± 34.7%
(4)

7.64 ± 7.33 >10

1b –Et 2 NI
(2)

35.2 ± 14.4%
(2)

61.7 ± 35.4%
(4)

9.25 ± 7.88 >10

1c –Et 2 1.0 ± 9.7
(2)

50.2 ± 10.9%
(2)

54.0 ± 12.1%
(4)

57.19 ± 5.41 7.63 ± 1.6

1d –Me 2 11.2 ± 10.5
(2)

25.3 ± 5.4%
(2)

51.3 ± 18.2%
(4)

5.52 ± 6.39 >10

1e –Me 2 16.3 ± 41.7e

(3)
54.2 ± 28.4%

(2)
ND 84.05 ± 4.25 2.92 ± 0.37

Values are mean values of n experiments; ND: not determined; NI: no inhibition. % inhibition at H1R, H3R and H4R is calculated relative to radioligand binding
(100%). aChlorpheniramine maleate was used as a positive control with Ki value of 0.011lM. bPitolisant was used as a positive control with Ki value of 0.010lM.
cJNJ777120 was used as a positive control with Ki value of 0.024lM. dDonepezil was used as a positive control with an IC50 value of 36.45 ± 8.31 nM.
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mechanisms occurring in AD. Therefore, many new MAO-B inhibi-
tors are designed and developed as potential disease-modifying
AD drugs.41 On the other hand MAO-A was found to increase in
the hypothalamus and frontal pole. MAO-A activity appears to be
lower in the locus ceruleus in patients with AD, and is accompa-
nied by an approximately 80% decrease in the number of neu-
rons, revealing that activated MAO-A in neurons is involved in the
pathology of this disease as a predisposing factor.42 Consequently,
the same set of compounds selected for testing against BuChE
was further tested against MAO-A and -B enzymes (Table 5). Only
compounds having piperidine and pyrrolidine as a basic head
with 5-carbon spacer (compounds 3o and 3s) displayed significant
and selective MAO-B inhibitory activity (>60% inhibition at 10mM)
with IC50 values 3.04 and 1.6mM, respectively.

Molecular modeling

Docking studies on H3R
Among the four known histamine receptor subtypes, crystal struc-
ture only for the histamine H1 receptor was known up to date

(PDB ID: 3RZE).43 Therefore, due to the lack of crystal structures,
homology modelling methods are used to search for new H3R
ligands and to explain SAR. Using the prepared homology
model,44 we made an attempt to demonstrate how the tested
compounds interacted with the H3R active site. We chose one of
the most active H3R ligands 3s (Ki ¼ 0.036 mM), to present the
observed interactions. The homology model was kindly provided
by Marek Bajda group.44 Compound 3s interacts with the hom-
ology model through different types of interactions (Figure 3)
described as follows: (1) The protonated pyrrolidine nitrogen inter-
acts with Glu176 through ionic interaction, (2) One of the methy-
lene groups in the spacer interacts with Phe163 through CH–p
interaction, (3) The CH groups in the pyrrolidine ring formed two
hydrogen bonds involving Glu176 (CH… .O interaction) and Cys88
(CH… .S interaction) and one CH–p interaction involving Trp341,
4) The carbonyl group in the eastern arbitrary region interacts
with Arg351 through hydrogen bond interaction.

The overall binding mode apparently resembles that described
for the known H3R inverse agonists such as ABT-239, JNJ5207852,
and others.44 These inverse agonists contain in their structure

Table 2. Inhibition of H1R, H3R, H4R and AChE by the 2nd cluster of compounds (2a–2e).

Cpd No. R n

hH1R
a hH3R

b hH4R
c AChEd

Inhibition at
10 mM [%] (n)

Inhibition at
1 mM [%] ±SD (n)

Inhibition at
10 mM [%] (n) Inhibition at 10 mM [%] IC50 (lM)

2a 3 NI
(2)

54.8 ± 21.2%
(2)

35.5 ± 32.1%
(3)

NI >10

2b 3 9.2 ± 19.1
(2)

33 ± 13.8%
(2)

48.0 ± 30.0%
(3)

NI >10

2c 4 NI
(2)

39.5 ± 20.8%
(2)

69.5 ± 28.0%
(2)

1.8 ± 5.0 >10

2d 4 NI
(2)

64.5 ± 10.3%
(2)

58.5 ± 11.6%
(3)

NI >10

2e 5 NI
(2)

26.0 ± 6.3%
(2)

62.8 ± 14.7%
(3)

NI >10

Values are mean values of n experiments; ND: not determined, NI: no inhibition. % inhibition at H1R, H3R and H4R is calculated relative to radioligand binding
(100%). aChlorpheniramine maleate was used as a positive control with Ki value of 0.011lM. bPitolisant was used as a positive control with Ki value of 0.010 lM.
cJNJ777120 was used as a positive control with Ki value of 0.024lM. dDonepezil was used as a positive control with an IC50 value of 36.45 ± 8.31 nM.
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Table 3. Inhibition of H1R, H3R, H4R and AChE by 3rd cluster of compounds (3a–3t).

Cpd No. R n

hH1R
a hH3R

b hH4R
c AChEd

Inhibition at
10 mM [%] (n)

Inhibition at
1 mM [%] ±SD (n)

or
Ki [mM] (n)

Inhibition at
10 mM [%] (n) Inhibition at 10 mM [%] IC50 (lM)

3a 2 NI
(2)

68.0 ± 9.1%
(2)

30.3 ± 24.9%
(4)

35.5 ± 13.44 >10

3b 2 NI
(2)

0.64mM
(3)

44.9 ± 18.1%
(4)

95.3 ± 0.8 0.44 ± 0.10

3c 2 5.3 ± 14.2
(2)

31.5 ± 11.4%
(2)

52.8 ± 11.8%
(4)

NI >10

3d 3 65.3 ± 9.2
(2)

0.074mM
(3)

63.1 ± 11.2%
(4)

33.6 ± 10.82 >10

3e 3 12.1 ± 18.3
(2)

35.7 ± 11.5%
(2)

53.5 ± 15.2%
(4)

7.3 ± 2.31 >10

3f 3 47.6 ± 12.9
(2)

46.3 ± 14.7%
(2)

60.8 ± 30.4%
(4)

3.2 ± 3.69 >10

3g 3 13.6 ± 10.7
(2)

27.7 ± 12.8%
(2)

30.2 ± 14.3%
(3)

15.4 ± 11.25 >10

3h 3 39.1 ± 13.0
(2)

0.038mM
(3)

54.3 ± 13.0%
(4)

56.8 ± 7.14 7.21 ± 2.30

3i 3 35.5 ± 9.8
(2)

51.2 ± 8.7%
(2)

50.5 ± 13.0%
(4)

59 ± 6.16 7.31 ± 1.59

3j 4 42.8 ± 7.7
(2)

0.17mM
(3)

53.1 ± 11.7%
(4)

54.8 ± 7.01 8.56 ± 2.83

3k 4 14.2 ± 11.7
(2)

39.0 ± 8.9%
(1)

61.5 ± 8.9%
(4)

9.7 ± 4.91 >10

3l 4 14.7 ± 8.5
(2)

57.3 ± 12.7%
(1)

49.7 ± 41.0%
(4)

16.7 ± 7.79 >10

3m 4 27.0 ± 10.6
(2)

67.8 ± 2.5%
(2)

53.6 ± 11.1%
(4)

13.2 ± 8.07 >10

(continued)
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nitrogen atom capable of protonation at physiological pH values.
The docking results suggested that the ionic interaction with
Glu176 in the active site is essential for efficient binding of non-
imidazole H3 antagonists. Compound 3s like the other antagonists
showed this type of interaction through the protonated nitrogen
atom in the pyrrolidine ring. The overall interactions including
ionic, hydrogen bond and hydrophobic interactions with their
appropriate distances led to the high affinity of this compound
at H3R.

Upon comparing the docking results of the most potent pyr-
rolidine derivative 3s (Ki ¼ 0.036 mM) with the least potent 3b
(Ki ¼ 0.64 mM), it is clear that the number of interactions is
lower in 3b than 3s. In 3b, only two amino acids (Glu176 and
Arg351) were shown to interact with 3b. In addition, the dis-
tance between the amino acids and the compound is larger in
case of 3b since the distance of the ionic interaction in 3b was
3.95Å while in 3s it was shorter (3.15 Å). Also, the distance of
the hydrogen bonds formed with Glu176 was greater in case of
3b (Figure 4).

Docking studies on AChE enzyme
In an attempt to get a better insight into the binding mode of
our most potent inhibitor against human AChE 3b (IC50 ¼
0.44lM), molecular docking was performed at AChE binding
pocket (PDB code: 4EY5) using MOE. As depicted in Figure 5, 3b

binds to AChE binding site in a way analogous to the cocrystal-
lized ligand (Huperzine A) with a score �43.3102 and rmsd
1.4070. Compound 3b was extended along the active gorge. The
pyrrolidine ring was located close to the amino acid residues from
the anionic site and the catalytic triad.

Docking studies on BuChE enzyme
Compound 4a was docked to the active site of human BuChE.
The binding mode of the active compound 4a, which revealed
significant hBuChE inhibitory activity with IC50 0.169 lM is shown
in Figure 6.

In-silico evaluation of drug-like properties

Since the major indication of these compounds is the treatment
of AD, it seemed interesting to assess the ability of the most
potent and selective novel analogues to pass BBB. Different physi-
cochemical properties associated with a high probability of CNS
penetration have been previously reported in the literature.45,46

CNS-active drug candidates are assumed to have definite attrib-
utes exemplified in: molecular weight <450, solubility >60 mg/ml,
logP <5, HBA <7 and HBD <3. The molecule topological polar
surface area (TPSA) is one of the concepts used to assess drug-
likeness and ability to cross BBB where its ideal value is less than
70 Å2. However, the upper limit of PSA for a molecule to

Table 3. Continued.

Cpd No. R n

hH1R
a hH3R

b hH4R
c AChEd

Inhibition at
10 mM [%] (n)

Inhibition at
1 mM [%] ±SD (n)

or
Ki [mM] (n)

Inhibition at
10 mM [%] (n) Inhibition at 10 mM [%] IC50 (lM)

3n 4 37.5 ± 7.5
(2)

0.059mM
(3)

57.9 ± 13.3%
(4)

83 ± 3.27 1.30 ± 0.10

3o 5 91.2 ± 8.2
(6)

0.068mM
(4)

38.8 ± 28.0%
(4)

27.8 ± 5.91 >10

3p 5 17.5 ± 8.4
(2)

34.0 ± 7.5%
(2)

58.4 ± 8.3%
(4)

9.5 ± 3.58 >10

3q 5 40.6 ± 8.2
(2)

>3 mM
(2)

49.1 ± 22.8%
(4)

22.2 ± 5.5 >10

3r 5 23.7 ± 12.7
(2)

38.8 ± 9.7%
(2)

51.6 ± 15.8%
(4)

14.8 ± 6.73 >10

3s 5 66.2 ± 7.3
(2)

0.036mM
(3)

63.7 ± 13.0%
(4)

58.6 ± 3.73 6.70 ± 1.13

3t 5 47.3 ± 8.914
(2)

>1 mM
(2)

41.8 ± 31.7%
(4)

75.5 ± 4.73 3.55 ± 0.54

Values are mean values of n experiments; ND: not determined, NI: no inhibition. %inhibition in H1R, H3R and H4R is calculated relative to radioligand binding
(100%). aChlorpheniramine maleate was used as a positive control with Ki value of 0.011lM. bPitolisant was used as a positive control with Ki value of 0.010 lM.
cJNJ777120 was used as a positive control with Ki value of 0.024lM. dDonepezil was used as a positive control with an IC50 value of 36.45 ± 8.31 nM.
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Table 4. Inhibition of H3R, and AChE (compounds 4a–4m).

Cpd No. R n

hH1R
a hH3R

a AChEb

Inhibition at
1 mM [%] (n)

Inhibition at 1 mM [%] ±SD (n)
or

Ki [mM] (n) Inhibition at 10 mM [%] IC50 (lM)

4a 3 28.1 ± 39.1%
(3)

0.053mM
(3)

86.9 ± 1.51 1.24 ± 0.07

4b 3 41.9 ± 33.8%
(7)

0.012mM
(3)

62.8 ± 3.35 5.91 ± 0.67

4c 3 26.8 ± 31.0%
(3)

0.34 mM
(3)

6.9 ± 1.67 >10

4d 3 10.9 ± 37.1%
(3)

>1lM
(3)

5.2 ± 2.36 >10

4e 3 9.7 ± 23.0%
(3)

0.34 mM
(3)

6.2 ± 3.15 >10

4f 3 3.0 ± 36.0%
(3)

0.43 mM
(3)

8.2 ± 1.64 >10

4g 3 4.8 ± 37.7%
(3)

>1 mM
(3)

7.7 ± 1.87 >10

4h 3 18.4 ± 27.0%
(3)

0.47 mM
(5)

8.3 ± 1.02 >10

4i 3 22.5 ± 27.4%
(3)

0.12 mM
(4)

7.3 ± 2.77 >10

4j 3 27.0 ± 39.4%
(3)

0.64 mM
(3)

20.3 ± 3.55 >10

4k 3 42.9 ± 28.3%
(7)

0.064mM
(3)

34.4 ± 2.15 >10

(continued)
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penetrate CNS was around 90 Å2.45 Therefore, different physico-
chemical parameters of several potent inhibitors with dual activity
from the current series were calculated using MOE software as
shown in Table 6 to estimate their drug-likeness. The calculated
parameters for most of our potent compounds were within the
ideal ranges for brain penetration as reported in the literature.
In particular, compounds 3b, 3h, and 3n have reduced logP,
logD, and low molecular weight. These values would likely allow
BBB penetration. Also, those compounds showed an advanta-
geous enhancement of solubility. Altogether, a high possibility
for brain penetration for the highly potent and selective com-
pounds in the current work was anticipated.

Conclusion

In this work, we present benzothiazole derivatives as multi-target
ligands to efficiently treat AD. The presented derivatives have a

benzothiazole-based central core, which is connected to piperi-
dine, pyrrolidine, azepane and other rings via an alkoxy linker. H3R
affinity was determined by radioligand displacements assay
against [3H] N-methylhistamine. Several of the presented com-
pounds reached Ki values in the nanomolar range. The most affine
compound, the azepane-linked benzothiazole derivative displayed
a Ki value of 0.012 lM. The linker length had a slight influence on
H3R affinity in that the ethoxy linker was the least favourite linker.
Additionally, affinity at the H4 receptor was tested against [3H]-his-
tamine, but no notable receptor inhibition at 10mM was detected.
To exclude side effects, the affinity at the H1 receptor was deter-
mined against [3H]-pyrilamine and was considered negligible.
Upon examining the inhibitory activity of all our compounds
towards AChE, some of them showed good potency towards the
inhibition of these enzymes with IC50 values in the low or sub-
micromolar range. Moreover, some of the compounds were tested
towards BuChE and showed inhibitory activity towards the

Figure 3. Binding mode of compound 3s within the homology model of H3R. 3s was docked into the active site using MOE. In the binding model, compound 3s
formed three hydrogen bond interactions with Glu176, Cys88, and Arg351, a salt bridge with Glu176 and two CH–p interactions involving Trp341 and Phe163.
Interactions are indicated by dashed lines and distances between the heavy atoms are given in Å.

Table 4. Continued.

Cpd No. R n

hH1R
a hH3R

a AChEb

Inhibition at
1 mM [%] (n)

Inhibition at 1 mM [%] ±SD (n)
or

Ki [mM] (n) Inhibition at 10 mM [%] IC50 (lM)

4l 3 26.8 ± 26.3%
(3)

0.43 mM
(3)

8.4 ± 0.51 >10

4m 3 27.0 ± 27.6%
(3)

0.40 mM
(4)

2.4 ± 2.06 >10

Values are mean values of n experiments; ND: not determined, NI: no inhibition. %inhibition in H3R is calculated relative to radioligand binding (100%). aPitolisant
was used as a positive control with Ki value of 0.010lM. bDonepezil was used as a positive control with an IC50 value of 36.45 ± 8.31 nM.
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enzyme in the micromolar range with IC50 values below 5.5mM.
Among the 42 synthesised compounds, we have 6 compounds (3b,
3j, 3n, 3s, 3t, and 4a) that can be described as MTDL with affinities
for hH3R and inhibitory activity for AChE and BuChE. These struc-
tures using the benzothiazole moiety as a privileged scaffold serve
as a starting point for further structural optimizations to improve
MTDL pharmacological properties and to yield potential drugs for
the treatment of neurodegenerative diseases.

Experimental section

Chemistry

Solvents and reagents were purchased from commercial suppliers
and used as received. 1H NMR and 13C NMR spectra were
recorded by a Bruker DRX 500 spectrometer, Bruker Fourier 300 as

well as Varian 400 spectrometer. 1H shifts are referenced to the
residual protonated solvent signal (d 2.50 for DMSO-d6), (d 7.24
for CDCl3), (d 4.87 for CD3OD) and

13C shifts are referenced to the
deuterated solvent signal (d 39.5 for DMSO-d6), (d 77.0 for CDCl3),
(d 49.5 for CD3OD). Chemical shifts are given in parts per million
(ppm), and all coupling constants (J) are given in Hz. All final com-
pounds have a percentage purity of at least 95%, and this was
verified utilising HPLC coupled with mass spectrometry. Mass
spectrometric analysis (UHPLC-ESI-MS) was done utilising Waters
ACQUITY Xevo TQD framework, which consisted of an ACQUITY
UPLC H-Class system and XevoTM TQD triple-quadrupole tandem
mass spectrometer with an electrospray ionisation (ESI) interface
(Waters Corp., Milford, MA, USA). Acquity BEH C18 50mm �
2.1mm column (particle size, 1.7 mm) was utilised to separate ana-
lytes (Waters, Ireland). Two LC methods were used. Method I: The
percentage of B started at an initial of 5% and maintained for

Table 5. Inhibition of selected compounds at BuChE and MAO-A and B enzymes.

Cpd No. R n
MAO-A

MAO-B hBuChE

% Inhibition at 10 mMa % Inhibition at 10 mMa IC50 (mM) % Inhibition at 10 mMa IC50 (lM)

3b 2 58 ± 2 47 ± 3 ND 70 ± 1 5.31 ± 0.01

3d 3 33 ± 3 28 ± 5 ND 31 ± 1 ND

3h 3 22 ± 4 24 ± 4 ND 13 ± 2 ND

3j 4 29 ± 5 48 ± 5 ND 70 ± 2 3.07 ± 0.24

3n 4 31 ± 4 49 ± 4 ND 80 ± 1 1.32 ± 0.12

3o 5 37 ± 4 70 ± 4 3.04 ± 0.46 81 ± 1 2.38 ± 0.32

3s 5 45 ± 3 75 ± 3 1.60 ± 0.16 69 ± 1 2.35 ± 0.23

3t 5 39 ± 4 47 ± 5 ND 84 ± 1 1.75 ± 0.06

4a 3 29 ± 4 51 ± 1 ND 97 ± 1 0.169 ± 0.019

4b 3 29 ± 2 46 ± 5 ND 51 ± 2 ND

4k 3 32 ± 2 48 ± 5 ND 30 ± 5 ND

aValues are mean values of three experiments; standard deviation <20%.
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1min, then increased up to 100% during 10min, kept at 100% for
2min, and flushed back to 5% in 3min then kept at 5% for 1min.
Method II: The solvent system consisted of water containing 0.1%
formic acid (A) and 0.1% formic acid in acetonitrile (B). HPLC was
used for purity determination, HPLC-technique: flow rate

400 lL/min. The percentage of B started at an initial of 5% and
maintained for 0.5min, then increased up to 100% for 4min, kept
at 100% for 2min, and flushed back to 5% in 1min. The MS scan
was carried out at the accompanying conditions: capillary voltage
3.5 kV, cone voltage 20 V, radio frequency (RF) lens voltage 2.5 V,

Figure 4. Binding mode of compound 3b within the homology model of H3R. 3b was docked into the active site using MOE. In the binding model, compound 3b
formed three hydrogen bond interactions with Glu176, a salt bridge with Glu176 and one hydrogen bond with Arg351. Dashed lines indicated the interactions and dis-
tances between the heavy atoms are given in Å.

Figure 5. Binding mode of compound 3b within the AChE active site (PDB code: 4EY5). 3b was docked into the active site of AChE using MOE. In the binding model,
compound 3b is anchored between amino acids Phe295, Tyr337, Glu202 and Trp86. It formed cation-pi interaction with Trp86. In addition, we found two CH–p inter-
actions involving Tyr337 and two hydrogen bond interactions with Glu202 and Phe295. Dashed lines indicate the interactions and distances between the heavy atoms
are given in Å.
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source temperature 150 �C and desolvation gas temperature
500 �C. Nitrogen was used as the desolvation and cone gas at a
flow rate of 1000 and 20 L/h, respectively. System operation and
data acquisition were controlled using Mass Lynx 4.1 software
(Waters). Full-scan HRMS experiments were done with a dual elec-
trospray interface (ESI) and a quadrupole time-of-flight mass spec-
trometer (Q-TOF, Agilent 6530 Series, Agilent Technologies,
Cernusco s. N., Italy). Spectra were recorded in the mass/charge
(m/z) range 50� 3000Da. Melting points were obtained using a
Buchi B-540 melting point apparatus and are uncorrected.

General synthetic methods and experimental details
General procedure for the synthesis of 6-hydroxybenzothiazole-2-
carboxylic acid ethyl and methyl ester (A, B). A solution of 1, 4-
benzoquinone (5mmol) in MeOH (20ml) was added dropwise to a
solution of L-cysteine ethyl or methyl ester hydrochloride (5mmol)
in MeOH (20ml) with stirring at room temperature overnight. The
reaction was monitored by TLC (petroleum ether/EtOAc, 6/4) and
upon the reaction completion, the solvent was evaporated. The
residue was dissolved in isopropanol (50ml) then an aqueous
solution of 1M K3Fe(CN)6 (20ml) and 4M NaOH (2.5ml) were
added, respectively. The mixture was stirred at room temperature
overnight. At the end of the reaction (known by TLC monitoring),
the solid was removed by filtration and the solution was extracted
with ethyl acetate. The combined organic layers were dried over
anhydrous Na2SO4 and concentrated in vacuo. To a solution of the

obtained benzothiazine in EtOH (20ml), HCl (1M, 12ml) was
added. After stirring for 24 h at room temperature, H2O was added
and the mixture was extracted with CH2Cl2. The organic layer was
dried over anhydrous Na2SO4 and evaporated under reduced pres-
sure, and the resulting residue was purified by column chroma-
tography (CC) using (EtOAc/petroleum ether, 4:6) as a solvent
system to give compounds A and B.

6-Hydroxybenzothiazole-2-carboxylic acid methyl ester (a).
Synthesised according to the method outlined above using L-cyst-
eine methyl ester hydrochloride; brown solid; yield: 50.87%; mp
90.2–90.8 �C; MS (ESI): m/z¼ 210 (MþH)þ.39

6-Hydroxybenzothiazole-2-carboxylic acid ethyl ester (B). Synthesised
according to the method outlined above using L-cysteine ethyl
ester hydrochloride. The product was purified by CC (EtOAc:
Petroleum ether, 4:6); yellow solid; yield: 60%; mp 90.6–90.9 �C; 1H
NMR (400MHz, DMSO-d6) d 8.00 (d, J¼ 8.9 Hz, 1H), 7.46 (d,
J¼ 2.4 Hz, 1H), 7.09 (dd, J¼ 8.9, 2.4 Hz, 1H), 4.39 (q, J¼ 7.1 Hz, 2H),
1.33 (t, J¼ 7.1 Hz, 3H), 1.20 (s, 1H); 13C NMR (101MHz, DMSO-d6) d
160.63, 158.19, 154.42, 146.82, 138.60, 126.21, 118.20, 107.04,
62.77, 14.48; MS (ESI): m/z¼ 224.03 (MþH)þ.

General procedure for the synthesis of compounds (1a–1e).
Different derivatives of chloro ethyl amine hydrochloride (4mmol)
were added to a solution of 6-hydroxybenzothiazole ester

Figure 6. Binding mode of compound 4a within the BuChE active site (PDB code: 1POI). 4a was docked into the active site of BuChE using MOE. In the binding
model, compound 4a is anchored between amino acids Phe329, Thr284, Ala277 and Glu197. It formed three hydrogen bond interactions involving Glu197, Ala277 and
Thr284. In addition one CH–p interaction with Phe329. Dashed lines indicate the interactions and distances between the heavy atoms are given in Å.

Table 6. Calculated physicochemical properties of compounds (3b, 3h, 3j, 3n, 3s, 3t, 4a, 4b)*.

Cpd. No. MW [gm/mol] logS logP logD TPSA [Å2] HBD HBA BBB crossing prediction

3b 346.475 �2.97 2.630 0.838 46.87 0 3 þ
3h 360.502 �3.17 3.072 0.559 46.87 0 3 þ
3j 402.583 �3.78 4.398 0.977 46.87 0 3 þ
3n 374.529 �3.37 3.514 0.532 46.87 0 3 þ
3s 388.556 �3.58 3.956 0.718 46.87 0 3 þ
3t 416.61 �4.36 5.501 0.490 67.83 1 3 þ
4a 416.61 �3.98 2.361 �2.088 46.87 2 4 þ
4b 416.61 �3.98 4.840 1.435 46.87 0 3 þ
�Ideal ranges: MW: <450 g/mol, solubility >60mg/ml, logP: <5; logD <3 (at pH ¼ 7.4), TPSA <90 Å2, HBD: <3; HBA <7.

14 D. E. HAFEZ ET AL.



(0.446 g, 2mmol) in acetone (20ml). Then (1.1 g, 8mmol) potas-
sium carbonate and a few specs of potassium iodide were added
to the mixture and heated to reflux for 6 h. Afterward, the mixture
was concentrated in vacuo. The residue was partitioned between
ethyl acetate and distilled water, the aqueous layer was re-
extracted by ethyl acetate. The organic layers were collected and
the volume was reduced under reduced pressure. Afterward, the
product was purified by CC to yield compounds (1a–1e).

Ethyl 6-(2-morpholinoethoxy)benzo[d]thiazole-2-carboxylate (1a). The
title compound was synthesised according to the procedure in
Section “General procedure for the synthesis of compounds (1a–
1e)”, using 4–(2-chloroethyl) morpholine hydrochloride. The prod-
uct was purified by CC (DCM:MeOH:TEA, 100:1:1); light brown
solid; yield: 46.3%; mp 128.4–128.8 �C; 1H NMR (300MHz, DMSO-
d6) d 8.10 (d, J¼ 9.1 Hz, 1H), 7.82 (d, J¼ 2.4 Hz, 1H), 7.26 (dd,
J¼ 9.1, 2.5 Hz, 1H), 4.43 (q, J¼ 7.1 Hz, 2H), 4.22 (t, J¼ 5.7 Hz, 2H),
3.64� 3.56 (m, 4H), 2.77 (t, J¼ 5.6 Hz, 2H), 2.58� 2.47 (m, 4H), 1.37
(t, J¼ 7.1 Hz, 3H); 13C NMR (75MHz, DMSO-d6) d 160.56, 158.83,
155.65, 147.69, 138.56, 126.08, 118.50, 105.67, 66.56, 66.44, 62.94,
57.25, 54.00, 14.51; MS (ESI): m/z¼ 337.11 (MþH)þ.

Ethyl 6-(2-(piperidin-1-yl)ethoxy)benzo[d]thiazole-2-carboxylate (1b).
The title compound was synthesised according to the procedure
in Section “General procedure for the synthesis of compounds
(1a–1e)”, using 1–(2-chloroethyl) piperidine hydrochloride. The
product was purified by CC (DCM:MeOH:TEA, 100:3:1); yellow
semisolid; yield: 35.2%; 1H NMR (400MHz, CDCl3) d 8.09 (d,
J¼ 9.1 Hz, 1H), 7.36 (d, J¼ 2.3 Hz, 1H), 7.15 (dd, J¼ 9.1, 2.4 Hz, 1H),
4.52 (q, J¼ 7.1 Hz, 2H), 4.30 (t, J¼ 5.3 Hz, 2H), 3.01 (s, 2H), 2.74 (s,
4H), 1.77� 1.70 (m, 4H), 1.51 (d, J¼ 4.7 Hz, 2H), 1.46 (t, J¼ 7.1 Hz,
3H); 13C NMR (101MHz, CDCl3) d 160.67, 158.23, 155.95, 147.99,
138.61, 126.19, 117.80, 104.35, 65.74, 62.92, 57.34, 54.84, 24.96,
23.44, 14.29; MS (ESI): m/z¼ 335.14 (MþH)þ.

Ethyl 6-(2-(pyrrolidin-1-yl)ethoxy)benzo[d]thiazole-2-carboxylate (1c).
The title compound was synthesised according to the procedure
in Section “General procedure for the synthesis of compounds
(1a–1e)”, using 1–(2-chloroethyl) pyrrolidine hydrochloride. The
product was purified by CC (DCM:MeOH:TEA, 100:4:1); yellow
semisolid; yield: 23.5%; 1H NMR (300MHz, DMSO-d6) d 7.59 (d,
J¼ 8.9 Hz, 1H), 7.27 (d, J¼ 2.4 Hz, 1H), 6.87 (dd, J¼ 8.9, 2.5 Hz, 1H),
4.47� 4.40 (m, 2H), 4.29 (t, J¼ 4.5 Hz, 2H), 3.59 (s, 4H), 3.52� 3.41
(m, 4H), 2.17� 1.92 (m, 5H); 13C NMR (75MHz, DMSO-d6) d 168.34,
163.00, 156.18, 148.22, 138.15, 124.47, 115.96, 105.09, 64.71, 54.51,
54.18, 53.35, 23.10, 14.20; MS (ESI): m/z¼ 335.14 (MþH)þ.

Methyl 6-(2-morpholinoethoxy)benzo[d]thiazole-2-carboxylate (1d).
The title compound was synthesised according to the procedure in
Section “General procedure for the synthesis of compounds (1a–1e)”,
using 4-(2-chloroethyl) morpholine hydrochloride. The product was
purified by CC (DCM:MeOH:TEA, 100:3:1); brown solid; yield: 44.8%;
mp 139.2–139.5 �C; 1H NMR (300MHz, DMSO-d6) d 8.09 (d, J¼ 9.1Hz,
1H), 7.81 (d, J¼ 2.5Hz, 1H), 7.26 (dd, J¼ 9.1, 2.5Hz, 1H), 4.21 (t,
J¼ 5.7Hz, 2H), 3.97 (s, 3H), 3.63� 3.56 (m, 4H), 2.77 (t, J¼ 5.6Hz, 2H),
2.51 (t, J¼ 3.7Hz, 4H); 13C NMR (75MHz, DMSO-d6) d 160.94, 158.86,
155.23, 147.65, 138.54, 126.07, 118.54, 105.65, 66.57, 66.47, 57.25,
54.00, 53.81; MS (ESI): m/z¼ 323.1 (MþH)þ.

Methyl 6-(2-(piperidin-1-yl)ethoxy)benzo[d]thiazole-2-carboxylate (1e).
The title compound was synthesised according to the procedure
in Section “General procedure for the synthesis of compounds

(1a–1e)”, using 1-(2-chloroethyl) piperidine hydrochloride. The
product was purified by CC (DCM:MeOH:TEA, 100:3:1); yellowish
white solid; yield: 51.6%; mp 121–121.5 �C; 1H NMR (400MHz,
DMSO-d6) d 8.07 (d, J¼ 9.0 Hz, 1H), 7.80 (d, J¼ 2.0 Hz, 1H), 7.23
(dd, J¼ 8.9, 2.3 Hz, 1H), 4.17 (t, J¼ 5.2 Hz, 2H), 3.94 (s, 3H), 2.72 (s,
2H), 2.47� 2.44 (m, 4H), 1.49 (s, J¼ 50.0 Hz, 4H), 1.36 (s, 2H); 13C
NMR (101MHz, DMSO-d6) d 160.91, 158.88, 155.19, 147.60, 138.52,
126.03, 118.53, 105.66, 66.68, 57.50, 54.73, 53.77, 25.87, 24.23; MS
(ESI): m/z¼ 321.1 (MþH)þ.

General procedure for preparing compounds (2a–2e). Preparation
of the amino acid methyl ester. A 250ml round bottom flask con-
taining methanol (30ml), was cooled in an ice bath, then the solid
amino acid (10mmol) was added in one portion. The solution was
stirred for 5min, then acetyl chloride (4ml) was added dropwise
using a dropping funnel over 15min, the solution was then heated
to reflux for 5h, allowed to cool to room temperature and the solv-
ent was removed under reduced pressure to give the methyl ester
hydrochloride of the amino acid. The free base was obtained by add-
ing dil. NH4OH and extraction with CH2Cl2.The organic layer was
dried over anhydrous MgSO4, evaporated under reduced pressure
and was used in the next step without further purification.

Preparation of compounds (C–F). A suspension of methyl 6-hydroxy-
benzothiazole-2-carboxylate (compound A) (2mmol), appropriate
alpha, omega-dibromoalkanes (6mmol), anhydrous K2CO3 (8mmol)
and few specs of potassium iodide in acetone (30ml) was stirred at
80 �C for 6h. The suspension was partitioned between ethyl acetate
and distilled water. The combined organic phase was dried over
anhydrous Na2SO4, and concentrated in vacuo. The residue was puri-
fied by column chromatography over silica gel using methylene
chloride as eluent to give the product a solid (C–F). The LC-MS con-
firmed the purity and the masses of these compounds and they
were used in the next step without further elucidation.

Preparation of compounds (2a–2e). To a solution of the compounds
(C–F) dissolved in methanol (20ml), the methyl ester of the amino
acid (3 equiv.) was added and the reaction mixture was left to
reflux overnight. The solvent was evaporated in vacuo and extrac-
tion was done using methylene chloride and water. The organic
layer was dried over anhydrous Na2SO4, concentrated in vacuo
and the residue was purified by CC.

Methyl (S)-6-(3-((3-(4-hydroxyphenyl)-1-methoxy-1-oxopropan-2-yl)a-
mino)propoxy)benzo[d]thiazole-2-carboxylate (2a). The title com-
pound was synthesised according to the procedure in Section
“General Procedure for preparing compounds (2a–2e)”, using
methyl ester of L-tyrosine amino acid and 1,3-dibromopropane.
The product was purified by CC (DCM:MeOH, 100:1); yellow semi-
solid; yield: 47.9%; 1H NMR (500MHz, DMSO-d6) d 9.19 (s, 1H), 8.08
(d, J¼ 9.0 Hz, 1H), 7.73 (d, J¼ 2.5 Hz, 1H), 7.20 (dd, J¼ 8.5, 2.1 Hz,
1H), 6.94 (d, J¼ 7.8 Hz, 2H), 6.62 (d, J¼ 8.5 Hz, 2H), 5.76 (s, 1H),
4.08 (t, J¼ 6.3 Hz, 2H), 3.96 (s, 3H), 3.53 (s, 3H), 3.37 (t, J¼ 6.7 Hz,
1H), 2.78� 2.65 (m, 3H), 2.55 (dd, J¼ 12.4, 5.8 Hz, 1H), 1.84 (dd,
J¼ 13.0, 6.5 Hz, 2H); 13C NMR (126MHz, DMSO-d6) d 174.53,
160.48, 158.58, 155.78, 154.66, 147.08, 138.09, 129.97, 127.67,
125.55, 118.01, 114.90, 105.01, 66.51, 62.89, 53.30, 51.13, 43.80,
37.93, 28.95; MS (ESI): m/z¼ 445.12 (MþH)þ.

Methyl (S)-6-(3-((3-(1H-indol-2-yl)-1-methoxy-1-oxopropan-2-yl)ami-
no)propoxy)benzo[d]thiazole-2-carboxylate (2b). The title compound
was synthesised according to the procedure in Section “General

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 15



Procedure for preparing compounds (2a–2e)”, using methyl ester
of L-tryptophan amino acid and 1,3-dibromopropane. The product
was purified by CC (DCM:MeOH, 100:1.5); orange semisolid; yield:
8.3%; 1H NMR (400MHz, DMSO-d6) d 10.80 (s, 1H), 8.05 (d,
J¼ 9.0 Hz, 1H), 7.68 (d, J¼ 2.2 Hz, 1H), 7.45 (d, J¼ 7.9 Hz, 1H), 7.30
(d, J¼ 8.0 Hz, 1H), 7.18� 7.15 (m, 1H), 7.09 (d, J¼ 1.5 Hz, 1H), 7.02
(d, J¼ 7.6 Hz, 1H), 6.93 (t, J¼ 7.3 Hz, 1H), 4.08 (t, J¼ 6.2 Hz, 2H),
3.95 (s, 3H), 2.98 (d, J¼ 6.6 Hz, 3H), 2.72� 2.65 (m, 1H), 2.61� 2.54
(m, 1H), 1.88� 1.81 (m, 3H), 1.22 (s, 3H); MS (ESI):
m/z¼ 468.12 (MþH)þ.

Methyl 2-(6-(3-(((R)-2-methoxy-2-oxo-1-phenylethyl)amino)propoxy)-
benzo[d]thiazole-2-carboxamido)-2-phenylacetate (2c). The title com-
pound was synthesised according to the procedure in Section
“General Procedure for preparing compounds (2a–2e)”, using
methyl ester of L-tyrosine amino acid and 1,4-dibromobutane.
The product was purified by CC (DCM:MeOH, 100:1); yellow semi-
solid; yield: 74.8%; 1H NMR (500MHz, DMSO-d6) d 9.18 (s, 1H), 8.08
(d, J¼ 9.1 Hz, 1H), 7.77 (d, J¼ 2.5 Hz, 1H), 7.23 (dd, J¼ 9.0, 2.6 Hz,
1H), 6.95� 6.93 (m, 2H), 6.64� 6.62 (m, 2H), 4.05 (t, J¼ 6.5 Hz, 2H),
3.96 (s, 3H), 3.53 (s, 3H), 3.38 (dd, J¼ 9.1, 4.8 Hz, 1H), 2.75� 2.70
(m, 2H), 2.55 (dt, J¼ 11.5, 7.1 Hz, 1H), 2.48� 2.42 (m, 1H),
1.78� 1.72 (m, 2H), 1.55� 1.49 (m, 2H), 1.23 (s, 1H); 13C NMR
(126MHz, DMSO-d6) d 169.66, 160.47, 158.61, 155.78, 154.64,
147.07, 138.11, 129.95, 127.62, 125.57, 118.05, 114.92, 105.01,
68.16, 62.87, 53.30, 51.14, 46.73, 37.97, 26.19, 25.85; MS (ESI):
m/z¼ 459.14 (MþH)þ.

Methyl (R)-6-(4-((3-(4-hydroxyphenyl)-1-methoxy-1-oxopropan-2-yl)a-
mino)butoxy)benzo[d]thiazole-2-carboxylate (2d). The title com-
pound was synthesised according to the procedure in Section
“General Procedure for preparing compounds (2a–2e)”, using
methyl ester of L-phenyl glycine amino acid and 1,4-dibromobu-
tane. The product was purified by CC (DCM:MeOH, 100:2); brown
semisolid; yield: 13.5%; 1H NMR (400MHz, DMSO-d6) d 8.07 (dd,
J¼ 9.1, 2.8 Hz, 1H), 7.74 (d, J¼ 2.4 Hz, 1H), 7.59 (d, J¼ 7.3 Hz, 1H),
7.40� 7.25 (m, 5H), 4.39 (dd, J¼ 13.3, 6.1 Hz, 1H), 4.05 (t,
J¼ 6.3 Hz, 2H), 3.94 (s, 3H), 3.68 (s, 1H), 3.58 (s, 2H), 2.01� 1.94 (m,
1H), 1.60� 1.54 (m, 1H), 1.35 (t, J¼ 7.1 Hz, 1H), 1.22 (s, 4H); MS
(ESI): m/z¼ 429.12 (MþH)þ.

Methyl (R)-6-(4-((2-methoxy-2-oxo-1-phenylethyl)amino)butoxy)ben-
zo[d]thiazole-2-carboxylate (2e). The title compound was synthes-
ised according to the procedure in Section “General Procedure for
preparing compounds (2a–2e)”, using methyl ester of L-tyrosine
amino acid and 1,5-dibromopentane. The product was purified by
CC (DCM:MeOH, 100:2); yellow semisolid; yield: 21%; 1H NMR
(500MHz, DMSO-d6) d 9.18 (s, 1H), 8.08 (d, J¼ 9.0 Hz, 1H), 7.77 (d,
J¼ 2.5 Hz, 1H), 7.23 (dd, J¼ 9.1, 2.5 Hz, 1H), 6.95� 6.93 (m, 2H),
6.66� 6.62 (m, 2H), 4.05 (t, J¼ 6.5 Hz, 2H), 3.96 (s, 3H), 3.53 (s, 3H),
3.36 (t, J¼ 5.9 Hz, 2H), 2.76� 2.69 (m, 2H), 2.43� 2.37 (m, 1H),
1.76� 1.70 (m, 2H), 1.45� 1.39 (m, 4H), 1.23 (s, 1H); 13C NMR
(126MHz, DMSO-d6) d 174.58, 160.48, 158.64, 155.78, 154.64,
147.07, 138.11, 129.94, 127.65, 125.57, 118.06, 114.91, 104.99,
68.24, 62.90, 53.30, 51.11, 47.04, 37.99, 29.05, 28.31, 23.13; MS
(ESI): m/z¼ 473.15 (MþH)þ.

General procedure for preparing compounds (3a–3t, 4a–4l). A sus-
pension of 6-hydroxy benzothiazole-2-carboxylic acid ester B
(0.446 g, 2mmol), 1, 2-dibromoalkanes (6mmol), anhydrous K2CO3

(1.1 g, 8mmol) and few specs of KI in acetone (30ml) was stirred
at 80 �C for 6 h. The suspension was partitioned between ethyl

acetate and distilled water. The combined organic phase was
dried over anhydrous Na2SO4, and concentrated in vacuo. The resi-
due was purified by column chromatography over silica gel using
methylene chloride as an eluent to give the product as a solid. To
a solution of this product dissolved in methanol (20ml), the
appropriate amine (3 equiv.) was added and the reaction mixture
was left to reflux overnight. The solvent was evaporated in vacuo
and extraction was done using methylene chloride and water. The
organic layer was dried over anhydrousNa2SO4, concentrated in
vacuo and the residue was purified by CC.

Piperidin-1-yl-(6-(2-(piperidin-1-yl)ethoxy)benzo[d]thiazol-2-yl)metha-
none (3a). The title compound was synthesised according to the
procedure in Section “General procedure for preparing com-
pounds (3a–3t, 4a–4l)”, using piperidine and 1,2-dibromoethane.
The product was purified by CC (DCM:MeOH, 100:7); white semi-
solid; yield: 15.7%; 1H NMR (400MHz, DMSO-d6) d 7.97 (d,
J¼ 9.0 Hz, 1H), 7.73 (d, J¼ 2.5 Hz, 1H), 7.16 (dd, J¼ 9.0, 2.6 Hz, 1H),
4.20 (s, 2H), 4.14 (t, J¼ 5.9,3.4 Hz, 2H), 3.63 (s, 2H), 2.67 (dd,
J¼ 10.6, 4.7 Hz, 2H), 2.45� 2.40 (m, 4H), 1.59 (d, J¼ 4.4 Hz, 4H),
1.48 (m, 5H), 1.40� 1.35 (m, 2H), 1.21 (s, 1H); 13C NMR (126MHz,
DMSO-d6) d 160.48, 158.58, 155.78, 129.97, 125.55, 118.01, 114.90,
105.01, 66.51, 62.89, 53.30, 51.13, 43.80, 37.93, 28.95; MS (ESI):
m/z¼ 374.2 (MþH)þ.

Pyrrolidin-1-yl-(6-(2-(pyrrolidin-1-yl)ethoxy)benzo[d]thiazol-2-yl)metha-
none (3b). The title compound was synthesised according to the
procedure in Section “General procedure for preparing com-
pounds (3a–3t, 4a–4l)”, using pyrrolidine and 1,2-dibromoethane.
The product was purified by CC (DCM:MeOH, 100:7); white solid;
yield: 21.4%; mp 79.1–79.7 �C; 1H NMR (500MHz, DMSO-d6) d 8.00
(d, J¼ 9.0 Hz, 1H), 7.75 (d, J¼ 2.5 Hz, 1H), 7.19 (dd, J¼ 9.0, 2.6 Hz,
1H), 4.19 (t, J¼ 5.8 Hz, 2H), 4.09 (t, J¼ 6.8 Hz, 2H), 3.56 (t,
J¼ 6.9 Hz, 2H), 2.89 (m, 2H), 2.60 (m, 4H), 2.00� 1.93 (m, 2H),
1.90� 1.83 (m, 2H), 1.71 (m, 4H); 13C NMR (126MHz, DMSO-d6) d
163.04, 158.27, 157.65, 147.54, 137.28, 125.11, 117.10, 105.03,
54.05, 53.94, 48.53, 47.50, 26.02, 23.08; MS (ESI): m/z¼ 346.2
(MþH)þ; HRMS (ESI): calculated for (C18H23N3O2SþNaþ) 368.1404,
found 368.1403 (MþNa)þ.

N-(Cyclohexylmethyl)-6-(2-((cyclohexylmethyl)amino)ethoxy)benzo[d]-
thiazole-2-carboxamide (3c). The title compound was synthesised
according to the procedure in Section “General procedure for pre-
paring compounds (3a–3t, 4a–4l)”, using cyclohexyl methyl amine
and 1,2-dibromoethane. The product was purified by CC
(DCM:MeOH, 100:6); yellow semisolid; yield:10.4%; 1H NMR
(500MHz, DMSO-d6) d 9.00 (t, J¼ 6.2 Hz, 1H), 7.99 (d, J¼ 9.0 Hz,
1H), 7.76 (d, J¼ 2.5 Hz, 1H), 7.21 (dd, J¼ 9.0, 2.6 Hz, 1H), 4.12 (t,
J¼ 5.7 Hz, 2H), 3.13 (t, J¼ 6.6 Hz, 2H), 2.92 (t, J¼ 5.7 Hz, 2H), 2.44
(d, J¼ 6.7 Hz, 2H), 1.76� 1.57 (m, 11H), 1.43� 1.35 (m, 1H),
1.24� 1.10 (m, 7H), 0.96� 0.82 (m, 4H); 13C NMR (126MHz, DMSO-
d6) d 162.02, 159.52, 157.70, 147.08, 137.85, 124.49, 117.36, 105.47,
67.96, 55.90, 48.18, 45.26, 37.40, 30.94, 30.39, 26.25, 26.01, 25.57,
25.32; MS (ESI): m/z¼ 430.24 (MþH)þ.

Piperidin-1-yl-(6-(3-(piperidin-1-yl)propoxy)benzo[d]thiazol-2-yl)metha-
none (3d). The title compound was synthesised according to the
procedure in Section “General procedure for preparing com-
pounds (3a–3t, 4a–4l)”, using piperidine and 1,3-dibromopropane.
The product was purified by CC (DCM:MeOH:TEA, 100:5:1); brown
solid; yield: 52.4%; mp 90.1–90.6 �C; 1H NMR (300MHz, DMSO-d6)
d 7.98 (d, J¼ 9.0 Hz, 1H), 7.73 (d, J¼ 2.5 Hz, 1H), 7.17 (dd, J¼ 9.0,
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2.6 Hz, 1H), 4.23 (t, J¼ 6.2 Hz, 2H), 4.11 (t, J¼ 6.3 Hz, 2H), 3.66 (t,
J¼ 5.3 Hz, 2H), 2.64� 2.53 (m, 4H), 2.02� 1.91 (m, 2H), 1.69� 1.51
(m, 11H), 1.42 (d, J¼ 5.1 Hz, 3H); 13C NMR (75MHz, DMSO-d6) d
162.80, 159.17, 158.23, 147.34, 137.63, 125.40, 117.57, 105.38,
66.93, 55.18, 54.18, 44.51, 26.83, 25.44, 24.42, 24.02; MS (ESI):
m/z¼ 388.2 (MþH)þ.

N-Cycloheptyl-6-(3-(cycloheptylamino)propoxy)benzo[d]thiazole-2-car-
boxamide (3e). The title compound was synthesised according to
the procedure in Section “General procedure for preparing
compounds (3a–3t, 4a–4l)”, using cycloheptyl amine and
1,3-dibromopropane. The product was purified by CC (DCM:MeOH,
100:6); brown solid; yield: 33%; mp 177.1–177.7 �C; 1H NMR
(300MHz, DMSO-d6) d 8.87 (d, J¼ 8.4 Hz, 1H), 8.02 (d, J¼ 9.0 Hz,
1H), 7.79 (d, J¼ 2.5 Hz, 1H), 7.22 (dd, J¼ 9.0, 2.5 Hz, 1H), 4.19 (t,
J¼ 5.9 Hz, 2H), 4.02� 3.92 (m, 1H), 3.27� 3.18 (m, 1H), 3.15� 3.06
(m, 2H), 2.21� 2.00 (m, 4H), 1.85 (dd, J¼ 12.6, 5.5 Hz, 2H), 1.61 (m,
21H); 13C NMR (75MHz, DMSO-d6) d 162.89, 158.71, 157.87,
147.60, 138.29, 125.07, 117.82, 106.04, 65.91, 58.68, 51.31, 34.51,
30.65, 28.10, 27.85, 24.39, 23.80; MS (ESI): m/z¼ 444.4 (MþH)þ.

N-(Cyclohexylmethyl)-6-(3-((cyclohexylmethyl)amino)propoxy)ben-
zo[d]thiazole-2-carboxamide (3f). The title compound was syn-
thesised according to the procedure in Section “General procedure
for preparing compounds (3a–3t, 4a–4l)”, using cyclohexyl methyl
amine and 1,3-dibromopropane. The product was purified by CC
(DCM:MeOH, 100:7); white solid; yield: 26.2%; mp 227.2–228.2 �C;
1H NMR (300MHz, DMSO-d6) d 9.03 (t, J¼ 6.2Hz, 1H), 8.00 (d,
J¼ 9.0Hz, 1H), 7.77 (d, J¼ 2.5Hz, 1H), 7.20 (dd, J¼ 9.0, 2.5Hz, 1H),
4.16 (t, J¼ 6.1Hz, 2H), 3.14 (t, J¼ 6.5Hz, 2H), 2.86 (t, J¼ 7.1Hz, 2H),
2.56 (d, J¼ 6.8Hz, 2H), 2.07� 1.96 (m, 2H), 1.80� 1.45 (m, 13H),
1.28� 1.07 (m, 6H), 0.93 (dd, J¼ 23.3, 15.3Hz, 4H); 13C NMR
(75MHz, DMSO-d6) d 162.54, 159.99, 158.08, 147.57, 138.35, 125.01,
117.80, 105.90, 66.53, 55.11, 46.00, 45.76, 37.82, 36.57, 31.03, 27.75,
26.50, 26.43, 25.81; MS (ESI): m/z¼ 444.4 (MþH)þ.

N-Cyclopropyl-6-(3-(cyclopropylamino)propoxy)benzo[d]thiazole-2-car-
boxamide (3g). The title compound was synthesised according to
the procedure in Section “General procedure for preparing com-
pounds (3a–3t, 4a–4l)”, using cyclopropyl amine and 1,3-dibromo-
propane. The product was purified by CC (DCM:MeOH, 100:6);
brown semisolid; yield: 10.2%; 1H NMR (300MHz, DMSO-d6) d 8.89
(d, J¼ 4.8 Hz, 1H), 7.73 (d, J¼ 9.0 Hz, 1H), 7.53 (d, J¼ 2.5 Hz, 1H),
6.97 (dd, J¼ 9.0, 2.6 Hz, 1H), 3.92 (t, J¼ 6.1 Hz, 2H), 3.16 (d,
J¼ 33.9Hz, 2H), 2.84� 2.63 (m, 2H), 1.77 (m, 2H), 0.49� 0.36 (m,
8H), 0.13 (d, J¼ 41.7 Hz, 1H); 13C NMR (75MHz, DMSO-d6) d
162.35, 161.18, 158.00, 147.64, 138.30, 125.02, 117.82, 105.97,
66.24, 45.53, 30.24, 26.93, 23.61, 6.13, 4.44; MS (ESI):
m/z¼ 332.12 (MþH)þ.

Pyrrolidin-1-yl-(6-(3-(pyrrolidin-1-yl)propoxy)benzo[d]thiazol-2-yl)me-
thanone (3h). The title compound was synthesised according to
the procedure in Section “General procedure for preparing com-
pounds (3a–3t, 4a–4l)”, using pyrrolidine and 1,3-dibromopro-
pane. The product was purified by CC (DCM:MeOH, 100:6); brown
solid; yield: 22.6%; mp 190.2–190.9 �C; 1H NMR (300MHz, DMSO-
d6) d 8.03 (d, J¼ 9.0 Hz, 1H), 7.77 (d, J¼ 2.5 Hz, 1H), 7.20 (dd,
J¼ 9.0, 2.5 Hz, 1H), 4.19 (t, J¼ 6.0 Hz, 2H), 4.09 (t, J¼ 6.7 Hz, 2H),
3.57 (t, J¼ 6.8 Hz, 2H), 3.19� 3.05 (m, 2H), 2.51 (dd, J¼ 3.6, 1.8 Hz,
2H) 2.21 (dd, J¼ 15.2, 6.0 Hz, 2H), 2.02� 1.82 (m, 10H); 13C NMR
(75MHz, DMSO-d6) d 163.71, 158.71, 157.91, 148.17, 137.73,
125.66, 117.55, 105.64, 65.99, 53.61, 51.72, 49.04, 48.02, 26.52,

25.67, 23.66, 23.16; MS (ESI): m/z¼ 360.2 (MþH)þ; HRMS (ESI): cal-
culated for (C19H25N3O2SþNaþ) 382.1560, found
382.1591 (MþNa)þ.

N-(2-(Pyrrolidin-1-yl)ethyl)-6-(3-((2-(pyrrolidin-1-yl)ethyl)amino)propox-
y)benzo[d]thiazole-2-carboxamide (4a). The title compound was
synthesised according to the procedure in Section “General pro-
cedure for preparing compounds (3a–3t, 4a–4l)”, using 1-(2-ami-
noethyl) pyrrolidine and 1,3-dibromopropane. The product was
purified by CC (DCM:MeOH:TEA, 100:0.5:0.5); white solid; yield:
21.2%; mp 120.5–120.8 �C; 1H NMR (400MHz, CDCl3) d 8.42 (t,
J¼ 5.7 Hz, 1H), 8.15 (d, J¼ 7.6 Hz, 1H), 7.33 (d, J¼ 2.4 Hz, 1H), 7.13
(dd, J¼ 9.0, 2.5 Hz, 1H), 3.95 (q, J¼ 6.1 Hz, 2H), 3.57 (q, J¼ 7.3 Hz,
4H), 3.42 (m, 6H), 3.22 (d, J¼ 4.6 Hz, 5H), 2.10 (dd, J¼ 8.1, 5.3 Hz,
5H), 1.43 (dd, J¼ 9.2, 5.2 Hz, 7H), 1.22 (s, 2H); 13C NMR (101MHz,
CDCl3) d 158.03, 147.58, 138.55, 125.51, 118.15, 117.56, 106.71,
104.86, 69.36, 63.98, 54.48, 53.01, 46.00, 40.15, 23.30, 8.62, 7.99;
MS (ESI): m/z¼ 446.2 (MþH)þ; HRMS (ESI): calculated for
(C23H35N5O2SþHþ) 446.2582, found 446.2572 (MþH)þ.

Azepan-1-yl-(6-(3-(azepan-1-yl)propoxy)benzo[d]thiazol-2-yl)metha-
none (4b). The title compound was synthesised according to the
procedure in Section “General procedure for preparing com-
pounds (3a–3t, 4a–4l)”, using azepane and 1,3-dibromopropane.
The product was purified by CC (DCM:MeOH, 100:5); white solid;
yield: 57.5%; mp 130.6–131.1 �C; 1H NMR (400MHz, CDCl3) d 7.92
(d, J¼ 9.0 Hz, 1H), 7.32 (d, J¼ 2.3 Hz, 1H), 7.06 (dd, J¼ 9.0, 2.4 Hz,
1H), 4.21� 4.16 (m, 2H), 4.14 (t, J¼ 5.2 Hz, 2H), 3.81� 3.65 (m, 4H),
3.29� 3.23 (m, 2H), 2.46 (d, J¼ 3.9 Hz, 2H), 2.10� 1.59 (m, 18H);
13C NMR (101MHz, CDCl3) d 163.16, 160.95, 157.24, 148.22, 137.86,
125.38, 116.27, 104.44, 65.52, 64.15, 55.1, 54.66, 48.96, 48.43,
29.42, 27.1, 26.99, 26.90, 26.72, 24.44, 23.39; MS (ESI): m/z¼ 416.23
(MþH)þ; HRMS (ESI): calculated for (C23H33N3O2SþNaþ) 438.2184,
found 438.2209 (MþNa)þ.

(3,5-Dimethylpiperidin-1-yl)(6-(3-(3,5-dimethylpiperidin-1-yl)propoxy)-
benzo[d]thiazol-2-yl)methanone (4c). The title compound was syn-
thesised according to the procedure in Section “General
procedure for preparing compounds (3a–3t, 4a–4l)”, using 3,5-
dimethyl piperidine and 1,3-dibromopropane. The product was
purified by CC (DCM:MeOH, 100:5); white solid; yield: 42%; mp
182.3–183.1 �C; 1H NMR (400MHz, CDCl3) d 7.97� 7.93 (d,
J¼ 2.6 Hz, 1H), 7.34 (d, J¼ 2.4 Hz, 1H), 7.07 (dd, J¼ 9.0, 2.5 Hz, 1H),
4.15 (t, J¼ 5.6 Hz, 2H), 3.75 (dd, J¼ 11.2, 3.6 Hz, 1H), 3.68 (dd,
J¼ 11.2, 5.6 Hz, 1H), 3.41 (d, J¼ 9.7 Hz, 2H), 3.15 (s, 2H), 2.95 (s,
2H), 2.87 (s, 2H), 2.45 (s, 2H), 2.30 (dd, J¼ 26.7, 14.4 Hz, 3H), 2.14
(s, 1H), 1.90 (dd, J¼ 12.0, 10.4 Hz, 2H), 1.76 (d, J¼ 4.0 Hz, 2H), 0.94
(dd, J¼ 14.9, 6.6 Hz, 12H); 13C NMR (101MHz, CDCl3) d 162.90,
159.54, 157.32, 147.89, 137.82, 125.33, 116.35, 104.42, 65.67, 64.21,
53.35, 50.72, 42.43, 32.41, 31.32, 19.16, 18.79; MS (ESI):
m/z¼ 444.26 (MþH)þ.

N-Phenethyl-6-(3-(phenethylamino)propoxy)benzo[d]thiazole-2-car-
boxamide (4d). The title compound was synthesised according to
the procedure in Section “General procedure for preparing com-
pounds (3a–3t, 4a–4l)”, using phenethyl amine and 1,3-dibromo-
propane. The product was purified by CC (DCM:MeOH, 100:1);
grey solid; yield: 63.2%; mp 90.5–91 �C; 1H NMR (400MHz, DMSO-
d6) d 8.90 (t, J¼ 5.0 Hz, 1H), 7.77 (d, J¼ 9.0 Hz, 1H), 7.52 (s, 1H),
7.11� 6.95 (m, 11H), 3.91 (t, J¼ 5.6 Hz, 2H), 3.36� 3.30 (m, 2H),
3.08 (dd, J¼ 10.6, 5.6 Hz, 3H), 2.68 (t, J¼ 7.2 Hz, 2H), 2.30 (s, 3H),
1.67 (dd, J¼ 13.5, 7.4 Hz, 3H); 13C NMR (101MHz, DMSO-d6) d
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162.16, 159.90, 158.26, 147.42, 140.88, 139.60, 138.32, 129.05,
128.80, 126.22, 117.83, 105.81, 72.93, 63.52, 51.52, 46.17, 36.30,
35.29, 29.43; MS (ESI): m/z¼ 460.2 (MþH)þ.

(3,4-Dihydroisoquinolin-2(1H)-yl)(6-(3-(3,4-dihydroisoquinolin-2(1H)-
yl)propoxy)benzo[d]thiazol-2-yl)methanone (4e). The title com-
pound was synthesised according to the procedure in Section
“General procedure for preparing compounds (3a–3t, 4a–4l)”, using
tetrahydroisoquinoline and 1,3 -dibromopropane. The product was
purified by CC (DCM:MeOH, 100:1); white solid; yield: 76.6%; mp
134.2–134.7 �C; 1H NMR (400MHz, DMSO-d6) d 8.02 (d, J¼ 8.4Hz,
1H), 7.74 (s, 1H), 7.22 (d, J¼ 22.2Hz, 5H), 7.05 (d, J¼ 14.3Hz, 4H),
5.46 (s, 1H), 4.82 (s, 1H), 4.47 (s, 1H), 4.14 (t, J¼ 5.6Hz, 2H), 3.88 (s,
1H), 3.56 (s, 2H), 2.94 (d, J¼ 17.3Hz, 2H), 2.79 (s, 2H), 2.69� 2.58
(m, 4H), 2.04� 1.99 (m, 2H); 13C NMR (101MHz, DMSO-d6) d 159.89,
158.44, 147.38, 137.72, 135.33, 134.88, 134.61, 133.14, 130.17,
128.94, 128.81, 127.05, 126.83, 126.73, 126.35, 125.86, 125.58,
125.51, 117.71, 105.37, 67.08, 56.05, 54.60, 50.96, 45.85, 44.22, 29.43,
29.16, 26.77; MS (ESI): m/z¼ 484.2 (MþH)þ.

(4-Ethylpiperazin-1-yl)(6-(3-(4-ethylpiperazin-1-yl)propoxy)benzo[d]-
thiazol-2-yl)methanone (4f). The title compound was synthesised
according to the procedure in Section “General procedure for pre-
paring compounds (3a–3t, 4a–4l)”, using 1-ethyl piperazine and
1,3-dibromopropane. The product was purified by adding a small
amount of DCM followed by the addition of petroleum ether;
beige solid; yield: 48.1%; mp 114.6–114.9 �C; 1H NMR (400MHz,
DMSO-d6) d 7.97 (d, J¼ 9.0 Hz, 1H), 7.71 (d, J¼ 2.5 Hz, 1H), 7.15
(dd, J¼ 9.0, 2.5 Hz, 1H), 4.29 (s, 4H), 4.08 (t, J¼ 6.4 Hz, 2H), 3.67 (s,
2H), 2.47� 2.33 (m, 16H), 1.94� 1.86 (m, 2H), 1.00 (td, J¼ 7.2,
4.3 Hz, 6H); 13C NMR (101MHz, DMSO-d6) d 162.47, 159.14, 158.34,
147.29, 137.66, 125.43, 117.66, 105.34, 72.92, 66.98, 63.52, 54.59,
53.20, 52.44, 51.84, 26.45, 12.28; MS (ESI): m/z¼ 446.25 (MþH)þ.

(4-Methylpiperazin-1-yl)(6-(3-(4-methylpiperazin-1-yl)propoxy)ben-
zo[d]thiazol-2-yl)methanone (4 g). The title compound was synthes-
ised according to the procedure in Section “General procedure for
preparing compounds (3a–3t, 4a–4l)”, using 1-methyl piperazine
and 1,3-dibromopropane. The product was purified by CC
(DCM:MeOH:TEA, 100:5:0.5); beige solid; yield: 28.1%; mp 99.2–
99.7 �C; 1H NMR (400MHz, CDCl3) d 7.95� 7.91 (d, J¼ 8.0 Hz, 1H),
7.37 (d, J¼ 11.1 Hz, 1H), 7.10 (d, J¼ 8.8 Hz, 1H), 4.48 (s, 2H), 4.08 (s,
2H), 3.85 (s, 2H), 2.67� 2.50 (m, 14H), 2.38 (s, 3H), 2.34 (s, 3H),
2.02 (d, J¼ 5.4 Hz, 2H); 13C NMR (101MHz, CDCl3) d 162.12, 159.66,
158.23, 147.55, 137.90, 125.19, 117.09, 104.04, 66.64, 55.49, 54.66,
52.41, 45.96, 43.46, 29.66, 26.50; MS (ESI): m/z¼ 418.2 (MþH)þ.

(3-Methylpiperazin-1-yl)(6-(3-(3-methylpiperazin-1-yl)propoxy)ben-
zo[d]thiazol-2-yl)methanone (4h). The title compound was synthes-
ised according to procedure in Section “General procedure for
preparing compounds (3a–3t, 4a–4l)”, using 1-boc-2-methyl
piperazine and 1,3-dibromopropane to give compound 4h1, which
was deprotected using TFA in DCM. The product was purified by
CC (DCM:MeOH:TEA, 100:5:0.5); white solid; yield: 27.6%; mp
114.3–114.8 �C; 1H NMR (400MHz, CD3OD) d 8.02 (d, J¼ 9.0 Hz,
1H), 7.64 (d, J¼ 2.4 Hz, 1H), 7.25 (dd, J¼ 9.1, 2.4 Hz, 1H), 4.24 (t,
J¼ 5.9 Hz, 2H), 3.72� 3.42 (m, 9H), 3.35� 3.31 (m, 7H), 2.39 (s, 1H),
2.31� 2.24 (m, 2H), 1.43 (dt, J¼ 13.6, 6.6 Hz, 7H); 13C NMR
(101MHz, CD3OD) d 160.89, 159.77, 158.50, 147.41, 137.95, 125.05,
117.34, 104.07, 65.60, 54.59, 54.22, 52.19, 51.13, 50.09, 48.29,
46.48, 41.67, 24.63, 14.79, 7.79, 6.22; MS (ESI):
m/z¼ 418.2 (MþH)þ.

(4-(2-Hydroxyethyl)piperazin-1-yl)(6-(3-(4-(2-hydroxyethyl)piperazin-1-
yl)propoxy)benzo[d]thiazol-2-yl)methanone (4i). The title compound
was synthesised according to the procedure in Section “General
procedure for preparing compounds (3a–3t, 4a–4l)”, using 1-(2-
hydroxyethyl) piperazine and 1,3-dibromopropane. The product
was purified by CC (DCM:MeOH:TEA, 100:5:0.5); red solid; yield:
22.5%; mp 173.5–174 �C; 1H NMR (400MHz, DMSO-d6) d 7.97 (d,
J¼ 9.3 Hz, 1H), 7.70 (s, 1H), 7.15 (d, J¼ 9.5 Hz, 1H), 4.27 (s, 2H),
4.07 (s, 2H), 3.65 (s, 1H), 3.48 (d, J¼ 21.4 Hz, 3H), 2.43� 2.32 (m,
18H), 1.87 (s, 4H), 1.20 (s, 2H); 13C NMR (101MHz, DMSO-d6) d
162.40, 159.17, 158.35, 147.25, 137.64, 125.42, 117.67, 105.31,
72.89, 63.49, 60.33, 58.87, 53.63, 53.23, 26.51; MS (ESI):
m/z¼ 477.24 (MþH)þ.

N-Benzyl-6-(3-(benzylamino)propoxy)benzo[d]thiazole-2-carboxamide
(4j). The title compound was synthesised according to the proced-
ure in Section “General procedure for preparing compounds (3a–
3t, 4a–4l)”, using benzyl amine and 1,3-dibromopropane. The
product was purified by CC (DCM:MeOH, 100:6); white solid; yield:
57.4%; mp 90.1–90.7 �C; 1H NMR (400MHz, DMSO-d6) d 9.59 (t,
J¼ 6.4 Hz, 1H), 7.97 (d, J¼ 9.0 Hz, 1H), 7.74 (d, J¼ 2.5 Hz, 1H),
7.34� 7.17 (m, 11H), 4.46 (d, J¼ 6.3 Hz, 2H), 4.13 (t, J¼ 6.4 Hz, 2H),
3.71 (s, 2H), 2.67 (t, J¼ 6.8 Hz, 2H), 1.94� 1.87 (m, 2H), 1.29� 1.20
(m, 1H); 13C NMR (101MHz, DMSO-d6) d 162.00, 160.06, 158.31,
147.44, 139.40, 138.38, 128.74, 128.52, 128.43, 127.90, 127.35,
127.03, 124.99, 117.89, 105.84, 67.02, 53.30, 45.63, 43.12, 29.28; MS
(ESI): m/z¼ 431.17 (MþH)þ.

(3-Methylpiperidin-1-yl)(6-(3-(3-methylpiperidin-1-yl)propoxy)benzo[d]-
thiazol-2-yl)methanone (4k). The title compound was synthesised
according to the procedure in Section “General procedure for pre-
paring compounds (3a–3t, 4a–4l)”, using 3-methyl piperidine and
1,3-dibromopropane. The product was purified by CC (DCM:MeOH,
100:6); white solid; yield: 76.4%; mp 161.1–161.6 �C; 1H NMR
(400MHz, CDCl3) d 7.93 (d, J¼ 8.8 Hz, 1H), 7.34 (s, 1H), 7.08 (d,
J¼ 8.9 Hz, 1H), 4.51 (d, J¼ 12.4 Hz, 1H), 4.11 (t, 2H), 3.20 (dd,
J¼ 23.8, 9.7 Hz, 2H), 2.88 (s, 2H), 2.25 (s, 3H), 1.88 (ddd, J¼ 41.8,
24.6, 11.8 Hz, 9H), 1.67� 1.58 (m, 1H), 1.25 (d, J¼ 11.0Hz, 2H), 0.94
(dd, J¼ 18.5, 4.9 Hz, 8H); 13C NMR (101MHz, CDCl3) d 162.67,
159.72, 157.69, 147.70, 137.79, 125.18, 116.62, 104.30, 66.25, 60.62,
55.43, 53.57, 50.99, 47.01, 33.08, 31.79, 29.77, 26.16, 25.23, 23.84,
19.29; MS (ESI): m/z¼ 415.23 (MþH)þ.

(4-Methylpiperidin-1-yl)(6-(3-(4-methylpiperidin-1-yl)propoxy)benzo[d]-
thiazol-2-yl)methanone (4 l). The title compound was synthesised
according to the procedure in Section “General procedure for pre-
paring compounds (3a–3t, 4a–4l)”, using 4-methyl piperidine and
1,3-dibromopropane. The product was purified by CC (DCM:MeOH,
100:6); white solid; yield: 80.2%; mp 162.2–162.5 �C; 1H NMR
(400MHz, CDCl3) d 7.93 (d, J¼ 8.9 Hz, 1H), 7.34 (s, 1H), 7.08 (d,
J¼ 9.0 Hz, 1H), 4.66 (d, J¼ 12.6 Hz, 1H), 4.12 (s, 2H), 3.32 (d,
J¼ 9.8 Hz, 2H), 3.20 (t, J¼ 12.7 Hz, 1H), 2.87 (dd, J¼ 31.4, 18.9 Hz,
3H), 2.45 (s, 2H), 2.31 (s, 2H), 1.70 (dd, J¼ 62.5, 34.6 Hz, 9H),
1.34� 1.23 (m, 2H), 0.99 (t, J¼ 5.7 Hz, 6H); 13C NMR (101MHz,
CDCl3) d 162.71, 159.75, 157.60, 147.75, 137.80, 125.19, 116.55,
104.34, 66.15, 64.19, 53.39, 46.79, 44.15, 34.90, 33.92, 31.10, 21.65;
MS (ESI): m/z¼ 415.23 (MþH)þ.

N-Cyclopentyl-6-(3-(cyclopentylamino)propoxy)benzo[d]thiazole-2-car-
boxamide (3i). The title compound was synthesised according to
the procedure in Section “General procedure for preparing com-
pounds (3a–3t, 4a–4l)”, using cyclopentyl amine and 1,3-
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dibromopropane. The product was purified by CC
(DCM:MeOH:TEA, 100:3:1); grey solid; yield: 15.6%; mp 169.4–
171.3 �C; 1H NMR (300MHz, DMSO-d6) d 8.96 (d, J¼ 7.9 Hz, 1H),
8.02 (d, J¼ 9.0 Hz, 1H), 7.79 (d, J¼ 2.5 Hz, 1H), 7.22 (dd, J¼ 9.0,
2.5 Hz, 1H), 4.22 (dt, J¼ 11.6, 6.6 Hz, 2H), 3.53� 3.45 (m, 1H), 3.35
(s, 1H), 3.12� 3.04 (m, 1H), 2.16� 2.07 (m, 1H), 2.03� 1.83 (m, 4H),
1.78� 1.47 (m, 14H), 1.24 (s, 1H); 13C NMR (75MHz, DMSO-d6) d
162.85, 159.78, 157.74, 147.96, 138.57, 125.22, 117.89, 106.36,
65.87, 58.91, 51.49, 43.71, 32.28, 29.79, 24.12, 24.06; MS (ESI):
m/z¼ 388.2 (MþH)þ.

Piperidin-1-yl-(6-(4-(piperidin-1-yl)butoxy)benzo[d]thiazol-2-yl)metha-
none (3j). The title compound was synthesised according to the
procedure in Section “General procedure for preparing com-
pounds (3a–3t, 4a–4l)”, using piperidine and 1,4-dibromobutane.
The product was purified by CC (DCM:MeOH, 100:9); yellowish
white solid; yield: 44.2%; mp 169.7–171.5 �C; 1H NMR (500MHz,
DMSO-d6) d 8.00 (d, J¼ 9.0 Hz, 1H), 7.73 (d, J¼ 2.5 Hz, 1H), 7.17
(dd, J¼ 9.0, 2.5 Hz, 1H), 4.22 (t, J¼ 5.1 Hz, 2H), 4.09 (t, J¼ 5.8 Hz,
2H), 3.65 (t, J¼ 5.2 Hz, 2H), 3.34 (s, 1H), 2.72 (s, 5H), 1.77 (d,
J¼ 2.9 Hz, 4H), 1.64 (m, 10H), 1.45 (m, 2H); 13C NMR (126MHz,
DMSO-d6) d 162.28, 158.69, 157.74, 146.85, 137.13, 124.92, 117.09,
104.92, 67.78, 52.81, 46.72, 44.01, 26.33, 26.11, 25.47, 24.49, 23.92;
MS (ESI): m/z¼ 402.21 (MþH)þ; HRMS (ESI): calculated for
(C22H31N3O2SþNaþ) 424.2038, found 424.2040 (MþNa)þ.

N-Cycloheptyl-6-(4-(cycloheptylamino)butoxy)benzo[d]thiazole-2-car-
boxamide (3k). The title compound was synthesised according to
the procedure in Section “General procedure for preparing com-
pounds (3a–3t, 4a–4l)”, using cycloheptyl amine and 1,4-dibromo-
butane. The product was purified by CC (DCM:MeOH, 100:6);
white solid; yield: 22%; mp 193.3–194.1 �C; 1H NMR (500MHz,
DMSO-d6) d 8.83 (d, J¼ 8.4 Hz, 1H), 8.00 (d, J¼ 9.0 Hz, 1H), 7.77 (d,
J¼ 2.5 Hz, 1H), 7.19 (dd, J¼ 9.0, 2.5 Hz, 1H), 4.11 (t, J¼ 6.0 Hz, 2H),
3.99� 3.91 (m, 1H), 3.20� 3.12 (m, 1H), 3.01� 2.95 (m, 2H),
2.05� 1.97 (m, 2H), 1.87� 1.74 (m, 6H), 1.72� 1.63 (m, 6H),
1.60� 1.37 (m, 15H); 13C NMR (126MHz, DMSO-d6) d 162.25,
158.23, 157.58, 147.07, 137.86, 124.56, 117.26, 105.42, 67.52, 58.14,
50.82, 43.89, 34.02, 30.25, 27.61, 27.34, 23.90, 23.31; MS (ESI):
m/z¼ 458.4 (MþH)þ.

N-(Cyclohexylmethyl)-6-(4-((cyclohexylmethyl)amino)butoxy)benzo[d]-
thiazole-2-carboxamide (3l). The title compound was synthesised
according to the procedure in Section “General procedure for pre-
paring compounds (3a–3t, 4a–4l)”, using cyclohexyl methyl amine
and 1,4-dibromobutane. The product was purified by CC
(DCM:MeOH, 100:7); white solid; yield: 22%; mp 234.8–235.6 �C; 1H
NMR (500MHz, DMSO-d6) d 9.02 (t, J¼ 6.1 Hz, 1H), 8.00 (d,
J¼ 9.0 Hz, 1H), 7.77 (d, J¼ 2.4 Hz, 1H), 7.20 (dd, J¼ 9.0, 2.5 Hz, 1H),
4.11 (t, J¼ 5.5 Hz, 2H), 3.13 (t, J¼ 6.5 Hz, 2H), 2.99� 2.92 (t,
J¼ 5.9 Hz, 2H), 2.75 (t, J¼ 6.9 Hz, 2H), 1.68 (m, J¼ 35.4, 23.9,
15.6 Hz, 17H), 1.26� 1.09 (m, 6H), 0.93 (d, J¼ 7.9 Hz, 4H); 13C NMR
(126MHz, DMSO-d6) d 162.01, 159.49, 157.58, 147.09, 137.87,
124.56, 117.29, 105.45, 67.56, 52.81, 47.19, 45.27, 37.32, 30.39,
29.97, 26.00, 25.56, 25.32, 24.98; MS (ESI): m/z¼ 458.28 (MþH)þ.

N-Cyclopropyl-6-(4-(cyclopropylamino)butoxy)benzo[d]thiazole-2-car-
boxamide (3m). The title compound was synthesised according to
the procedure in Section “General procedure for preparing com-
pounds (3a–3t, 4a–4l)”,using cyclopropyl amine and 1,4-dibromo-
butane. The product was purified by CC (DCM:MeOH, 100:9);

reddish semisolid; yield: 20.5%; 1H NMR (500MHz, DMSO-d6) d
9.11 (d, J¼ 4.9 Hz, 1H), 7.96 (d, J¼ 9.0 Hz, 1H), 7.75 (d, J¼ 2.5 Hz,
1H), 7.18 (dd, J¼ 9.0, 2.6 Hz, 1H), 4.08 (t, J¼ 6.4 Hz, 2H), 3.58 (t,
J¼ 6.5 Hz, 1H), 2.91 (m, 1H), 2.81 (t, J¼ 6.8 Hz, 1H), 2.63� 2.56 (m,
1H), 2.16 (d, J¼ 6.6 Hz, 2H), 1.82� 1.79 (m, 1H), 1.68� 1.63 (m,
1H), 0.72� 0.69 (m, 3H), 0.58� 0.56 (m, 2H), 0.52� 0.50 (m, 1H),
0.48 (m, 1H), 0.37� 0.34 (m, 2H); 13C NMR (126MHz, DMSO-d6) d
171.72, 161.72, 157.73, 147.04, 137.86, 124.50, 117.34, 105.37,
67.92, 57.56, 29.85, 26.12, 23.11, 22.15, 5.57, 4.70; MS (ESI):
m/z¼ 346.1 (MþH)þ.

Pyrrolidin-1-yl(6-(4-(pyrrolidin-1-yl)butoxy)benzo[d]thiazol-2-yl)metha-
none (3n). The title compound was synthesised according to the
procedure in Section “General procedure for preparing com-
pounds (3a–3t, 4a–4l)”, using pyrrolidine and 1,4-dibromobutane.
The product was purified by CC (DCM:MeOH, 100:9); white solid;
yield: 37.8%; mp 234.8–235.1 �C; 1H NMR (500MHz, DMSO-d6) d
8.01 (d, J¼ 9.0 Hz, 1H), 7.74 (d, J¼ 2.5 Hz, 1H), 7.19 (dd, J¼ 9.0,
2.6 Hz, 1H), 4.09 (dt, J¼ 10.4, 6.4 Hz, 4H), 3.56 (t, J¼ 6.9 Hz, 2H),
3.10� 2.98 (m, 4H), 2.00 (m, 14H); 13C NMR (126MHz, DMSO-d6) d
163.05, 158.25, 157.73, 147.55, 137.28, 125.12, 117.09, 105.04,
67.57, 53.53, 52.80, 48.53, 47.51, 26.02, 23.16, 22.69; MS (ESI):
m/z¼ 374.2 (MþH)þ; HRMS (ESI): calculated for
(C20H27N3O2SþHþ) 374.1896, found 374.1900 (MþH)þ.

Piperidin-1-yl(6-((5-(piperidin-1-yl)pentyl)oxy)benzo[d]thiazol-2-yl)me-
thanone (3o). The title compound was synthesised according to
the procedure in Section “General procedure for preparing com-
pounds (3a–3t, 4a–4l)”, using piperidine and 1,5-dibromopentane.
The product was purified by CC (DCM:MeOH:TEA, 100:8.5:0.5); yel-
low solid; yield: 52%; mp 76.2–77.1 �C; 1H NMR (300MHz, DMSO-
d6) d 8.00 (d, J¼ 9.0 Hz, 1H), 7.73 (d, J¼ 2.5 Hz, 1H), 7.17 (dd,
J¼ 9.0, 2.5 Hz, 1H), 4.23 (s, 2H), 4.07 (t, J¼ 6.4 Hz, 2H), 3.66 (s, 2H),
3.46 (d, J¼ 12.0 Hz, 2H), 2.62 (s, 4H), 1.79 (dd, J¼ 14.0, 7.0 Hz, 2H),
1.60 (dd, J¼ 16.2, 11.4 Hz, 12H), 1.49� 1.37 (m, 4H); 13C NMR
(75MHz, DMSO-d6) d 162.73, 159.17, 158.32, 147.30, 137.65,
125.40, 117.57, 105.32, 68.50, 57.87, 53.69, 47.22, 44.51, 28.77,
26.83, 25.96, 24.42, 23.69; MS (ESI): m/z¼ 416.23 (MþH)þ.

N-Cycloheptyl-6-((5-(cycloheptylamino)pentyl)oxy)benzo[d]thiazole-2-
carboxamide (3p). The title compound was synthesised according
to the procedure in Section “General procedure for preparing
compounds (3a–3t, 4a–4l)”, using cycloheptyl amine and 1,5-
dibromopentane. The product was purified by CC (DCM:MeOH,
100:6); yellowish white solid; yield: 42.6%; mp 80.2–80.4 �C; 1H
NMR (400MHz, CDCl3) d 7.88 (d, J¼ 9.0 Hz, 1H), 7.34 (d, J¼ 2.4 Hz,
1H), 7.28 (d, J¼ 8.5 Hz, 1H), 7.10 (dd, J¼ 9.0, 2.4 Hz, 1H), 4.14 (m,
1H), 4.00 (t, J¼ 6.2 Hz, 2H), 3.21� 3.13 (m, 1H), 2.99� 2.93 (m, 2H),
2.24� 2.17 (m, 1H), 2.08� 1.99 (m, 3H), 1.86� 1.78 (m, 4H),
1.69� 1.43 (m, 18H), 1.29� 1.18 (m, 4H), 0.87� 0.81 (m, 1H); 13C
NMR (101MHz, CDCl3) d 161.80, 158.80, 158.05, 147.33, 138.71,
124.66, 117.33, 104.65, 68.03, 59.74, 50.96, 44.96, 34.98, 31.34,
28.56, 28.05, 27.54, 26.17, 24.07, 23.61; MS (ESI):
m/z¼ 472.2 (MþH)þ.

N-(Cyclohexylmethyl)-6-((5-((cyclohexylmethyl)amino)pentyl)oxy)ben-
zo[d]thiazole-2-carboxamide (3q). The title compound was synthes-
ised according to the procedure in Section “General procedure for
preparing compounds (3a–3t, 4a–4l)”, using cyclohexyl methyl
amine and 1,5-dibromopentane. The product was purified by CC
(DCM:MeOH, 100:8); white solid; yield: 32.8%; mp 149–149.4 �C; 1H
NMR (300MHz, DMSO-d6) d 9.03 (t, J¼ 6.1 Hz, 1H), 8.00 (d,
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J¼ 9.0 Hz, 1H), 7.78 (d, J¼ 2.5 Hz, 1H), 7.20 (dd, J¼ 9.0, 2.5 Hz, 1H),
4.09 (t, J¼ 6.2 Hz, 2H), 3.14 (t, J¼ 6.5 Hz, 2H), 2.93� 2.85 (m, 2H),
2.73 (d, J¼ 6.8 Hz, 2H), 1.87� 1.43 (m, 18H), 1.29� 0.86 (m, 11H);
13C NMR (75MHz, DMSO-d6) d 162.49, 160.00, 158.19, 147.52,
138.37, 125.02, 117.81, 105.85, 68.36, 53.30, 47.86, 45.75, 37.82,
35.02, 30.88, 30.51, 28.52, 26.50, 26.07, 25.82, 25.50, 23.17; MS
(ESI): m/z¼ 472.29 (MþH)þ.

N-Cyclopropyl-6-((5-(cyclopropylamino)pentyl)oxy)benzo[d]thiazole-2-
carboxamide (3r). The title compound was synthesised according
to the procedure in Section “General procedure for preparing
compounds (3a–3t, 4a–4l)”, using cyclopropyl amine and 1,5-
dibromopentane. The product was purified by CC (DCM:MeOH,
100:6); brown solid; yield: 70%; mp 141.8–142.5 �C; 1H NMR
(400MHz, CDCl3) d 7.85 (d, J¼ 8.7 Hz, 1H), 7.39 (s, 1H), 7.32 (s, 1H),
7.09 (d, J¼ 8.9 Hz, 1H), 4.00 (s, 2H), 2.96� 2.86 (m, 3H), 2.32 (d,
J¼ 2.3 Hz, 1H), 1.81 (dd, J¼ 17.9, 7.3 Hz, 4H), 1.55 (d, J¼ 6.1 Hz,
2H), 1.24 (s, 1H), 0.89 (d, J¼ 6.5 Hz, 2H), 0.73 (d, J¼ 21.6Hz, 4H),
0.61 (d, J¼ 5.8 Hz, 2H); 13C NMR (101MHz, CDCl3) d 161.28, 161.00,
158.24, 147.22, 138.76, 124.67, 117.45, 104.52, 68.24, 48.98, 30.30,
28.79, 27.70, 23.65, 22.77, 6.65, 4.98; MS (ESI):
m/z¼ 360.17 (MþH)þ.

Pyrrolidin-1-yl-(6-((5-(pyrrolidin-1-yl)pentyl)oxy)benzo[d]thiazol-2-
yl)methanone (3s). The title compound was synthesised according
to the procedure in Section “General procedure for preparing
compounds (3a–3t, 4a–4l)”, using pyrrolidine and 1,5-dibromo-
pentane. The product was purified by CC (DCM:MeOH, 100:7); light
brown solid; yield: 24%; mp 151.2–151.8 �C; 1H NMR (300MHz,
DMSO-d6) d 8.01 (d, J¼ 9.0 Hz, 1H), 7.75 (d, J¼ 2.5 Hz, 1H), 7.18
(dd, J¼ 9.0, 2.5 Hz, 1H), 4.11� 4.07 (m, 4H), 3.56 (t, J¼ 6.8 Hz, 2H),
3.20� 3.12 (m, 4H), 2.05� 1.65 (m, 14H), 1.55� 1.44 (m, 2H); 13C
NMR (75MHz, DMSO-d6) d 163.49, 158.73, 158.30, 147.98, 137.79,
125.62, 117.57, 105.43, 68.35, 54.30, 53.69, 49.03, 48.01, 28.45,
26.52, 25.43, 23.66, 23.04; MS (ESI): m/z¼ 388.2 (MþH)þ; HRMS
(ESI): calculated for (C21H29N3O2SþNaþ) 410.1872, found
410.1894 (MþNa)þ.

N-Cyclopentyl-6-((5-(cyclopentylamino)pentyl)oxy)benzo[d]thiazole-2-
carboxamide (3t). The title compound was synthesised according
to the procedure in Section “General procedure for preparing
compounds (3a–3t, 4a–4l)”, using cyclopentyl amine 1,5-dibromo-
pentane. The product was purified by CC (DCM:MeOH:TEA,
100:8.5:0.5); grey semisolid; yield: 34%; 1H NMR (300MHz, DMSO-
6) d 8.93 (d, J¼ 7.9 Hz, 1H), 7.99 (dd, J¼ 9.0, 3.8 Hz, 1H), 7.76 (d,
J¼ 2.5 Hz, 1H), 7.19 (dd, J¼ 9.0, 2.5 Hz, 1H), 4.23 (m, 1H), 4.07 (t,
J¼ 6.2 Hz, 2H), 3.35 (m, 1H), 2.88� 2.74 (m, 2H), 1.95� 1.83 (m,
4H), 1.81� 1.56 (m, 13H), 1.50 (dd, J¼ 11.6, 5.9 Hz, 6H); 13C NMR
(75MHz, DMSO-d6) d 162.52, 159.58, 158.20, 147.51, 138.36,
124.98, 117.78, 105.79, 68.42, 58.79, 51.48, 46.34, 32.29, 29.88,
28.59, 26.32, 24.05, 23.32; MS (ESI): m/z¼ 416.23 (MþH)þ.

Procedure for preparing compound (4m). Compound (4h) (1mmol,
1 equiv.) was dissolved in a mixture of 10ml DCM and 10ml DMF,
then glacial acetic acid (4 equiv.), DMAP (4 equiv.) and EDC (4
equiv.) were added. The reaction was stirred at room temperature
overnight. After the completion of the reaction, the solvent was
evaporated under vacuum then the compound was extracted
using ethyl acetate and distilled water. The combined organic
phase was dried over anhydrous Na2SO4 and concentrated in
vacuo. The residue was purified by column chromatography over
silica gel.

1-(4-(6-(3-(4-Acetyl-3-methylpiperazin-1-yl)propoxy)benzo[d]thiazole-
2-carbonyl)-2-methylpiperazin-1-yl)ethan-1-one (4m). The title com-
pound was synthesised according to the procedure in Section
“Procedure for preparing compound (4m)”, using compound (4h).
The product was purified by CC (DCM:MeOH, 100:8); white semi-
solid; yield: 34%; 1H NMR (400MHz, CDCl3) d 7.93 (s, 1H), 7.37 (s,
1H), 7.12 (d, J¼ 8.7 Hz, 1H), 4.53 (s, 1H), 4.17� 3.95 (m, 3H), 3.57
(dd, J¼ 107.2, 45.2 Hz, 3H), 3.17� 2.30 (m, 6H), 2.14 (dd, J¼ 30.7,
21.1 Hz, 10H), 1.65 (s, 2H), 1.35� 1.16 (m, 7H); 13C NMR (101MHz,
CDCl3) d 169.26, 150.73, 138.05, 134.27, 132.92, 125.51, 117.11,
106.48, 104.06, 63.33, 53.43, 50.00, 47.65, 46.21, 43.71, 35.90,
33.63, 29.65, 24.18, 21.70, 21.22, 16.43, 16.21; MS (ESI):
m/z¼ 502.2 (MþH)þ.

Biological assays

Cell culture and membrane preparations
HEK-293 cells stably expressing the human H3R were cultured in
DMEM (10% FBS, 1% penicillin/streptomycin, 1% L-glutamine,
1.1% HEPES buffer (1M)). CHO-K1 cells stably expressing the
human H1R were cultivated in DMEM (10% FBS, 1% L-glutamine,
1% penicillin/streptomycin, 1% NEAA). For human H4R assays, Sf-9
insect cells were cultured in Spodopan (5% FBS, 1% penicillin/-
streptomycin) and co-infected with baculoviruses containing G-
protein Gai2, Gb1c2 and human H4R. Cell membrane preparations
were obtained according to Bautista et al. and stored at �80 �C
until use.14

Radioligand displacement assay
Human H3R. The displacement assay for H3R was performed
according to the protocol reported by Bautista et al.14 Briefly,
membrane fractions (20 mg/200 mL binding buffer) were co-incu-
bated with [3H]-Na-methylhistamine (2 nM) and test ligand for
90min at room temperature while shaking. Assays for Ki value
determination were run in duplicates with appropriate concentra-
tions between 100 mM and 0.01 nM of the tested compound.
Assays for one-point inhibition were performed in triplicates at a
concentration of 1 mM test ligand, calculating percent inhibition
relative to total radioligand binding. Non-specific binding was
determined in the presence of 10 mM pitolisant. Data were ana-
lysed with GraphPad Prism 6.1 (San Diego, CA, USA) using non-lin-
ear regression fit (one-site competition with a logarithmic scale).
The Ki values were calculated from the IC50 values using the
Cheng-Prusoff equation.47 Statistical calculations were performed
on –log (Ki).

Human H1R. The displacement assay for H1R was performed
according to the protocol reported by Bautista et al.14 Briefly,
membrane fractions (40 mg/200 mL binding buffer) were co-incu-
bated with [3H]histamine (1 nM) and test ligand for 120min at
room temperature while shaking. Assays for one-point inhibition
were performed in triplicates at a concentration of 10mM test lig-
and, calculating percent inhibition relative to total radioligand
binding. Non-specific binding was determined in the presence of
10 mM chlorpheniramine. Data were analysed with GraphPad Prism
6.1 (San Diego, CA, USA).

Human H4R. The displacement assay for H4R was performed
according to the protocol reported by Bautista et al.14 Briefly,
membrane fractions (40 mg/200 mL binding buffer) were co-incu-
bated with [3H]histamine (10 nM) and test ligand for 60min at
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room temperature while shaking. Assays for one-point inhibition
were performed in triplicates at a concentration of 1 mM test lig-
and, calculating percent inhibition relative to total radioligand
binding. Non-specific binding was determined in the presence of
100 mM JNJ7777120. Data were analysed with GraphPad Prism 6.1
(San Diego, CA, USA).

Inhibition of AChE
The AChE assay was performed using an AChE inhibitor screening
kit (BioVision, #K197-100, San Francisco, USA). According to the
manufacturer’s protocol, tested compounds, donepezil, or DMSO
(1%, as solvent control) were incubated with AChE for 15min in
dark at 25 �C, and then the probe and substrate were added for
30min. The activity of AChE was obtained using a spectrophotom-
eter at 412 nm. The assays were performed in triplicates.

Inhibition of BuChE
The hBuChE assay was performed using the Ellman’s spectro-
photometric method adapted to a 96-well plate procedure as pre-
viously described. Briefly, BuChE from human serum (50U/mg),
substrate butyrylthiocoline iodide and chromophoric reagent 5,50-
dithiobis(2-nitrobenzoic acid) (all from Sigma Aldrich, Italy) were
incubated with test compounds in clear flat-bottomed 96-well
plates (Greiner Bio-One, Austria) in duplicate. Final concentrations
where 0.09 U/mL (BuChE), 0.5mM (butyrylthiocoline iodide),
0.33mM (DTNB), while compounds were initially tested at 10mM
concentration. Only for compounds showing >60% inhibition,
IC50 values were measured in the range 30-0.01mM. The increase
in absorbance was read at 412 nm for 5min with a Tecan Infinite
M1000 Pro multiplate reader (Tecan, Italy). Inhibition values were
calculated with GraphPad Prism 5.0 software as the mean of three
independent experiments.48

Inhibition of monoamine oxidases
Inhibition of hMAOs was evaluated using human recombinant
MAO-A and MAO-B (microsomes from baculovirus-infected insect
cells) and kynuramine as non-selective MAO-A/B substrate (all
from Sigma Aldrich Italy) through a previously described fluores-
cence-based method.49 Experiments were performed in triplicates
in black, round-bottomed polystyrene 96-well microtiter plates
(Greiner). Fluorescence was measured at excitation/emission wave-
lengths of 310/400 nm in a 96-well microplate fluorescence reader
(Tecan Infinite M1000 Pro) and inhibition values were calculated
with GraphPad Prism 5.0 software as the mean of three independ-
ent experiments.

Molecular docking

All procedures were performed using the Molecular Operating
Environment (MOE)VR software package (version 2019, Chemical
Computing Group). During the molecular modelling studies on
H3R a previously prepared homology model was used.44 The
ligands (3b, 3s) were prepared by MOE (washing, calculating par-
tial charges, adjusting tautomeric states and minimising the
energy). The binding site was defined using Site Finder and the
docking was performed using Amber10: EHT as a force field and
the “triangle matcher” method (number of return poses set to
200), Induced fit as refinement and London dG as the scoring
function. The number of returned poses was set to 20.

For the docking simulations on human AChE, PDB code 4EY5
(rhAChE cocrystallized with Huperzine A) was used. Molecular
docking simulation with 3b as a ligand was performed using the
Amber10: EHT as a force field and the “triangle matcher” method
(number of return poses set to 200), Induced fit as refinement and
London dG as the scoring function. The number of returned poses
was set to 20. Similarly, compound 4a was docked in the active
site of human BuChE using PDB code 1POI.
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