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A B S T R A C T

In the present work we describe the synthesis, characterization and evaluation of neuroprotective effects of
a focused library of 4-imidazo[2,1-b]thiazole-1,4-dihydropyridines. Furthermore, the new dihydropyridines
were subjected to functional in vitro assays in cardiac tissues and vascular smooth muscle to determine their
possible selectivity in counteracting the effects of neurodegeneration. In particular the strategy adopted for
designing the compounds involves the imidazo[2,1-b]thiazole nucleus. The observed properties show that
substituents at C2 and C6 of the bicyclic scaffold are able to influence the cardiovascular parameters and the
neuroprotective activity. In comparison to nifedipine, a set of derivatives such as compound 6, showed a neu-
roprotective profile of particular interest.

© 2019.

1. Introduction

Neuroprotection is referred to a cluster of strategies aimed at pre-
venting, inhibiting or counteracting progressive neurons loss. This
event occurs in both chronic and acute neurodegenerative disorders:
Alzheimer, Parkinson, amyotrophic lateral sclerosis (ALS) or is-
chemic and hemorrhagic stroke [1–3]. Despite their different etiolo-
gies and clinical manifestations, these neurodegenerative diseases may
share common biological pathways, such as neuronal excitotoxicity
and the downstream consequences of calcium overload [4]. In exci-
totoxicity excessive glutammate induces glutammate receptors acti-
vation, including N-methyl-D-aspartic acid (NMDA), α-amino-3-hy-
droxy-5-methylisoxazole-4-propionate (AMPA) and kainic acid (KA)
subtypes, thereby increasing Ca2+ entry into neurons through specific
channels. As a consequence, excitotoxicity occurs resulting in neu-
ronal dysfunction, damage or even death. Intracellular Ca2+ influx
depends mainly on two events: influx from the extracellular space
(due to membrane depolarization, resulting in the opening of volt-
age-dependent Ca2+ channels, and the activation of the NMDA re-
ceptor-gated channels) and intracellular Ca2+ release. Free Ca2+ con-
centration fluctuations in several cellular sub-compartments con
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stitute a universal signaling system, able to modulate most of the cel-
lular functions, including apoptosis, through the involvement of cal-
cium-dependent effectors. Increased cytosolic Ca2+ levels trigger sig-
naling cascades, inducing neural dysfunction and death, thus the ad-
ministration of Ca2+ chelating agents or calcium channels blockers
may help restore homeostasis and promote neuronal survival [5]. In
addition, free intracellular Ca2+ release activates nitric oxide synthase
(NOS), resulting in an increase of oxygen and nitrogen free radi-
cals, which augments oxidative stress, producing DNA, lipids and pro-
teins damage. In particular, nitric oxide, through the S-nitrosylation
process, favors the accumulation of misfolded proteins which often
develop aggregates in Alzheimer's, Parkinson's, and other neurode-
generative diseases. Furthermore, S-nitrosylation may alter mitochon-
drial function, contributing to neuronal dysfunction. In regards to the
therapeutic neuroprotective strategies, several steps of the excitotoxic
cascade represent possible molecular targets. Therefore, NMDA an-
tagonists, calcium channels blockers [6], neuronal nitric oxide syn-
thase inhibitors, misfolding proteins inhibitors, may be considered po-
tential therapeutic agents for neuroprotection. In this paper, we fo-
cused on calcium channels antagonists. Calcium channels blockers
include a wide variety of drugs. From a medicinal chemistry point
of view, they can be classified into three main groups: 1,4-dihy-
dropyridines (1,4-DHPs) whose lead compound is nifedipine, pheny-
lalkylamines with verapamil being the lead compound, and benzoth-
iazepines whose lead compound is represented by diltiazem. Vera-
pamil and diltiazem show a great activity towards the heart, therefore

https://doi.org/10.1016/j.ejmech.2019.02.075
0223-5234/ © 2019.
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they are mainly used for arrhythmias treatment, while nifedipine, due
to its antagonism towards peripheral L-type calcium channels, is gen-
erally used for hypertension treatment. In particular, we focused our
attention on 1,4-DHPs showing a higher affinity towards L-type cal-
cium channels [7]. These channels are key proteins mediating calcium
entry into electrically excitable cells in response to membrane depo-
larization, and they are formed by five different channel subunits (α1,
α2, β, γ, δ) of which α1 represents the central pore-forming channel
unit, responsible for calcium entry regulation [6,8,9]. Different α1 sub-
units have been identified and characterized in different L type cal-
cium channels, which include four different isoforms: Cav1.1, mainly
restricted to skeletal muscle; Cav1.2 and Cav1.3 mainly expressed in
heart and brain tissues; Cav1.4 mainly found in the retina where it is
required for Ca2+ signals necessary for transmission of visual stim-
uli. The most efficient approach aimed at inhibiting neurodegeneration
is based on “multi target direct ligands” (MTDL) able to hit several
steps of the excitotoxic cascade. Nifedipine and other calcium antag-
onists should be considered MTDL as they exert neuroprotective ac-
tivities through a complex mechanism involving calcium channels in-
hibition and other biological effects [10]. Many derivatives featuring
the 1,4-DHPs pharmacophore have been shown to bind to several tar-
gets [7,11], however they do not discriminate or show poor selectiv-
ity between the brain and cardiovascular calcium channels. This fea-
ture impedes a clinical application [12]. For this reason, it is important
to identify nifedipine structural analogs that elicit high functional ac-
tivity vs brain L-type calcium channels with low interaction with pe-
ripheral calcium channels. In previous works, we demonstrated that
specific nifedipine analogs are able to selectively bind different iso-
forms of cardiovascular calcium channels [13] and that specific mod-
ifications increase the affinity for Cav1.2 and Cav1.3 in heart and
brain [14]. The results obtained by a ligand-based design approach
prompted the design and synthesis of new 1,4-DHPs bearing in po-
sition 4 the same imidazo[2,1-b]thiazole scaffold with different sub-
stituents to find selective ligands able to limit brain damage result-
ing from various pathological conditions without interfering with pe-
ripheral functions. Herein we report the evaluation of neuroprotec-
tion effects of a small library of 4-imidazo[2,1-b]thiazole-1,4-DHPs
along with its peripheral functional characterization. In particular,
in the latest 1,4-DHPs structural modifications were addressed

to those substituents of the 5-(1,4-dihydropyridine-4-yl)imi-
dazo[2,1-b]thiazole core which from the previous assessments have
emerged as determinants to influence the activity from the previous
assessments (Fig. 1).

2. Chemistry

The synthesis of the new 4-imidazo[2,1-b]thiazole-1,4-dihydropy-
ridines: 10–24, 30, 32, 34–39 (Scheme 2, Table 1) was accomplished
by means of the well-known Hantzsch reaction [15]: one-pot conden-
sation of the appropriate β-ketoester, methylacetatoacetate or ethyl-
acetoacetate or allylacetoacetate with the opportune aldehydes 4a-w
in a solution of aqueous ammonia and isopropyl alcohol. After stan-
dard purification, the 1,4-DHPs were obtained with a range of 10–35%
yield. The new starting aldehydes 4a,c-e and the aldehyde 4b [16]
(Scheme 1) were obtained by means of the Vilsmeier reaction on the
new compounds 3a-e prepared in turn from the appropriate 2-amin-
oderivative (1a-b) and the bromoketones (2a,c-e), both commercially
available, or prepared according to the literature (2b) [17]. The other
starting materials 4f-w [16–25] were prepared according to the lit-
erature. All the structures of final products were confirmed with In-
frared and Nuclear Magnetic Resonance spectra. The new compounds
synthesized gave 1H NMR and 13C NMR spectra in agreement with
the assigned structures and showed common features as regards the
1,4-DHP moiety.

3. Pharmacology

3.1. Neuroprotection assessment

Disturbances in calcium homeostasis is involved in the progression
of many chronic neurodegenerative diseases such as Alzheimer Dis-
ease (AD) [27], Parkinson Disease (PD) [28,29] as well as brain is-
chemia [30] and calcium channel blockers might exert neuroprotection
[28,29,31]. Thus, the neuroprotective effects of 1,4-DHP derivatives
5–39, in different models of excitotoxicity-mediate injury were stud-
ied by using human U-373 MG astrocytoma- and human SH SY5Y
neuroblastoma-cells, as in vitro model system of astrocytes and neu-
rons, respectively.

Fig. 1. Nifedipine and the general structure of studied compounds. All data and compounds 28, 29 from ref. 14.
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Table 1
1,4-DHPs 5–39.

Compd
Starting
Aldehydes x-y R R1

5a HC=CH CF3 CH3
6a H3CC

CH
CF3 CH3

7a HC=CCH3 C6H5 CH3
8b HC=CH 4-(CF3) C6H4 CH3
9b HC=CH 4-(OCF3) C6H4 CH3
10 4a BrC=CH 4-(OCF3) C6H4 C2H5
11 4fd HC=CH 2-(F) C6H4 C2H5
12 4ge HC=CH 4-(F) C6H4 C2H5
13 4he H3CC

CH
4-(F) C6H4 C2H5

14 4id ClC=CH 4-(F) C6H4 C2H5
15 4jf BrC=CH 4-(F) C6H4 C2H5
16 4kd HC=CH 3,4-(F)2 C6H3 C2H5
17 4ld HC=CH 2,6-(F)2 C6H3 C2H5
18 4md HC=CH 2,4,5-(F)3 C6H2 C2H5
19 4ng HC=CH 4-(Cl) C6H4 C2H5
20 4oh ClC=CH 4-(Cl) C6H4 C2H5
21 4pi ClC=CH 4-(NO2) C6H4 C2H5
22 4qd FC=CH 4-(NO2) C6H4 C2H5
23 4rj ClC=CH 5-(NO2)2,4-(Cl)2C6H2 C2H5
24 4sj H5C2C = CH 5-(NO2)2,4-(Cl)2C6H2 C2H5
25a HC=CH 2-(OCH3)C6H4 CH3
26a HC=CH 3-(OCH3)C6H4 CH3
27a HC=CH 2,5-(OCH3)2C6H3 CH3
28a ClC=CH 2,5-(OCH3)2C6H3 CH3
29a ClC=CH 6-(NO2)-2,5-(OCH3)2

C6H2

CH3

30 4tk HC=CH 4-(NO2)2,5-(OCH3)2
C6H2

CH2=CHCH2

31a HC=CH 4-(NO2)2,5-(OCH3)2
C6H2

CH3

32 4bl HC=CH 5-(Br)2,4-(OCH3)2
C6H2

CH3

33c HC=CH 2,5-(OCH3)2 C6H3 C2H5
34 4um H3CC

CH
2,5-(OCH3)2 C6H3 C2H5

35 4c BrC=CH 2,5-(OCH3)2 C6H3 C2H5
36 4d BrC=CH 3,4-(OCH3)2 C6H3 C2H5
37 4e BrC=CH 3,5-(OCH3)2 C6H3 C2H5
38 4vi H3CC

CH
3-(NO2)4-(Cl)
C6H3

C2H5

39 4wd HC=CH 3-(NO2)4-(Br)
C6H3

C2H5

a Taken from Ref. [13].
b Taken from Ref. [26].
c Taken from Ref. [14].
d Taken from Ref. [18].
e Taken from Ref. [19].
f Taken from Ref. [16].
g Taken from Ref. [20].
h Taken from Ref. [21].
i Taken from Ref. [22].
j Taken from Ref. [23].
k Taken from Ref. [24].
l Taken from Ref. [17].

m Taken from Ref. [25].

U-373 MG astrocytoma cells were exposed to ischemia-like condi-
tion (oxygen glucose deprivation and reperfusion, OGD/R) and human
SH SY5Y neuroblastoma cells were treated with glutamate in order
to resemble two different experimental models of excitotoxicity-me-
diated injury. Neuroprotection was assessed by using Alamar blue as-
say that provides an indication of the metabolic activity of cells. Fi-
nally, since brain slices are very useful for examining pathophysiology
of brain diseases in a tissue context, the effects of the most interest-
ing nineteen derivatives (5–7, 9, 12, 14, 16, 18, 22, 24, 27, 28, 30, 33,
35–39) on rat cortical brain slices subjected to ischemia-like condi-
tions (oxygen-glucose deprivation and reperfusion, OGD/R) were also
investigated. Brain slices, in fact, maintain many aspects of in vivo
biology, including functional local synaptic circuitry with preserved
brain architecture, while allowing good experimental access and pre-
cise control of the extracellular environment, providing surrogate ther-
apeutic screening systems without the recourse to whole animal stud-
ies. In this experimental model, neuroprotection afforded by the drugs
was assessed by measuring lactate dehydrogenase (LDH) leakage into
the incubation medium. LDH, in fact, is an intracellular enzyme which
moves from the cytosol to the extracellular compartment subsequent
to membrane collapse. Its increase in slices incubation medium is gen-
erally taken as an index of tissue injury. The activity of nifedipine
and the derivatives which exhibited neuroprotection as the parent drug
were further investigated for their ability to reduce tissue edema. Be-
cause of the dominant effect of hypoxia on cells, in fact, cerebral is-
chemia leads primarily to cytotoxic edema, a major factor of morbid-
ity and mortality in stroke [32,33]. Consequently, a reduction in tissue
water content after the injury can be taken as a further index of neuro-
protection, especially when considering that new strategies for the pre-
vention and treatment of brain cytotoxic edema are strongly needed.

3.2. Cardiovascular functional studies

The peripheral profile on the cardiovascular system of all the new
compounds (10–24, 30, 32 and 34–39) was derived on guinea-pig iso-
lated left and right atria to evaluate their inotropic and chronotropic ef-
fects, respectively, and on K+-depolarized (80 mM) guinea-pig vascu-
lar (aortic strips) smooth muscle to assess calcium antagonist activity.
Compounds were checked at increasing concentrations to evaluate the
percent decrease of developed tension on isolated left atrium driven at
1Hz (negative inotropic activity), the percent decrease in the atrial rate
on spontaneously beating right atrium (negative chronotropic activity)
and the percent inhibition of calcium-induced contraction on K+-depo-
larized aortic strips (vascular). Details have been reported on support-
ing information.

4. Results

Calcium blockers-mediated neuroprotection is generally observed
at μM concentration [10,34,35] consequently derivatives 5–39 were
tested at 1 and 20μM by adding the compounds during the reperfu-
sion phase (U-373 MG and brain slices) or together with glutamate
(SH SY5Y). Nifedipine (1 and 20μM) was taken as a reference com-
pound, while vehicle-treated cells/slices were used as controls. Data
were expressed as percent of recovery from injury, which varies from
0 (no damage recovered) to 100% (totally recovered damage) and an-
alyzed by one-way ANOVA followed Bonferroni post-test. The neu-
roprotective activity of all the tested compounds is summarized in
Table 2. In U-373 MG cells nifedipine exert significant neuroprotec
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Scheme 1. New starting compounds 4a-e.

Scheme 2. New 1,4-DHPs.

tion since the recovery in cell viability was 34.4± 9.4% (P < 0.01 vs
vehicle-treated cells) or 73.7± 14.2 (P < 0.01 vs vehicle-treated cells)
when the drug was present during reperfusion at 1μM or 20μM con-
centration, respectively. Among all the derivatives, 5, 27, and 28 were
the most effective ones, since cell recovery was higher than that ob-
served for nifedipine treatment at both 1 and 20μM concentrations.
Compounds 9, 12, 33 and 36 possessed lower activity than the par-
ent drug (recovery in cell viability range 40–65%), while 10, 11, 14,
18, 21, 22, 24, 34, 37 and 39 were poorly neuroprotective (cell recov-
ery 23–37%). Finally, the remaining compounds were mostly - (13,
23 and 38) or totally-inactive (6–8, 15–17, 20, 21, 25, 26, 29, 30–32
and 34). In human SH SY5Y neuroblastoma cells treated with glu-
tamate, nifedipine partially (55.0 ± 12.1, P < 0.001 vs vehicle-treated
cells) or fully (101.6 ± 4.7, P < 0.01 vs vehicle-treated cells) recov-
ered glutamate-induced injury at 1μM or 20μM concentration, respec-
tively. Also in this cell line, the most interesting and active compounds
resulted to be 5, 27 and 28 which caused neuroprotection in a nifedip-
ine-like fashion. Interestingly, 7, which was inactive in U-373 MG
cells, caused huge effects in terms of neuroprotection in SH SY5Y
cells. Compounds 11, 12, 16, 18, 22, 30, 33, 35 and 39 exhibited an
intermediate activity (cell recovery range 50–67%), while 6, 8–10, 13,
14, 17, 19, 20, 23, 24, 29, 31, 36 and 37 were poorly active, being cell
recovery at the highest concentration of 20μM much lower than that
attained after nifedipine treatment. The remaining compounds (15, 21,
25, 26, 32, 34 and 38) were inactive.

In light of these results, the most active compounds (5, 27 and
28) as well as those that in at least one assay resulted to be more-,
equally- or slightly less-active than nifedipine (6, 7, 9, 12, 14, 16, 18,
22, 24, 30, 33, 35–39) were further investigated by using a more in-
tegrated experimental model. Brain slices, which maintain the exact
cellular architecture of an intact brain, can be used for a more appro-
priate and accurate extrapolation of the findings in terms of neuro-
protection. Since excitotoxicity is a key mediator of central neurons
loss which occurs in many neurodegenerative diseases as well as dur-
ing hypoxic-ischemic insults, rat brain slices were exposed to excito-
toxic-mediated injury (OGD/R). LDH release from the tissue to the
medium was taken to assess neuroprotection and 38 used as nega-
tive control. Compounds were tested at 20μM final concentration and

added to the medium during the reperfusion phase, which follows
OGD.

Results demonstrated that all the compounds reduced the release of
LDH caused by the injury, pointing in this way to their neuroprotec-
tive activity (see Table 3). In particular, 6 and 7 were the most inter-
esting compound as LDH efflux into the medium was lower than that
of control slices. 5, 9, 12, 27, 28 and 33 were effective in a nifedip-
ine-like fashion as the recovery in LDH release ranged between 90 and
70%. The other derivatives, however, proved to be less effective than
nifedipine while 18, 35, 38 and 39 (negative control) were ineffec-
tive. Cerebral edema is a severe clinical complication in many types
of brain insults and it is characterized by the pathological swelling
of brain tissue due to the increase of brain water content [36]. With-
out medical intervention, an increase in intracranial pressure, accom-
panied by decreased blood flow and tissue ischemia arise within few
hours and this is correlated with poor patient outcomes and a greater
incidence of mortality [32,33]. Thus a reduction in tissue water con-
tent after the injury is of considerable interest to preserve brain tis-
sue. In view of this, the effectiveness in restoring tissue water gain of
the derivatives 5–7, 9, 12, 27, 28, and 33 that emerged by their activi-
ties in preliminary essays was further investigated. The results showed
that nifedipine and all the other derivatives fully reverted tissue water
gain induced by ischemia-like conditions, while the negative control
38 was ineffective also in this essay. Some compounds (6, 22, 27 and
33) proved to be better than nifedipine in restoring tissue water gain
induced by ischemia conditions (Table 3, Fig. 2).

Physicochemical and pharmacokinetic properties of 5, 6, 7, 27 and
28, as well as nifedipine (herein used as reference drug), were calcu-
lated and compared as a coarse assessment of the drug-like charac-
ter of our 1,4-DHPs. To this end, we employed the Qikprop program
(Schrödinger. LLC New York). The results are summarized in Table
4.

5. Discussion

L-type Ca2+-channels are implicated in many neurological human
diseases [37]. Consequently, developing novel and selective blocking
agents for neuronal L-type Ca2+ channel might be important for the
treatment of neurodegenerative diseases [6,9] not only in view of the
possibility to short-circuit the entire downstream pathways of excito-
toxicity, but also to overcome other hurdles in the clinical treatment
of these pathologies. 1,4-DHPs such as isradipine, in fact, possesses
multiple beneficial effects besides their primary L-calcium channel
blocking ability [38]. A rigorous phase III clinical trial is ongoing
to provide proof on the effectiveness of isradipine for treatment in
Parkinson disease [39]. In the present study, we investigated the neu-
roprotective effect and cardiovascular activity of nifedipine and other
thirty-five compounds with a 1,4-DHP scaffold bearing in C4 a dif
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Table 2
Recovery in cell viability afforded by nifedipine and 5–39 derivatives in human - astrocytoma and -neuroblastoma cells subjected to excitotoxic-like injury.

compd Human Astrocytoma (U-373 MG) cell recovery after OGD/R (%)a Human Neuroblastoma (SH SY5Y) cell recovery after GLU (%)a

1μM 20μM 1μM 20μM

Nif 34.4 ± 9.4** 73.7 ± 14.2*** 55.0 ± 12.1*** 101.6 ± 4.7***
5 73.0 ± 6.5***§§ 86.7 ± 4.2*** 44.1 ± 4.9*** 84.5 ± 9.1***
6 # # 35.4 ± 7.0*** 44.1 ± 3.8***
7 # # 85.1 ± 9.4*** § 130.0 ± 7.3***§§
8 # # 17.5 ± 4.7* 36.6 ± 6.4***
9 52.3 ± 6.5*** 54.2 ± 6.2*** 37.4 ± 3.2*** 37.7 ± 5.4***
10 14.2± 9.0 23.8± 8.9 # 49.8 ± 10.2***
11 # 36.8 ± 9.6*** 53.2 ± 2.3*** 62.2 ± 6.8***
12 36.6 ± 8.9** 43.6 ± 10.9** 42.6 ± 4.3*** 59.3 ± 7.1***
13 9.1± 6.3 13.2± 5.8 28.9 ± 10.3* 43.1 ± 8.6***
14 32.6 ± 6.0** 33.7 ± 7.6** 44.9 ± 7.3*** 47.5 ± 6.6***
15 # # # #
16 # # 37.4 ± 4.7** 50.7 ± 6.0***
17 # # 19.5 ± 6.1* 27.7 ± 8.5*
18 7.4± 15.6 30.6 ± 6.0* # 54.7 ± 8.4***
19 # # 6.8 ± 2.3 44.4 ± 8.7**
20 # # 25.1 ± 10.2* 47.1 ± 5.9**
21 10.3± 6.9 26.1 ± 12.2* # #
22 22.2± 7.1 28.5 ± 5.0* 28.8 ± 10.1* 51.1 ± 7.2***
23 16.5± 6.7 15.4± 6.7 40.8 ± 8.7*** 40.7 ± 9.8***
24 21.2± 7.4 26.7 ± 10.1* 14.7 ± 6.8* 41.6 ± 7.0***
25 # # # #
26 # # # #
27 82.9 ± 4.7***§§§ 96.7 ± 5.7*** 51.9 ± 10.0*** 99.0 ± 10.2***
28 78.8 ± 5.7***§§ 99.6 ± 2.5*** 42.0 ± 7.8*** 108.4 ± 4.5***
29 # # 13.1± 3.6 36.8 ± 5.3*
30 # # 40.6 ± 4.3*** 52.3 ± 5.6***
31 # # 31.5 ± 7.9** 46.3 ± 6.2***
32 # # # #
33 36.6 ± 8.9*** 65.7 ± 2.8*** 42.8 ± 4.3*** 67.4 ± 9.1***
34 # # # #
35 # 29.32± 14.7 # 57.6 ± 9.8***
36 9.0± 7.8 55.1 ± 13.4*** 18.2 ± 4.8* 33.4 ± 6.2***
37 # 29.6± 3.3 17.4 ± 3.5* 42.4 ± 8.0***
38 # # # #
39 # 32.4 ± 10.4** # 59.2 ± 6.4***

*P < 0.05, **P < 0.01, ***P < 0.001 vs vehicle-treated cells (recovery 0.7± 3.9% for U-373 MG and 0.3± 2.3 for SH SY5Y); §P < 0.05, §§P < 0.01, §§§P < 0.001 vs the same nifedipine
concentration (one-way ANOVA and Bonferroni post-test). # Inactive up to the concentration indicated above. Recovery in cell viability <5.0%.
a U-373 MG cells were subjected to 24h of oxygen glucose deprivation followed by 16h of reperfusion (OGD/R) while SH SY5Y cells were treated for 24h with 20mM glutamate.
The compounds were added at 1μM or 20μM final concentration in the reperfusion phase (U-373 MG) or with glutamate (SH SY5Y). The recovery values varies from 0 (no
damage recovered) to 100% (totally recovered damage). Data are presented as mean ± S.E. of at least three independent experiments conducted in sixtuplicate.

ferently substituted imidazo[2,1-b]thiazole system. The mechanism(s)
underlying neuroprotection elicited by L-type CCBs, however, is still
debated and seems to depend on their ability to reduce calcium en-
try into the cells as well as on their antioxidant [40] and by anti-in-
flammatory properties [35]. Since both these mechanisms may influ-
ence the progression of cell death after the injury, appropriate pharma-
cological models to enable measurements of the neuroprotective ef-
fects are required. In the present study cellular models (U-373 MG
and SH SY5Y as human astrocytes and neuronal cells, respectively)
were used and these were integrated by a brain tissue context-model
(rat brain slices), which allows neuroprotection assessment of novel
compounds without complication from brain penetration or metabolic
stability. In the latter model, all derivatives were added after the in-
jury since from a clinical point of view this is more relevant than
the treatment performed before the damage, being neurodegenera-
tion almost unpredictable. Finally, since the presence of L-type cal-
cium channels in human glial cells is still elusive, data from U-373
MG cells models could also help highlighting calcium channel-in-
dependent neuroprotective effects exerted by the novel compounds
here investigated. Results demonstrated that the most interesting com-
pounds were 5, 27 and 28 which were equally or more neuroprotec

tive than nifedipine and, at the same time, less active at the cardio-
vascular level when tested at 20μM concentration (Fig. 3). Interest-
ingly, some compounds were totally ineffective in U-373 MG cells,
but exerted significant (7) or mild (6, 16, 30, 31) neuroprotection in
SH-SY5Y- and brain slices-models. This can be explained by consid-
ering that L-type channel blockers-mediated neuroprotection is very
complex mechanism, which results from the interaction among mul-
tiple signaling pathways. In neurons, it is generally ascribable to cal-
cium channel-dependent events while in microglia is linked to calcium
channel-independent mechanisms. Nimodipine, for example, modu-
lates the pro-inflammatory activity, decreases the levels of NO, iNOS
and ROS [41], activates the Akt/CREB signaling pathway and in-
hibits autophagy [42] while lercandipine possesses antioxidant, anti-
inflamatory, antiapoptotic along with calcium channel blocking activ-
ity [43]. Thus, the present results suggest that U-373 MG cells do not
seem to possess directed targets for 6, 7, 16, 30 and 31 or it can be
speculated that in the same cells these derivatives simultaneously ac-
tivate neuroprotective/neurodamaging pathways with net final effect
of apparent inefficacy. Moreover, derivatives 6, 7, 9, 12 and 33 were
less active than nifedipine in cell culture experiments, while in brain
slices their effects were comparable or higher than nifedipine itself
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Table 3
Neuroprotection afforded by nifedipine and 5–7,9,12,14,16,18,22,24,27,28,30,33,35–39
derivatives in rat brain slices subjected to ischemia and reperfusion-like injury.

Compd.
Recovery of LDH release after
OGD/R (%)a

Recovery of EDEMA
formation (%)b

Nif 72.3 ± 3.3** 95.7 ± 12.7***
5 79.2 ± 5.1** 105.4 ± 8.2**
6 100.3 ± 1.8***§ 63.7 ± 6.3*
7 100.65 ± 5.4*** 82.5 ± 10.4***
9 93.8 ± 4.9*** 93.8 ± 4.9***
12 72.4 ± 5.7** 89.4 ± 3.6**
14 61.9± 19.14 #
16 20.5± 8.3 80.5 ± 6.8**
18 # #
22 23.3± 16.7 76.4 ± 13.7**
24 18.0± 11.5 #
27 83.9 ± 4.2*** 77.6 ± 4.8***
28 81.3 ± 4.0** 91.8 ± 5.3***
30 51.2± 10.8 82.0 ± 13.3**
33 87.0 ± 6.5** 75.8 ± 1.5***
35 # #
36 57.8± 20.1 89.1 ± 17.7**
37 14.5± 4.6 #
38 # #
39 # #

*P < 0.05, **P < 0.01, ***P < 0.001 vs vehicle-treated slices. §P < 0.01 vs nifedipine
(one-way ANOVA and Bonferroni post-test). # Inactive: recovery in LDH release
<5.0%.
a Rat brain slices were subjected to oxygen glucose deprivation (30 min) and
reperfusion (90 min) (OGD/R) and compounds were added at 20μM final
concentration in the reperfusion phase. The recovery values vary from 0 (no damage
recovered) to 100% (totally recovered damage).
b Data are presented as mean ± S.E. of at least four independent experiments.

(see Tables 2 and 3, Fig. 3). Thus we can hypothesize that different
affinities of these 1,4-DHP towards some L-type Ca2+ channel sub-
unit(s), or other different cellular targets, which are expressed in in-
tact tissue and not in cells, may be at the basis of the differences
in their efficacy. Functional selectivity on cardiovascular isolated tis-
sues has been done for all new compounds 10–24, 30, 32, 34–39. To
further elucidate structure-activity relationships, data about the com-
pounds (5–9, 25–29, 31 and 33of the library previously published
[13,14,26], were included in Table 4S. The evaluation of compounds

cardiovascular parameters (inotropy, chronotropy and calcium-medi-
ated spasmolytic effect) have shown that the most interesting com-
pounds emerging by preliminary studies 5–7, 9, 12, 27, 28 and 33 also
have a peculiar profile at the peripheral level. Compounds are gener-
ally negative inotropic (9, 27) or have both effects (5, 7, 12, 28, 33).
Compound 27 showed selectivity toward atrial LTCC but has also an
affinity for Cav1.3 of cortex while 5 bind Cav1.2/Cav1.3 of cortex
but does not bind in atrium and ventricle cells [14]. In terms of po-
tency on cardiovascular parameters, even if compounds are not gen-
erally more powerful than nifedipine, they are much more selective
for one of the parameters considered. In particular, compound 6 has
an intrinsic activity of less than 50% on all the parameters consid-
ered and it is completely devoid of cardiac effects. Compounds 5, 27
and 28 are devoid of vascular effects. The evaluation of neuroprotec-
tion and cardiovascular activities by in vitro some essays and in iso-
lated tissues for identification of the most promising molecules of the
small library of the imidazo[2,1-b]thiazole-1,4-DHP allows us to de-
fine some emerging relationships. Imidazo[2,1-b]thiazole substituents
at C2 and C6 are able to change not only the cardiovascular parame-
ters [13,14] but also the neuroprotection activity. This effect emerges
considering the most interesting compounds of the series for neuropro-
tective action (5–7, 9, 12, 27, 28, 33). They seem to have little affinity
for voltage-dependent Ca2+ channels of the cardiovascular system and
of the smooth muscle of nonvascular tissues to reduce side effects and
to enhance neural affinity. The 6-position of the imidazo[2,1-b]thi-
azole greatly influences the activity: an aromatic ring (7, 9, 12, 27,
28 and 33) is allowed but nature and position of its substituents in
a critical determinant (7 vs 29; 9 vs 8; 12 vs 11; 27 vs 25; 28 vs 36
and 37; 33 vs 31). As confirmation of this we can consider deriva-
tives 5–8. Here, a trifluoromethyl substituent positively influences the
activity when directly bound to the heterocyclic framework in posi-
tion 6 (5 and 6), but has no effect when present on the phenyl ring
(8). On the contrary the effect on the activity is very different when
it is present an oxygen atom that alters the influence of the triflu-
oromethyl group on the electronic ring distribution (7). The 2-posi-
tion of the imidazo[2,1-b]thiazole does not allow many variations. The
presence of a hydrogen is generally favored (5, 9, 12, 27 and 33) and
its substitution conditions the effect on the neuroprotection sensitively
in a positively ( H vs CH3 or Cl: 5 vs 6, 33 vs 28) or neg-
atively ( H vs Br or CH3 or Cl, Cl vs Br: 9 vs 10,

Fig. 2. Effects of Nifedipine and derivatives 5–7, 9, 12, 27, 28, 33 and 38 on tissue water content (tissue edema) of rat brain cortical slices subjected to oxygen–glucose deprivation
(30 min) and reoxygenation (90 min) (OGD/R). Drugs were added to the medium used throughout the reperfusion phase at 20μM final concentration. Controls (CTRL) represent
slices incubated in ACSF for 120min. Tissue water gain (edema) was calculated as (wet weight – dry weight) (dry weight)−1 and given as g H2O (g dw)−1. Data are Means ± SEM of
at least 4 different and independent experiments. **P < 0.01, ***P < 0.001 vs OG/R; ###P < 0.01 vs CTRL (one-way ANOVA and Bonferroni post-test).
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Table 4
Calculated physicochemical and pharmacokinetic properties of compounds 5, 6, 7, 27 and 28.

Compound 5 6 7 27 28 Nif. Range or recommended valuesa

#rotorb 2 2 2 4 4 3 0–15
#rtvFGc 2 2 2 2 2 2 0–2
CNSd 0 0 0 0 0 0 −2 (inactive),

+2 (active)
mol_MWe 415.4 429.4 437.5 483.5 518.0 346.3 130.0–725.0
dipolef 6.0 6.4 6.4 3.8 3.6 3.1 1.0–12.5
SASAg 589.9 623.7 626.2 695.5 722.6 533.0 300.0–1000.0
donorHBh 0 0 0 0 0 0 0.0–6.0
accptHBi 5 5 5 6.5 6.5 4.5 2.0–20.0
QPlogPo/wj 3.8 4.1 4.6 4.6 5.1 3.1 −2.0–6.5
QPlogSk −5.0 −5.6 −5.4 −5.6 −6.4 −3.8 −6.5 – 0.5
QPPCacol 1467.2 1467.2 1617.8 1756.3 1756.0 978.2 <25 poor,

>500 great
QPlogBBm 0.0 −0.1 −0.1 −0.3 −0.1 −0.5 −3.0–1.2
QPPMDCKn 3947.3 3593.5 1677.9 1833.7 4462.7 483.1 <25 poor,

>500 great
#metabo 5 6 6 7 7 6 1–8
Human Oral

Absorptionp
3 3 3 3 1 3 <25% poor,

>80% high

a For 95% of known drugs.
b Number of non-trivial (not CX3), non-hindered (not alkene, amide, small ring) rotatable bonds.
c Number of reactive functional groups.
d Predicted central nervous system activity on a −2 (inactive) to +2 (active) scale.
e Molecular weight of the molecule.
f Computed dipole moment of the molecule.
g Total solvent accessible surface area (SASA) in square angstroms using a probe with a 1.4Å radius.
h Estimated number of hydrogen bonds that would be donated by the solute to water molecules in an aqueous solution.
i Estimated number of hydrogen bonds that would be accepted by the solute from water molecules in an aqueous solution.
j Predicted octanol/water partition coefficient.
k Predicted aqueous solubility, log S. S in mol dm−3 is the concentration of the solute in a saturated solution that is in equilibrium with the crystalline solid.
l Predicted apparent Caco-2cell permeability in nm/sec. Caco-2cells are a model for the gut-blood barrier.
m Predicted brain/blood partition coefficient.
n Predicted apparent MDCK cell permeability in nm/sec. MDCK cells are considered to be a good mimic for the blood-brain barrier.
o Number of likely metabolic reactions.
p Predicted qualitative human oral absorption.

12 vs 13, 12 vs 14, 28 vs 35, 33 vs 34, 33 vs 35) influences neuropro-
tective effect. The Cl and the CH3 substituents in position 2 have
a detrimental or neutral effect on the neuroprotective activity. There-
fore this position is less interesting to be further inspected in future
works. Biological results also point out that esterification of the car-
boxylic functions in positions 3 and 5 of the 1,4-DHP ring with methyl
(5, 6, 7, 9, 27 and 28) or ethyl group positively affects the central ef-
fects (12 and 33), but these functions per se are not significant for
defining the SARs since the same esters are also present in the less in-
teresting series’ derivatives.

Quantitative structure-activity relationship (QSAR) studies on
CNS active compounds and their derivatives, together with analyses
based on CNS drugs, have suggested the physical and chemical prop-
erties that CNS compounds must possess. They are: molecular weight
(MW) less than 450, ClogP less than 5, number of H-bond acceptor
atoms less than 7, polar surface area (PSA) less than 90Å, number
of rotatable bonds (RB) less or equal to 10. Thus, for CNS penetra-
tion, the physical properties, usually, have a smaller range than gen-
eral. On the basis of these premises, the best performing 1,4-DHPs
(5–7, 27 and 28) are predicted to have a fair probability of entering
the CNS (Table 4), as all its estimated physicochemical parameters
fall in the aforementioned ranges. Moreover, the QPPMDCK parame-
ter estimating the cell permeability in MDCK cells, which are mim-
ics of the blood-brain barrier (BBB), would outline that the selected
compounds have a greater brain penetration potential with respect to
Nifedipine. However, it has to be pointed out that the present in silico

prediction neglects uptake mechanisms such as carrier-mediated up-
take, receptor-mediated transport, and active efflux that can greatly af-
fect the BBB crossing of a drug.

6. Conclusions

L-Type calcium channels in brain are considered targets for the
research of therapies for numerous pathological conditions [12,44].
1,4-DHPs, channel blockers have a long history of safe use as antihy-
pertensive agents. The neuroprotective effects of first and second-gen-
eration 1,4-DHPs L-Type calcium channel blockers such as nifedip-
ine, have been extensively investigated and were first suggested to
have neuroprotective effects [45]. 1,4-DHP channel blockers are non-
selective, blocking both Cav1.2 and Cav1.3 channels. The lack of se-
lectivity has excluded any clinically important application as neuro-
protective agents. Nevertheless, the results of our previous studies of
1,4-DHPs derivatives obtained by a ligand-based design approach, has
allowed us to further investigate this scaffold to examine any possi-
ble neuroprotective effects. Among all the compounds tested, only a
small number showed an interesting biological profile. It is evident
that for the most interesting compounds, in the experimental mod-
els considered, the cardiovascular effects are generally lower with
respect to those of nifedipine and above all the maximum efficacy
in the cardiovascular effects is reached at lower concentrations than
those required to obtain the effects on cells cultures and brain cortical
slices (Fig. 3). In particular, compound 6 is the one that best fits this
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profile. In addition, nifedipine exerts its effects including significant
vasodilation through direct action on the calcium channels while com-
pounds that emerged as more interesting in the assessment of neuro-
protection did not show a significant vaso-relaxing effect (5, 6, 7, 27,
28). It can, therefore, be hypothesized that, in vivo, unlike nifedipine
[7], they have their neuroprotection effects independently of vasodi-
lation. In addition, the evaluation of physicochemical and pharmaco-
kinetic properties compared to nifedipine (Table 4), indicates that the
appropriately decorated 1,4-DHP scaffold might be used for the mod-
ulation of brain calcium channels. Chemical modifications of the ini-
tial hits are necessary to further improve the BBB passage and then
to verify central action in in vivo experiments. This preliminary study
prompts us to future evaluations aimed at identifying new 1,4-DHPs
which, when appropriately substituted in position 4, can have applica-
tions as neuroprotective agents for treating neurodegenerative diseases
without involving voltage-dependent calcium channels at cardiovas-
cular level.

7. Experimental section

7.1. Chemistry

All the compounds prepared have a purity of at least 95% as de-
termined by calculation analysis. The melting points are uncorrected.
Analyses (C, H, N) were within ±0.4% of the theoretical values. TLC
was performed on Bakerflex plates (Silica gel IB2 F); the eluent
was a mixture of petroleum ether 60–80°C/acetone in various pro-
portions. Kieselgel 60 (Merck) was used for flash chromatography.
The IR spectra were recorded in nujol on a Nicolet Avatar 320E S.P.;
νmax is expressed in cm−1. The 1H NMR and 13C NMR spectra were
recorded on a Varian Gemini (400 MHz); the chemical shift (refer-
enced to solvent signal) is expressed in δ (ppm) and J in Hz. Abbre-
viations: th = thiazole, ar = aromatic, dhp= dihydropyridine, py = pyri-
dine, ex = H linked to N which exchanged with D2O. All solvents and
reagents, unless otherwise stated, were supplied by Aldrich Chemical
Company Ltd. and were used as supplied.

7.1.1. Imidazo[2,1-b]thiazoles 3a-e
The 2-aminothiazoles 1a-b (as free base, 30mmol) were dissolved

in acetone (80 mL) and treated with the appropriate
2-bromo-1-arylethanones 2a-e (30 mmol). The reaction mixture was
refluxed for 3h and after cooling the resulting precipitate was col-
lected, suspended in 100mL of 2N HCl and refluxed for 2h. The warm
solution, basified with 20% NH4OH, after cooling at room tempera-
ture yielded the expected imidazo[2,1-b]thiazoles which were filtered.
For 3d the solid was purified by crystallization using toluene, for 3c
by crystallization in ethanol.

7.1.1.1. 2-Bromo-6-(4-(trifluoromethoxy)phenyl)imidazo[2,1-
b]thiazole (3a)

36% yield, mp 145°C. IR: 3417, 3142, 1545, 1309, 1151.1H NMR
(DMSO-d6): 7.38 (2H, d, ar, J = 8.8), 7.94 (2H, d, ar, J = 8.8), 8.29 (1H,
s, im), 8.32 (1H, s, th). MW = 363.1576. Anal. (C12H6BrF3N2OS) C,
H, N.

7.1.1.2. 6-(5-Bromo-2,4-dimethoxyphenyl)imidazo[2,1-b]thiazole
(3b)

30% yield, mp 168°C. IR: 3111, 1604, 1536, 1208, 1030.1H NMR
(DMSO-d6): 3.92 (3H, s, OCH3), 3.99 (3H, s, OCH3), 6.84 (1H, s, im),
7.23 (1H, d, th, J = 4.6), 7.09 (1H, d, th, J = 4.6), 8.1 (1H, s, ar), 8.21
(1H, s, ar).

MW = 339.2128. Anal. (C13H11BrN2O2S) C, H, N.

7.1.1.3. 2-Bromo-6-(2,5-dimethoxyphenyl)imidazo[2,1-b]thiazole
(3c)

95% yield, mp 235°C. IR: 3421, 3142, 1670, 1228, 1055.1H NMR
(DMSO-d6): 3.76 (3H, s, OCH3), 3.89 (3H, s, OCH3), 6.9 (1H, dd, ar,
J = 8.7, J = 3.1), 7.07 (1H, d, ar, J = 8.7), 7.62 (1H, d, ar, J = 3.1), 8.31
(1H, s, im), 8.37 (1H, s, th). MW = 339.2128. Anal. (C13H11BrN2O2S)
C, H, N.

7.1.1.4. 2-Bromo-6-(3,4-dimethoxyphenyl)imidazo[2,1-b]thiazole
(3d)

20% yield, mp 114°C. IR: 1542, 1270, 1230, 1025, 856.1H NMR
(DMSO-d6): 3.77 (3H, s, OCH3), 3.81 (3H, s, OCH3), 6.97 (1H, d, ar,
J = 8.4), 7.36 (1H, dd, ar, J = 8.4, J = 2.0), 7.41 (1H, d, ar, J = 2.0), 8.16
(1H, s, im), 8.29 (1H, s, th). MW = 339.2128. Anal. (C13H11BrN2O2S)
C, H, N.

7.1.1.5. 2-Bromo-6-(3,5-dimethoxyphenyl)imidazo[2,1-b]thiazole
(3e)

45% yield, mp 133°C. IR: 3124, 1599, 1189, 1156, 1066.1H NMR
(DMSO-d6): 3.78 (6H, s, OCH3), 6.40 (1H, t, ar, J = 2.0), 7.01 (2H, d,
ar, J = 2.0), 8.28 (1H, s, im), 8.31 (1H, s, th). MW = 339.2128. Anal.
(C13H11BrN2O2S) C, H, N.

7.1.2. Imidazo[2,1-b]thiazole-5-carboxaldehydes 4a-e
The Vilsmeier reagent was prepared at 0–5°C by dropping

32mmol of POCl3 into a stirred solution of DMF (39 mmol) in CHCl3
(5 mL). The appropriate imidazo[2,1-b]thiazoles 3a-e (12 mmol), dis-
solved in CHCl3 (60 mL), were added dropwise, under stirring at
0–5°C, to the Vilsmeier reagent. After 3hat room temperature, the
reaction mixture was refluxed for 3–14h (according to a TLC test
acetone/petroleum ether 55–85°C, 1:9 v/v, 2:8 v/v) and the solvent
was evaporated under reduced pressure. The oily residue was poured
into ice and the resulting precipitate was collected. For 4c the crude
solid was purified by crystallized from ethanol. For 4b the derivative
was purified by flash chromatography on silica gel (acetone/petroleum
ether 40–60°C from 1.9 to 4.6 v/v).

7.1.2.1. 2-Bromo-6-(4-(trifluoromethoxy)phenyl)imidazo[2,1-
b]thiazole-5-carbaldehyde (4a)

77% yield, mp 135°C. IR: 3389, 1711, 1639, 1259, 1171.1H NMR
(DMSO-d6): 7.74 (2H, d, ar, J = 8.5), 8.03 (2H, d, ar, J = 8.5), 8.66 (1H,
s, th), 9.91 (1H, s, CHO). MW = 391.1682. Anal. (C13H6BrF3N2O2S)
C, H, N.

Fig. 3. Cardiovascular and neuroprotective efficacy of selected compounds with the best interesting profile (5–7, 9, 12, 27, 28, 33) in comparison to that of nifedipine. Bars report
the efficacy assessed at 20μM; when the maximum effect is reached at lower concentrations, the same is indicated under the corresponding bar (μM). The dashed lines show the
reference values for nifedipine. Data taken from Tables 2 and 3 and S1, are expressed as the mean ± SEM.
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Fig. 3. (Continued)

7.1.2.2. 6-(5-Bromo-2,4-dimethoxyphenyl)imidazo[2,1-b]thiazole-5-
carbaldehyde (4b)

37% yield, mp 217°C. IR: 3160, 3119, 1649, 1605, 1284.1H NMR
(DMSO-d6): 3.86 (3H, s, OCH3), 3.97 (3H, s, OCH3), 6.90 (1H, s, ar),
7.58 (1H, d, th, J = 6.0), 7.73 (1H, s, ar), 8.35 (1H, d, th, J = 6.0), 9.66
(1H, s, CHO). MW = 367.2234. Anal. (C14H11BrN2O3S) C, H, N.

7.1.2.3. 2-Bromo-6-(2,5-dimethoxyphenyl)imidazo[2,1-b]thiazole-5-
carbaldehyde (4c)

15% yield, mp 150°C. IR: 3411, 1710, 1654, 1503, 1221.1H NMR
(DMSO-d6): 3.73 (3H, s, OCH3), 3.75 (3H, s, OCH3), 7.05 (1H,
dd, ar, J = 9.3, J = 3.1), 7.13 (1H, dd, ar, J = 9.3), 7.15 (1H, d, ar,
J = 3.1), 8.60 (1H, s, th), 9.67 (1H, s, CHO). MW = 367.2234. Anal.
(C14H11BrN2O3S) C, H, N.

7.1.2.4. 2-Bromo-6-(3,4-dimethoxyphenyl)imidazo[2,1-b]thiazole-5-
carbaldehyde (4d)

67% yield, mp 174°C. IR: 3145, 1640, 1537, 1267, 1135.1H NMR
(DMSO-d6): 3.83 (3H, s, OCH3), 3.84 (3H, s, OCH3), 7.09 (1H, d,
ar, J = 8.4), 7.44 (1H, dd, ar, J = 8.4, J = 2.0), 7.47 (1H, d, ar, J = 2.0),
8.63 (1H, s, th), 9.89 (1H, s, CHO). MW = 367.2234. Anal.
(C14H11BrN2O3S) C, H, N.

7.1.2.5. 2-Bromo-6-(3,5-dimethoxyphenyl)imidazo[2,1-b]thiazole-5-
carbaldehyde (4e)

75% yield, mp 201°C. IR: 3432, 3142, 1639, 1593, 1168.1H NMR
(DMSO-d6): 3.81 (6H, s, OCH3), 6.63 (1H, t, ar, J = 2.3), 7.00 (1H, d,
ar, J = 2.3), 8.64 (1H, s, th), 9.90 (1H, s, CHO). MW = 367.2234. Anal.
(C14H11BrN2O3S) C, H, N.

7.1.3. General procedure for the synthesis of the 1,4-
dihydropyridines 10–24, 30, 32, 34–39

Methylacetoacetate or ethylaacetoacetate or allylacetoacetate
(2 mmol) and 30% NH4OH (4 mmol) were added to a stirred solu-
tion of the appropriate aldehyde 4a-w (1mmol) dissolved in isopropyl
alcohol (50 mL). The reaction mixture was refluxed for 24–36h (ac-
cording to a TLC test acetone/petroleum ether 55–85°C, 1:9 v/v, 2:8
v/v) and added of methylacetoacetate or ethylaacetoacetate or ally-
lacetoacetate (4mmol) and 30% NH4OH (2 mmol) every 12h. After
cooling, the mixture was evaporated to dryness under reduced pres-
sure. All the derivatives were purified by flash chromatography on
silica gel (acetone/petroleum ether 40–60°C from 1.9 to 4.6 v/v; pe

troleum ether 40–60°C/diethyl ether:9/1 v/v only for 18) to provide
the pure-DHPs as pale yellow syrup. The resulting oily residue was
diluted with cold acetone, by addition of a few milliliters of petro-
leum ether solid products were afforded and collected by filtration for
10–16, 19–24, 30, 32–34 and 38. For 35–36 resulting oils were taken
only with acetone to obtain solid products, for 18 only petroleum ether
was added; for 39 a mixture 50/50 of petroleum ether/diethyl ether
was used.

7.1.3.1. Diethyl 4-{2-bromo-6-[4-
(trifluoromethoxy)phenyl]imidazo[2,1-b][1,3]thiazol-5-yl}-2,6-
dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (10)

30% yield, mp 191°C. IR: 3226, 1693, 1265, 1223, 1023.1H NMR
(DMSO-d6): 0.87 (6H, t, COOCH2CH3, J = 7.1), 2.1 (6H, s, CH3),
3.80 (4H, q, COOCH2CH3, J = 7.1), 5.47 (1H, s, dhp), 7.37 (2H, d, ar,
J = 8.4), 7.73 (2H, d, ar, J = 8.4), 7.84 (1H, s, th), 8.86 (1H, s, NH, ex
D2O). 13C NMR (DMSO‑d6): 171.83, 172.42, 150.60, 150.47, 146.22,
139.87, 135.84, 135.00, 126.61, 126.48, 125.56, 124.06, 104.89,
103.90, 64.31, 36.83, 23.08, 18.94. MW = 614.4424. Anal.
(C25H23BrF3N3O5S) C, H, N.

7.1.3.2. Diethyl 4-[6-(2-fluorophenyl)imidazo[2,1-b][1,3]thiazol-5-
yl]-2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (11)

25% yield, mp 165°C. IR: 3182, 1697, 1273, 1202, 1096.1H NMR
(DMSO-d6): 0.94 (6H, t, COOCH2CH3, J = 7.0), 1.94 (6H, s, CH3),
3.89 (4H, q, COOCH2CH3, J = 7.0), 5.12 (1H, s, dhp), 7.15 (3H, m, ar),
7.24 (1H, d, th, J = 4.6), 7.37 (1H, m, ar), 7.86 (1H, d, th, J = 4.6), 8.14
(1H, s, NH, ex D2O). 13C NMR (DMSO-d6): 166.69, 145.26, 144.93,
138.28, 132.51, 131.50, 129.83, 129.76, 123.36, 119.87, 115.03,
114.81, 111.44, 98.77, 58.81, 30.84, 17.75, 13.97.

MW = 469.5390. Anal. (C24H24FN3O4S) C, H, N.

7.1.3.3. Diethyl 4-[6-(4-fluorophenyl)imidazo[2,1-b][1,3]thiazol-5-
yl]-2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (12)

32% yield, mp 173°C. IR: 3179, 1700, 1210, 1113, 722.1H NMR
(DMSO-d6): 0.86 (6H, t, COOCH2CH3, J = 7.0), 2.13 (6H, s, CH3),
3.76 (4H, q, COOCH2CH3, J = 7.0), 5.53 (1H, s, dhp), 7.21 (2H,
t, ar-2,6, J = 8.8), 7.27 (1H, d, th, J = 4.7), 7.46 (1H, d, th, J = 4.5),
7.74 (2H, dd, ar-3,5, J = 8.8), 8.82 (1H, s, NH, ex D2O). 13C NMR
(DMSO-d6): 166.78, 160.01, 146.56, 145.07, 141.96, 132.33, 132.30,
130.06, 129.98, 128.88, 119.40, 114.52, 114.31, 112.45, 98.70, 59.03,
31.43, 17.92, 13.86. MW = 469.5390. Anal. (C24H24FN3O4S) C, H, N.
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7.1.3.4. Diethyl 4-[6-(4-fluorophenyl)-2-methylimidazo[2,1-
b][1,3]thiazol-5-yl]-2,6-dimethyl-1,4-dihydropyridine-3,5-
dicarboxylate (13)

25% yield, mp 225°C. IR: 3097, 1694, 1207, 1113, 858.1H NMR
(DMSO-d6): 0.89 (6H, t, COOCH2CH3, J = 7.0), 2.12 (6H, s, CH3),
2.42 (3H, s, CH3), 3.80 (4H, q, COOCH2CH3, J = 7.0), 5.47 (1H, s,
dhp), 7.19 (2H, t, ar-2,6, J = 8.5), 7.24 (1H, s, th), 7.70 (2H, dd, ar-3,5,
J = 8.5), 8.79 (1H, s, NH, ex D2O). 13C NMR (DMSO-d6): 167.27,
162.80, 160.39, 146.04, 145.44, 141.39, 132.84, 132.81, 130.46,
130.38, 129.37, 124.96, 116.71, 114.93, 114.72, 99.23, 59.50, 31.89,
18.39, 14.28, 14.19. MW = 483.5603. Anal. (C25H26FN3O4S) C, H, N.

7.1.3.5. Diethyl 4-[2-chloro-6-(4-fluorophenyl)imidazo[2,1-
b][1,3]thiazol-5-yl]-2,6-dimethyl-1,4-dihydropyridine-3,5-
dicarboxylate (14)

27% yield, mp 195°C. IR: 3192, 1704, 1659, 1207, 1113.1H NMR
(DMSO-d6): 0.90 (6H, t, COOCH2CH3, J = 7.0), 2.07 (6H, s, CH3),
3.82 (4H, q, COOCH2CH3, J = 7.0), 5.37 (1H, s, dhp), 7.19 (2H, t,
ar-2,6, J = 8.5), 7.53 (2H, dd, ar-3,5, J = 8.5), 7.92 (1H, s, th), 8.95
(1H, s, NH, ex D2O). 13C NMR (DMSO-d6): 166.69, 162,57, 160,15,
145.35, 142,74, 142,65, 131.71, 130,66, 130.39, 130.31, 119.37,
116.00, 114.62, 114.42, 98.83, 59.13, 31.45, 17.95, 13.85.
MW = 503.9786. Anal. (C24H23ClFN3O4S) C, H, N.

7.1.3.6. Diethyl 4-[2-bromo-6-(4-fluorophenyl)imidazo[2,1-
b][1,3]thiazol-5-yl]-2,6-dimethyl-1,4-dihydropyridine-3,5-
dicarboxylate (15)

13% yield, mp 185°C. IR: 3192, 1702, 1659, 1206, 1113.1H NMR
(DMSO-d6): 0.89 (6H, t, COOCH2CH3, J = 7.0), 2.07 (6H, s, CH3),
3.82 (4H, q, COOCH2CH3, J = 7.0), 5.37 (1H, s, dhp), 7.18 (2H, t,
ar-2,6, J = 8.7), 7.53 (2H, dd, ar-3,5, J = 8.7), 7.91 (1H, s, th), 8.73
(1H, s, NH, ex D2O). 13C NMR (DMSO-d6): 166.71, 162.55, 160.14,
145.25, 144.76, 141.91, 131.72, 130.49, 130.35, 130.27, 121.41,
114.57, 114.36, 99.19, 98.90, 59.11, 31.50, 17.88, 13.81.
MW = 548.4296. Anal. (C24H23FBrN3O4S) C, H, N.

7.1.3.7. Diethyl 4-[6-(3,4-difluorophenyl)imidazo[2,1-b][1,3]thiazol-
5-yl]-2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (16)

16% yield, mp 175°C. IR: 3069, 1701, 1660, 1211, 1114.1H NMR
(DMSO-d6): 0.86 (6H, t, COOCH2CH3, J = 7.0), 2.16 (6H, s, CH3),
3.80 (4H, q, COOCH2CH3, J = 7.0), 5.56 (1H, s, dhp), 7.30 (1H, d, th,
J = 4.4), 7.43 (1H, d, th, J = 4.4), 7.48 (1H, m, ar), 7.58 (1H, m, ar),
7.78 (1H, m, ar), 8.95 (1H, s, NH, ex D2O). 13C NMR (101 MHz,
DMSO‑d6): 166.77, 146.97, 145.35, 140,53, 129.12, 124.87, 119.35,
116.95, 116.78, 116.67, 116.49, 113.12, 98.47, 59.18, 31.51, 30.68,
18.01, 13.82. MW = 487.5236. Anal. (C24H23F2N3O4S) C, H, N.

7.1.3.8. Diethyl 4-[6-(2,6-difluorophenyl)imidazo[2,1-b][1,3]thiazol-
5-yl]-2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (17)

31% yield, mp 254°C. IR: 3186, 1698, 1646, 1272, 1097.1H NMR
(DMSO-d6): 0.93 (6H, t, COOCH2CH3, J = 7.0), 1.93 (6H, s, CH3),
3.90 (4H, q, COOCH2CH3, J = 7.0), 5.09 (1H, s, dhp), 7.08 (2H, t, ar,
J = 7.5), 7.25 (1H, d, th, J = 4.4), 7.45 (1H, q, ar, J = 7.5), 7.95 (1H, d,
th, J = 4.4), 8.06 (1H, s, NH, ex D2O). 13C NMR (DMSO-d6): 166.61,
162.20, 159.75, 145.67, 145.02, 132.72, 131.53, 131.05, 130.83,
120.01, 111.48, 111.27, 111.01, 98.40, 58.84, 30.69, 17.76, 14.05.
MW = 487.5236. Anal. (C24H23F2N3O4S) C, H, N.

7.1.3.9. Diethyl 2,6-dimethyl-4-[6-(2,4,5-
trifluorophenyl)imidazo[2,1-b][1,3]thiazol-5-yl]-1,4-
dihydropyridine-3,5-dicarboxylate (18)

15% yield, mp 175°C. IR: 3262, 1700, 1659, 1209, 1108.1H NMR
(DMSO-d6): 0.94 (6H, t, COOCH2CH3, J = 7.2), 1.99 (6H, s, CH3),
3.90 (4H, q, COOCH2CH3, J = 7.2), 5.11 (1H, s, dhp), 7.17 (1H, m, ar),
7.27 (1H, d, th, J = 4.6), 7.54 (1H, m, ar), 7.89 (1H, d, th, J = 4.6), 8.37
(1H, s, NH, ex D2O). 13C NMR (DMSO-d6): 166.58, 145.55, 144.91,
136.13, 132.00, 120.02, 119.86, 111.99, 105.84, 105.63, 105.54,
105.34, 98.91, 64.84, 58.95, 30.78, 17.68, 13.96. MW = 505.5138.
Anal. (C24H22F3N3O4S) C, H, N.

7.1.3.10. Diethyl 4-[6-(4-chlorophenyl)imidazo[2,1-b][1,3]thiazol-5-
yl]-2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (19)

20% yield, mp 168°C. IR: 3187, 1702, 1659, 1208, 1114.1H NMR
(DMSO-d6): 0.84 (6H, t, COOCH2CH3, J = 6.8), 2.15 (6H, s, CH3),
3.77 (4H, q, COOCH2CH3, J = 6.8), 5.58 (1H, s, dhp), 7.27 (1H, d, th,
J = 4.6), 7.43 (1H, d, th, J = 4.6), 7.44 (2H, d, ar, J = 8.4), 7.79 (2H, d,
ar, J = 8.4), 8.91 (1H, s, NH, ex D2O). 13C NMR (DMSO-d6): 166.71,
146.86, 145.13, 141.45, 134.70, 131.20, 129.60, 129.09, 127.62,
119.34, 112.73, 98.58, 59.03, 31.57, 17.90, 13.80. MW = 485.9886.
Anal. (C24H24ClN3O4S) C, H, N.

7.1.3.11. Diethyl 4-[2-chloro-6-(4-chlorophenyl)imidazo[2,1-
b][1,3]thiazol-5-yl]-2,6-dimethyl-1,4-dihydropyridine-3,5-
dicarboxylate (20)

35% yield, mp 208°C. IR: 3229, 1701, 1685, 1208, 1114.1H NMR
(DMSO-d6): 0.88 (6H, t, COOCH2CH3, J = 7.1), 2.10 (6H, s, CH3),
3.82 (4H, q, COOCH2CH3, J = 7.1), 5.43 (1H, s, dhp), 7.42 (2H, d, ar,
J = 8.4), 7.59 (2H, d, ar, J = 8.4), 7.89 (1H, s, th), 8.82 (1H, s, NH, ex
D2O). 13C NMR (DMSO-d6): 166.61, 145.36, 143.07, 141.10, 134.10,
131.51, 130.80, 129.82, 127.66, 119.27, 116, 21, 98.74, 59.11, 31.63,
17.91, 13.79. MW = 520.4337. Anal. (C24H23Cl2N3O4S) C, H, N.

7.1.3.12. Diethyl 4-[2-chloro-6-(4-nitrophenyl)imidazo[2,1-
b][1,3]thiazol-5-yl]-2,6-dimethyl-1,4-dihydropyridine-3,5-
dicarboxylate (21)

19% yield, mp 171°C. IR: 3229, 1694, 1215, 1120, 1022.1H NMR
(DMSO-d6): 0.87 (6H, t, COOCH2CH3, J = 7.0), 2.12 (6H, s, CH3),
3.81 (4H, q, COOCH2CH3, J = 7.0), 5.51 (1H, s, dhp), 7.88 (2H, d, ar,
J = 8.8), 7.96 (1H, s, th), 8.25 (2H, d, ar, J = 8.8), 8.91 (1H, s, NH, ex
D2O). 13C NMR (DMSO-d6): 166.53, 145.88, 145.73, 143.83, 141.99,
140.03, 132.37, 128.84, 123.07, 119.39, 117.09, 98.60, 59.23, 31.99,
17.99, 13.81. MW = 530.9857. Anal. (C24H23ClN4O6S) C, H, N.

7.1.3.13. Diethyl 4-[2-fluoro-6-(4-nitrophenyl)imidazo[2,1-
b][1,3]thiazol-5-yl]-2,6-dimethyl-1,4-dihydropyridine-3,5-
dicarboxylate (22)

21% yield, mp 165°C. IR: 3353, 1698, 1596, 1206, 1104.1H NMR
(DMSO-d6): 0.85 (6H, t, COOCH2CH3, J = 7.0), 2.14 (6H, s, CH3),
3.80 (4H, q, COOCH2CH3, J = 7.0), 5.53 (1H, s, dhp), 7.77 (1H, s, th),
7.95 (2H, d, ar, J = 8.8), 8.26 (2H, d, ar, J = 8.8), 8.93 (1H, s, NH, ex
D2O). 13C NMR (DMSO-d6): 166.95, 154.74, 151.92, 146.21, 146.16,
142.52, 139.06, 133.04, 129.05, 123.51, 105.93, 105.67, 98.81, 59.63,
32.37, 18.45, 14.28. MW = 514.5307. Anal. (C24H23FN4O6S) C, H, N.
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7.1.3.14. Diethyl 4-[2-chloro-6-(2,4-dichloro-5-
nitrophenyl)imidazo[2,1-b][1,3]thiazol-5-yl]-2,6-dimethyl-1,4-
dihydropyridine-3,5-dicarboxylate (23)

32% yield, mp 165°C.IR: 3201, 1696, 1657, 1205, 1115.1H NMR
(DMSO-d6): 0.97 (6H, t, COOCH2CH3, J = 7.2), 1.95 (6H, s, CH3),
3.94 (4H, q, COOCH2CH3, J = 7.2), 5.04 (1H, s, dhp), 7.83 (1H, s, th),
8.08 (1H, s, ar), 8.35 (1H, s, ar), 8.42 (1H, s, NH, ex D2O). 13C NMR
(DMSO-d6): 166.47, 145.39, 145.15, 142.24, 140.21, 137.62, 134.18,
132.96, 131.68, 128.89, 126.76, 119.91, 115.97, 98.86, 59.10, 30.65,
17.64, 13.88. MW = 623.8979. Anal. (C26H21Cl3N4O6S) C, H, N.

7.1.3.15. Diethyl 4-[6-(2,4-dichloro-5-nitrophenyl)-2-
ethylimidazo[2,1-b][1,3]thiazol-5-yl]-2,6-dimethyl-1,4-
dihydropyridine-3,5-dicarboxylate (24)

19% yield, mp 231°C. IR: 3180, 1696, 1665, 1206, 1117.1H NMR
(DMSO-d6): 0.97 (6H, t, COOCH2CH3, J = 7.0), 1.28 (3H, t, CH2CH3,
J = 7.3), 1.96 (6H, s, CH3), 2.84 (2H, q, CH2CH3, J = 7.3), 3.94 (4H,
q, COOCH2CH3, J = 7.0), 5.04 (1H, s, dhp), 7.63 (1H, s, th), 7.81
(1H, s, ar), 8.07 (1H, s, ar), 8.34 (1H, s, NH, ex D2O). 13C NMR
(DMSO-d6): 166.53, 145.14, 145.09, 144.55, 140.35, 137.67, 134.88,
131.74, 131.64, 131.33, 128.92, 126.49, 115.68, 99.10, 59.05, 30.63,
21.51, 17.67, 14.93, 13.98. MW = 593.4844. Anal. (C26H26Cl2N4O6S)
C, H, N.

7.1.3.16. Diallyl 4-[6-(2,5-dimethoxy-4-nitrophenyl)imidazo[2,1-
b][1,3]thiazol-5-yl]-2,6-dimethyl-1,4-dihydropyridine-3,5-
dicarboxylate (30)

10% yield, mp 200°C. IR: 3185, 1693, 1666, 1202, 1114.1H NMR
(DMSO-d6): 1.95 (6H, s, CH3), 3.57 (3H, s, OCH3), 3.82 (3H, s,
OCH3), 4.43 (4H, m, CH2CH CH2), 4.97 (4H, m, CH2CH CH2),
5.16 (1H, s, dhp), 5.71 (2H, m, CH2CH CH2), 6.92 (1H, s, ar), 7.18
(1H, d, th, J = 4.6), 7.48 (1H, s, ar), 7.79 (1H, d, th, J = 4.6), 8.41 (1H, s,
NH, ex D2O). 13C NMR (DMSO-d6): 166.33, 151.09, 145.68, 145.51,
145.24, 139.09, 138.06, 132.97, 131.39, 130.71, 119.64, 118.09,
116.73, 111.42, 106.83, 98.65, 63.62, 56.72, 55.79, 30.91, 17.77.
MW = 580.6142. Anal. (C28H28N4O8S) C, H, N.

7.1.3.17. Dimethyl 4-[6-(5-bromo-2,4-dimethoxyphenyl)imidazo[2,1-
b][1,3]thiazol-5-yl]-2,6-dimethyl-1,4-dihydropyridine-3,5-
dicarboxylate (32)

10% yield, mp 232°C. IR: 3425, 1693, 1644, 1277, 1207.1H NMR
(DMSO-d6): 1.99 (6H, s, CH3), 3.43 (6H, s, COOCH3), 3.61 (3H, s,
OCH3), 3.92 (3H, s, OCH3), 5.08 (1H, s, dhp), 6.71 (1H, s, ar), 7.00
(1H, s, ar),7.18 (1H, d, th, J = 4.2), 7.80 (1H, d, th, J = 4.2), 8.27 (1H, s,
NH, ex D2O). 13C NMR (DMSO-d6): 167.24, 158.43, 156.01, 144.93,
144.83, 140.04, 134.49, 130.77, 119.42, 118.04, 111.15, 99.25, 98.50,
96.75, 56.35, 55.41, 50.56, 30.77, 17.76. MW = 562.4376. Anal.
(C24H24BrN3O6S) C, H, N.

7.1.3.18. Diethyl 4-[6-(2,5-dimethoxyphenyl)-2-methylimidazo[2,1-
b][1,3]thiazol-5-yl]-2,6-dimethyl-1,4-dihydropyridine-3,5-
dicarboxylate (34)

17% yield, mp 160°C. IR: 3180, 1694, 1660, 1205, 1114.1H NMR
(DMSO-d6): 0.97 (6H, t, COOCH2CH3, J = 7.0), 1.90 (6H, s, CH3),
2.44 (3H, s, CH3), 3.48 (3H, s, OCH3), 3.69 (3H, s, OCH3), 3.90
(4H, q, COOCH2CH3, J = 7.0), 4.99 (1H, s, dhp), 6.44 (1H, s, ar),
6.84 (2H, s, ar),7.61 (1H, s, th), 8.01 (1H, s, NH, ex D2O). 13C
NMR (DMSO-d6): 166.90, 152.17, 151.87, 144.68, 143.51, 140.20,
130.37, 125.25, 122.64, 117.81, 116.71, 113.47, 110.86, 98.73, 58.78,

55.24, 55.17, 30.81, 17.73, 13.95, 13.50. MW = 525.6218. Anal.
(C27H31N3O6S) C, H, N.

7.1.3.19. Diethyl 4-[2-bromo-6-(2,5-dimethoxyphenyl)imidazo[2,1-
b][1,3]thiazol-5-yl]-2,6-dimethyl-1,4-dihydropyridine-3,5-
dicarboxylate (35)

22% yield, mp 214°C. IR: 3390, 1695, 1658, 1204, 1117.1H NMR
(DMSO-d6): 0.98 (6H, t, COOCH2CH3, J = 7.0), 1.90 (6H, s, CH3),
3.32 (3H, s, OCH3), 3.47 (3H, s, OCH3), 3.90 (4H, q, COOCH2CH3,
J = 7.0), 5.01 (1H, s, dhp), 6.44 (1H, s, ar), 6.87 (2H, s, ar), 8.03 (1H, s,
NH, ex D2O),8.23 (1H, s, th). 13C NMR (DMSO-d6): 166.79, 152.22,
151.78, 145.00, 142.95, 140.48, 131.45, 124.50, 121.85, 117.66,
113.75, 110.91, 98.54, 97.60, 58.84, 55.27, 55.21, 30.80, 17.71, 13.89.
MW = 590.4911. Anal. (C26H28BrN3O6S) C, H, N.

7.1.3.20. Diethyl 4-[2-bromo-6-(3,4-dimethoxyphenyl)imidazo[2,1-
b][1,3]thiazol-5-yl]-2,6-dimethyl-1,4-dihydropyridine-3,5-
dicarboxylate (36)

18% yield, mp 189°C. IR: 3184, 1699, 1656, 1203, 1025.1H NMR
(DMSO-d6): 0.89 (6H, t, COOCH2CH3, J = 7.2), 2.09 (6H, s, CH3),
3.74 (3H, s, OCH3), 3.78 (3H, s, OCH3), 3.84 (4H, q, COOCH2CH3,
J = 7.2), 5.45 (1H, s, dhp), 6.93 (1H, d, ar, J = 8.4), 7.13 (1H, d, ar,
J = 8.4), 7.18 (1H, s, ar),7.80 (1H, s, th), 8.77 (1H, s, NH, ex D2O). 13C
NMR (DMSO-d6): 166.77, 148.10, 148.04, 145.05, 144.58, 142.44,
129.64, 128.02, 121.24, 120.78, 112.40, 111.24, 98.92, 98.77, 59.06,
55.56, 55.48, 31.55, 17.92, 13.79. MW = 590.4911. Anal.
(C26H28BrN3O6S) C, H, N.

7.1.3.21. Diethyl 4-[2-bromo-6-(3,5-dimethoxyphenyl)imidazo[2,1-
b][1,3]thiazol-5-yl]-2,6-dimethyl-1,4-dihydropyridine-3,5-
dicarboxylate (37)

10% yield, mp 185°C. IR: 3202, 1693, 1601, 1204, 1156.1H NMR
(DMSO-d6): 0.89 (6H, t, COOCH2CH3, J = 7.2), 2.09 (6H, s, CH3),
3.74 (3H, s, OCH3), 3.78 (3H, s, OCH3), 3.84 (4H, q, COOCH2CH3,
J = 7.2), 5.47 (1H, s, dhp), 6.45 (1H, s, ar), 6.78 (2H, s, ar), 7.78 (1H, s,
th), 8.79 (1H, s, NH, ex D2O). 13C NMR (DMSO-d6): 166.75, 159.91,
145.23, 144.78, 142.20, 137.03, 130.14, 121.18, 106.56, 99.42, 99.05,
98.65, 59.10, 55.16, 31.57, 17.92, 13.79. MW = 590.4911. Anal.
(C26H28BrN3O6S) C, H, N.

7.1.3.22. Diethyl 4-[6-(4-chloro-3-nitrophenyl)-2-methylimidazo[2,1-
b][1,3]thiazol-5-yl]-2,6-dimethyl-1,4-dihydropyridine-3,5-
dicarboxylate (38)

15% yield, mp 205°C. IR: 3185, 1695, 1688, 1203, 1117.1H NMR
(DMSO-d6): 0.84 (6H, t, COOCH2CH3, J = 7.0), 2.18 (6H, s, CH3),
2.43 (3H, s, CH3), 3.80 (4H, q, COOCH2CH3, J = 7.0), 5.57 (1H, s,
dhp), 7.21 (1H, s, th), 7.80 (1H, d, ar, J = 8.4), 8.12 (1H, d, ar, J = 8.4),
8.40 (1H, s, ar), 8.97 (1H, s, NH, ex D2O).13C NMR (DMSO-d6):
166.59, 147.21, 146.60, 145.51, 137.88, 136.26, 132.61, 131.18,
130.04, 125.88, 125.09, 123.77, 122.53, 116.06, 98.26, 59.16, 31.84,
17.97, 13.71. MW = 545.0125. Anal. (C25H25ClN4O6S) C, H, N.

7.1.3.23. Diethyl 4-[6-(4-bromo-3-nitrophenyl)imidazo[2,1-
b][1,3]thiazol-5-yl]-2,6-dimethyl-1,4-dihydropyridine-3,5-
dicarboxylate (39)

16% yield, mp 212°C. IR: 3183, 1695, 1670, 1203, 1114.1H NMR
(DMSO-d6): 0.82 (6H, t, COOCH2CH3, J = 7.1), 2.18 (6H, s, CH3),
3.78 (4H, q, COOCH2CH3, J = 7.1), 5.63 (1H, s, dhp), 7.34 (1H,
d, th, J = 4.6), 7.43 (1H, d, th, J = 4.6), 7.95 (1H, d, ar-5, J = 8.4),
8.06 (1H, dd, ar-6, J = 1.8, J = 8.4), 8.41 (1H, d, ar-2, J = 1.8), 9.02



UN
CO

RR
EC

TE
D

PR
OO

F

European Journal of Medicinal Chemistry xxx (xxxx) xxx-xxx 13

(1H, s, NH, ex D2O). 13C NMR (DMSO-d6): 166.58, 149.36, 147.42,
145.66, 138.92, 136.69, 134.32, 132.61, 130.63, 123.77, 119.28,
113.87, 110.62, 98.16, 59.19, 31.83, 18.00, 13.74. MW = 575.4367.
Anal. (C24H23BrN4O6S) C, H, N.

7.2. Assessment of neuroprotection

7.2.1. Cells cultures
Human astrocytoma cell line U-373 MG cells (ATCC, Manas-

sas, VA) were cultured as previously described [46]. For oxygen and
glucose deprivation and reperfusion (OGD/R) experiments cells were
harvested by trypsinization, seeded at 30000cells/ml in a 96-well cul-
ture plates and grown for 24 or 48h under standard conditions (37 °C/
5% CO2). OGD was then performed by replacing the culture medium
with Dulbecco's Modified Eagle Medium (DMEM) containing no glu-
cose and previously bubbled with a 95% N2/5% CO2 gas mixture (ni-
trogen) for at least 1h to eliminate oxygen in the medium. Plates were
placed in an airtight chamber (C.B.S. Scientific Company, San Diego,
CA) and then equilibrated for 10min with a continuous flux of nitro-
gen. The chamber was sealed and placed in an incubator at 37 °C for
24h Afterward the cells were returned to the normal culture media in a
normal oxygen incubator for 16h of reperfusion. Control cell cultures
that were not deprived of oxygen and glucose were placed in normal
oxygenated DMEM containing glucose. To assess neuroprotective ef-
fects, drugs were added during the reperfusion phase at 20μM final
concentration. Each experiment was repeated at least four times.

7.2.2. SHSY-5Y cells
Human SH SY5Y neuroblastoma cells (ATCC, Manassas, VA)

were grown as previously detailed [47]. For excitotoxicity-induced
damage experiments cells were harvested by trypsinization, seeded at
80000cells/ml in a 96-well culture plates and grown for 24 or 48h
under standard conditions (37 °C/5% CO2). L-Glutamate (GLU) stock
solution was prepared by dissolving the aminoacid in 1M HCl and by
re-equilibrating the solution at pH 7.5 before dilution to working con-
centrations with culture medium. Cells were exposed to 50 mM GLU
or 50 mM GLU + 5–39 derivatives at 1μM or 20μM final concentra-
tion or left untreated for 24h (controls). Each experiment was repeated
at least four times.

7.2.3. 5–39 derivatives treatments
Stock solutions of the compounds were prepared in DMSO

(10 mM, kept at −20°C) and immediately before use, they were di-
luted with cells culture medium to the desired final concentration.
Control cells were treated only with DMSO, which never exceeded
0.1%.

7.2.4. Cell viability: alamar blue assay (AB)
U373-MG or SHSY-5Y cell viability was assessed with the flu-

orescent dye, alamarBlue (AB) (Invitrogen, Carlsbad, CA), follow-
ing manufacturer's instructions. Briefly, 20μl of AB (1mg/mL) were
added to each well containing 200μl cell supernatant. The microplates
were further incubated for 4hat 37°C and cell fluorescence was quan-
tified using a Cytofluor 2350 fluorescence scanner (Millipore Corp,
Bedford, MA) equipped with 530–560nm excitation and 590nm emis-
sion filters. AB assay provides an indication of the metabolic activ-
ity of cell cultures cytotoxicity being related to the decline in arbitrary
fluorescence units (FUs) of treated cultures, as compared to control
cultures [48].

7.2.5. Rat brain cortical slices
All animal care and experimental protocols conformed the AR-

RIVE guidelines as well as the European Union Guidelines for the
Care and the Use of Laboratory Animals (European Union Directive
2010/63/EU) and were approved by the Italian Department of Health
(813/2015-PR).

Male Wistar rats (Charles River Italia, Calco, Italy), weighing
250–350g, were used. Before the experiments, animals were housed
in groups of two/three per cage and acclimatized for at least 1 week
in the laboratory animal facility, maintained at constant temperature
(21 ± 2°C) and humidity (55 ± 5%) with a 12h light/dark cycle. Food
and water were provided ad libitum. The protocol used was already
described elsewhere [49]. Briefly, after sacrifice the whole brain was
rapidly removed, chilled to 4°C by immersion into cold ACSF (com-
position in mM: 120 NaCl, 2.5 KCl, 1.3 MgCl2, 1.0 NaH2PO4, 1.5
CaCl2, 26 NaHCO3, 11 glucose, saturated with 95% O2 –5% CO2,
with a final pH of 7.4, osmolality 285–290 mOsmol). The cortex
was dissected and cut into 400μm-thickness slices by using a man-
ual chopper (Stoelting Co., Wood Dale, IL, USA). Afterward, slices
were maintained in oxygenated ACSF enriched with 400μM ascorbic
acid for 1hat room temperature to allow maximal recovery from slic-
ing trauma). Cortical slices from a single brain were then placed in
covered incubation flasks containing 2mL ACSF continuously bub-
bled with a 95% O2/5% CO2 gas mixture and incubated at 37°C for
an additional period of 30min. Afterward, OGD was carried out by in-
cubating slices for 30min into Artificial CerebroSpinal Fluid (ACSF)
in which glucose was replaced by an equimolar amount of saccha-
rose, and continuously bubbled with a 95% N2/5% CO2 gas mixture.
After the OGD phase, the ischemic-like solution was replaced with
fresh, oxygenated ACSF for an additional 90min period (reoxygena-
tion phase). The protective effects of derivatives 5–9, 12, 14, 16, 18,
22, 24, 27, 28, 30, 33, 35–39 were investigated by adding them to
ACSF during the entire reoxygenation phase at final concentration of
20μM.

7.2.6. Assessment of brain slices injury
Cell damage was assessed by measuring the amount of LDH re-

leased into the ACSF during the entire reperfusion period [49]. In par-
ticular, LDH activity was determined spectrophotometrically via the
rate of decrease in absorbance at 340nm of NADH during its oxida-
tion to NAD+ and the concomitant reduction of pyruvate to lactate.
Tissue water gain (TWG, tissue edema) was calculated as already de-
scribed [50].

7.2.7. Analysis of data
Data are reported as Mean ± E.S.M. and expressed as percent of

recovery from injury which varies from 0 (no damage recovered) to
100% (totally recovered damage). Statistical analysis was performed
by using one-way ANOVA followed Bonferroni post-test (GraphPad
Software v.5, San Diego, CA, USA). In all comparisons, the level of
statistical significance (P) was set at 0.05.

7.3. Periferal functional studies

All the experiment were conducted according to the guidelines set
forth to EU Directive 2010/63/EU and to ARRIVE guidelines. The
protocol was approved by the Institutional Ethics Committee of the
University of Bologna (Protocol 21/79/14) and transmitted to the Min-
istry of Health. For details, please see Supporting Information.
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Abbreviations

LTCC L-type Calcium channel
1,4-DHPs 1,4-dihydropyridines
GPILSM guinea-pig ileum longitudinal smooth muscle
NMR Nuclear Magnetic Resonance
DMSO Dimethyl sulfoxide;
DMF N,N-dimethylformamide;
SEM Standard Error Mean
NMDA N-methyl-D-aspartic acid
AMPA α-amino-3-hydroxy-5-methylisoxazole-4-propionate
KA kainic acid
NOS nitric oxide synthase
MTDL multi target direct ligands
LDH lactate dehydrogenase
OGD/R oxygen glucose deprivation and reperfusion
GLU L-Glutamate
CCBs Calcium-channel blockers
ACSF Artificial CerebroSpinal Fluid
DMEM Dulbecco's Modified Eagle Medium
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Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ejmech.2019.02.075.
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