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ABSTRACT

Sigma-1 receptor (S1R) has been considered a promising therapeutic target for several neurodegenerative diseases and S1R agonists have shown neuroprotective
activity against glutamate excitotoxicity and oxidative stress. Starting from a previously identified low nanomolar S1R agonist, in this work we prepared and tested
novel benzylpiperidine/benzylpiperazine-based compounds designed by applying a ring opening strategy. Among them, 4-benzyl-1-(2-phenoxyethyl)piperidine 6b
(S1R Ki = 0.93 nM) and 4-benzyl-1-(3-phenoxypropyl)piperidine 8b (S1R Ki = 1.1 nM) emerged as high affinity S1R ligands and showed selectivity over S2R and N-
methyl-p-aspartate receptor (NMDAR). Candidate compounds behaved as potent S1R agonists being able to enhance the neurite outgrowth induced by nerve growth
factor (NGF) in PC12 cell lines. In SH-SY5Y neuroblastoma cell lines they exhibited a neuroprotective effect against rotenone- and NMDA-mediated toxic insults. The
neuroprotective activity of 6b and 8b was reverted by co-treatment with an S1R antagonist, PB212. Compounds 6b and 8b were tested for cytotoxicity in-vitro against
three human cancer cell lines (A549, LoVo and Panc-1) and in-vivo zebrafish model, resulting in a good efficacy/safety profile, comparable or superior to the
reference drug memantine. Overall, these results encourage further preclinical investigations of 6b and 8b on in-vivo models of neurodegenerative diseases.

1. Introduction

Chronic neurodegenerative diseases, such as Alzheimer’s disease
(AD), Parkinson’s disease (PD), Huntington’s disease, amyotrophic
lateral sclerosis (ALS) and multiple sclerosis (MS) still represent a great
challenge for pharmacological research, since available treatments are
mainly symptomatic and present side effects and limitations [1-3]. The
World Health Organization (WHO) estimates the cost of neurodegen-
erative disorders in the European Union (EU) alone to be more than 160
Billion Euro per year [4]. This cost will continue to rise dramatically due
to Europe’s demographic aging [5]. The development of new drugs for a
disease-modifying therapy, able to halt or to reverse the progression of
these pathologies, would represent a paradigm shift in the treatment of
the neurodegenerative disorder [6,7]. This requires the necessity to
identify or exploit novel molecular targets. Sigma 1 receptor (S1R) has
gained particular attention among the potential therapeutic targets
[8-10]. S1R is highly expressed in neurons and glia of multiple regions
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within the central nervous system (CNS) where it is involved in neuro-
protection, neuroinflammation, neurotransmission, and neuroplasticity.
Indeed, S1R is implicated in several neurodegenerative disorders (such
as memory and cognition disorders including AD, HD, and ALS). Deficits
or dysfunction in SIR are associated with neurodegeneration.
Conversely, activating S1R can convey neuroprotective effects by
rescuing cells from damage, promoting neuronal survival, and restoring
neuronal plasticity which in turn can slow the progression of the disease.
The S1R is also involved in cancer cell physiology and overexpressed in a
variety of tumours, suggesting its protective role in cancer cell survival
and tumour progression [11-13]. At cellular level, SIR is a
chaperone-like protein primarily localized at the
mitochondria-associated endoplasmic reticulum membranes or MAMs.
Upon activation, S1R de-oligomerizes [14] and interacts with receptors
and ion channels which leads to changes in calcium balance, integrity of
endoplasmic reticulum (ER) and mitochondria, and reduction of
oxidative and nitrosative stress (Fig. 1). One of the most studied
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neuroprotective effects mediated by S1R is the functional balance of the
NMDAR activity. Indeed, on the one hand, S1R enhances the function of
NMDAR, thus eliciting signalling cascades that strengthen the commu-
nication between synapses contributing to synaptic plasticity and
improving learning and memory. However, since an excessive influx of
calcium via overactivated NMDAR can cause excitotoxicity, on the other
hand, S1R counteracts Ca%* dyshomoeostasis by promoting the entry of
Ca’" into the mitochondria. Furthermore, S1R contributes to the
reduction of NMDAR-mediated NO production and nitrosative stress
overall [15-17]. In addition to NMDAR mediated effects, SIR may also
contribute to neuroprotection through the mitigation of ROS accumu-
lation, possibly through the modulation of ROS-neutralizing proteins
[18]. Moreover, S1IR may exert a potential role as a gatekeeper for
endoplasmic reticulum (ER) stress [19,20], triggering the terminal
unfolded protein response (UPR) [20], a condition that numerous
studies have closely correlated with aging-associated diseases, including
cancer [21-24]. Lastly, S1R is also found in microglia, where it regulates
the activity of microglia and reduces neuroinflammation by suppressing
the production of proinflammatory cytokines and chemokines [25].

Several studies have shown the potential benefits of using SIR ago-
nists in treating or reversing the progression of AD, PD, MS, and SLA
[26-38]. To date, three S1R agonists are in clinical trials for the treat-
ment of neurodegenerative disease named blarcamesine, cutamesine
and pridopidine (Fig. 2). Blarcamesine (or ANAVEX 2-73), a mixed
muscarinic receptor/S1R ligand [39], is currently being tested in phase
III clinical trials for AD [40] and phase II clinical trials for cognitive
impairment in PD patients with dementia [41] and Rett syndrome [42,
43]. Cutamesine has completed a phase II clinical trial for the treatment
of acute ischemic stroke and major depression [44]. Lastly, pridopidine
is currently being evaluated in a phase II clinical trial for treating
levodopa-induced dyskinesia in patients with Parkinson’s disease [45].
It has previously completed a phase III clinical trial, where it showed
promising results in treating motor symptoms in Huntington’s disease
[46,47]. These success stories encourage the seeking for S1R agonists
and deliver additional guidance for new S1R drug candidates that might
represent the next generation of psychotherapeutic agents.

For many years, our research group has been active in the field of
sigma receptor modulators and low nanomolar and sub-nanomolar li-
gands, designed by combining different substituted five-member het-
erocyclic rings with appropriate pharmacophoric amines (i.e.,
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benzylpiperidine and benzylpiperazine), have been identified (Fig. 3)
[48-51]. In particular, compounds I-V displayed neuroprotective abil-
ities, rescuing neuronal cells from oxidative stress and NMDA-induced
toxicity. Compound II, a full S1R agonist, was the most selective with
70-fold selectivity for SIR over S2R.

In the present work, starting from compound II, we applied a ring
opening strategy to explore the effect of the oxathiazole ring on S1R
binding affinity and selectivity (Fig. 4). A new series of acyclic de-
rivatives was prepared. The compounds were tested in a cell-based assay
for agonist/antagonist behaviour and the best compounds were sub-
jected to efficacy studies to evaluate their neuroprotective capability. In
addition, early toxicity studies were performed to assess the drugability
profile for further preclinical investigation on animal models of neuro-
degenerative diseases.

2. Results and discussion
2.1. Compound design

Sixteen new acyclic derivatives were designed by replacing the 1-
oxa-4-thiaspiro[4.5]decan portion of II with bioisosteric alkylene
linkers (1a-8a and 1b-8b, Table 1).

All the accessible combinations deriving from the linearization of the
1-oxa-4-thiaspiro[4.5]decan ring were considered. The heterocyclic
linker of II was therefore converted in an ethylic or propylic aliphatic
chain and connected to the primary hydrophobic moiety by means of an
ether or a sulphide linker. Recent studies revealed the requirement of an
alkylene linker with an H-bond acceptor substituent, such as S or O,
between the amine and the primary hydrophobic portion of a S1R
ligand, as an important feature for S1R binding [52]. Moreover, the
importance of a saturated or aromatic carbocycle, as primary hydro-
phobic moiety, was investigated by replacing the cyclohexyl ring of the
lead compound with the phenyl ring. As far as concern the ionizable
amine, based on our previous SAR investigation both benzyl-piperazine
or benzyl-piperidine derivatives were considered in the design of the
new linearized derivatives. Because these molecules have to reach the
CNS, the most relevant physicochemical and drug-likeness properties of
the designed set of compounds were profiled in silico using the Swis-
SADME web utility [53]. According to the international guideline,
particular attention was posed on those attributes accounting for a
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Fig. 1. Main physiological pathways elicited by SIR activation and implicated in neuroprotection (Created with BioRender.com).
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Fig. 2. S1R agonists currently in clinical trials: chemical structures, binding affinity at S1R and S2R and therapeutic indications.
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Fig. 3. Chemical structures and SRs binding affinity and selectivity of the most promising compounds of our library of SR modulators endowed with neuro-
protective efficacy.
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successful CNS drug [54,55]. The predicted physicochemical properties exposure. Lastly, all the compounds passed the check for pan-assay
for the 16 designed compounds are resumed in Tables SI-1 and are interference compounds (PAINS) evaluated with the in-silico tool FAF-
represented in an intuitive graphical classification model viz. Drugs4 [56].

BOILED-Egg diagram as shown in Fig. 5. All the designed compounds are

predicted to be absorbed per os and to be able to cross the BBB, indi-

cating an overall balanced physicochemical profile for optimal brain
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Chemical structures of the new designed compounds 1a-8a and 1b-8b.
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Fig. 5. Boiled-egg diagram for the designed compounds (1a-8a and 1b-8b).
The white region defines the physicochemical space of molecules with highest
probability of being absorbed by the gastrointestinal tract, and the yellow re-
gion (egg yolk) defines the physicochemical space of molecules with highest
probability to permeate to the brain.

2.2. Chemistry

The synthesis of amines 1la-b is reported in Scheme 1. Cyclo-
hexanethiol was reacted first with 1,3-dibromopropane in standard Sy2
conditions, in acetone at room temperature for 24 h, using K;CO3 as
base, to give the thioether 9 in a 50% yield (Scheme 1). 1,3-Dibromopro-
pane was used in large excess (3 equivalents with respect to

cyclohexanethiol), in order to avoid the formation of the disubstituted
product. However, despite the complete consumption of the starting
thiol, the modest yield achieved for 9 could be imputed to the un-
avoidable formation of the cyclohexyldisulphide (due to the easily
oxidation of thiols in alkaline environment) and to the cumbersome
chromatographic purification required to isolate the product of interest
from the excess of unreacted dibromopropane. The Sy2 reaction of 9
with 4-benzylpiperidine or 1-benzylpiperazine, in DMSO, at room tem-
perature, in the presence of KoCO3 to neutralize the forming hydrobro-
mic acid, afforded compounds 1a and 1b in a 60% and 80% yield,
respectively (Scheme 1).

For the synthesis of the cyclohexyl ethylenic ethers 2a-b, the
commercially available 2-(cyclohexyloxy)ethan-1-ol (10) was converted
into the corresponding aliphatic chloride (11) by reaction with refluxing
thionyl chloride, in the presence of a catalytic amount of DMF. Finally,
11 was reacted with 4-benzylpiperidine or 1-benzylpiperazine as
described above to give compounds 1a and 2b with a 25% and 45% of
yields, respectively (Scheme 2).

Conversely, the synthesis of the sulphurated bioisosters of 2a-b
(namely, 3a-b) followed a different synthetic approach (Scheme 3).
Cyclohexanethiol and ethyl bromoacetate were reacted in acetone at
room temperature for 6 h in the presence of KoCO3 to give ethyl 2-
(cyclohexylsulfanyl)acetate (12) in quantitative yield [57]. The inter-
mediate 12 was then hydrolysed to the corresponding carboxylic acid
(13) using mild conditions such as 1 N aqueous NaOH in THF/EtOH 3:1
at room temperature for 6 h. The carboxylic acid 13 was further reacted
with 1-benzylpiperazine (for 14a) or 4-benzylpiperidine (for 14b) in the
presence of EDC and HOBt as coupling agents, in DMF, at 0 °C for 1 h and
then at room temperature overnight, to give the corresponding amides
14a-b (Scheme 4). Finally, amides 14a-b were reduced to the corre-
sponding amines 3a-b with LiAlH, in dry THF under argon atmosphere
at 0 °C for 1 h and then at room temperature overnight (Scheme 4).

The synthesis of the final compounds 4a-b required the preparation
of the cyclohexyl propyl ether intermediate 16, first. Accordingly,
cyclohexanone was condensed with 1,3-propandiol in refluxing toluene,
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Scheme 1. Reagents and conditions: a) 1,3-Dibromopropane (3 eq.) and K,CO3 (2.5 eq.), acetone, r.t., 24 h, 50% yield. b) 4-benzylpiperine or 1-benzylpiperazine
(1.2 eq.), K»CO3 (2.5 eq.), DMSO, r.t., 3 h-18 h, 62% yield (for 1a) and 81% yield (for 1b).
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Scheme 2. Reagents and conditions: a) SOCl,, neat, reflux, 2 h, 57% b) 4-benzylpiperine or 1-benzylpiperazine (1.2 eq.), K,CO3 (2.5 eq.), DMSO, r.t., 24 h, 20% yield

(for 2a) and 45% yield (for 2b).
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Scheme 3. Reagents and conditions: a) K,CO3 (2.5 eq.), ethyl bromoacetate (1 eq.), acetone, r.t., 6 h, 100% b) 1 N aqueous NaOH (1.5 eq.), THF/EtOH 3:1, r.t., 6 h,
80% c) 4-benzylpiperidine or 1-benzylpiperazine (1 eq.), EDC HCl (1 eq.), HOBt (1 eq.), DMF, r.t., 6 h, 92% yield (for 14a) and 48% yield (for 14b). d) LiAlH, (1.5

eq.), dry THF, Ar, r.t., overnight, 9% yield (for 3a) and 50% yield (for 3b).

using pTSA as a catalyst and the Dean-Stark apparatus to trap the
forming water, to give 1,5-dioxaspiro[5.5]undecane (15) [58]. By
treating 15 with AlCl3 and LiAlH4, the acetal was selectively opened to
3-(cyclohexyloxy)propan-1-ol (16) in 91% yield (Scheme 4). Alcohol 16
was then converted to the corresponding chloride (17) by refluxing
thionyl chloride in the presence of DMF as a catalyst. 17 was finally
reacted with 1-benzylpiperazine or 4-benzylpiperidine to give the
amines 4a-b, as previously described (Scheme 4).

Compounds 5a-b were prepared adopting the same synthetic
approach previously described for the synthesis of 1a-b (Scheme 5). The
bromopropylthioether 18 was obtained by Sy2 between thiophenol and
1,3-dibromopropane in acetone at room temperature for 4 h, using
KoCOs as a base, and then directly reacted with 1-benzylpiperazine or 4-
benzylpiperidine to give the amines 5a-b, using the same reaction
conditions previously reported (Scheme 5).

Final products 6a-b were synthesized as reported in Scheme 6.

Briefly, intermediate 20 was prepared by reduction of ethyl phenox-
yacetate (19) with NaBH4 in ethanol at room temperature for 4 h 19 was
prepared by Sy2 reaction between phenol and ethyl bromoacetate in
acetone at 60 °C for 4 h, using K,COj3 as base [57]. A total yield of 42%
was achieved over the two steps (Scheme 6), compared to the 29% yield
obtained in the single step reaction between phenol and 2-bromoetha-
nol. 20 was chlorinated by refluxing thionyl chloride, using DMF as
catalyst, to give 2-phenoxy-1-chloroethane (21), which was finally
reacted with 1-benzylpiperazine or 4-benzylpiperidine to give the
amines 6a-b (Scheme 6).

For the synthesis of the phenyl ethyl thioether derivatives 7a-b, the
same approach adopted for compounds 3a-b was followed (Scheme 7).
Ethyl 2-(phenylsulfanyl)acetate (22) was prepared by Sy2 reaction be-
tween thiophenol and ethyl bromoacetate in acetone, with K2COs3 as
base, at room temperature for 4 h. The ethyl ester was then hydrolysed
in mild conditions using stoichiometric 1 N aqueous NaOH in THF/EtOH
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Scheme 4. Reagents and conditions: a) 1,3-propanediol (1.5 eq.), pTSA (0.1 eq.), dry toluene, reflux, N, atmosphere, 2 h, 35% b) AlCl; (2 eq.), LiAlH,4 (0.5 eq.), dry
Et;0, 0 °C - r.t. —» 0 °C, 40’, 91% c) SOCly, neat, reflux, 4 h 78% d) 4-benzylpiperine or 1-benzylpiperazine (1.2 eq.), K2CO3 (2.5 eq.) DMSO, r.t., 36 h, 56% yield (for

4a) and 23% yield (for 4b).
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Scheme 5. Reagents and conditions: a) 1,3-Dibromopropane (3 eq.) and K5CO3 (1.5 eq.), Acetone, r.t., 4 h, 33% yield. b) 4-benzylpiperine or 1-benzylpiperazine (1.2
eq.), K2CO3 (2.5 eq.), DMSO, r.t., 6-48 h, 56% yield (for 5a) and 68% yield (for 5b).
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Scheme 6. Reagents and conditions: a) K,CO3 (2.5 eq.), ethyl bromoacetate (1 eq.), acetone, r.t. — 60 °C, 4 h, 52% b) NaBH4 (1.5 eq.) in EtOH, r.t., 4 h, 80% c)
SOCl,, neat, reflux, 2 h, 67% d) 4-benzylpiperidine (1.2 eq.) or 1-benzylpiperazine (1.2 eq.), K2CO3 (2.5 eq.), DMSO, r.t., 24 h, 66% yield (for 6a) and 53% yield

(for 6b).

3:1, at room temperature for 3 h, to give the free carboxylic acid 23.23
was coupled with 1-benzylpiperazine or 4-benzylpiperidine, using EDC
and HOBt as coupling agents in DMF at 0 °C for 1 h and then at room
temperature overnight, to yield the amides 24a and 24b, respectively.
Reduction of the amides 24a-b with LiAlH4 in THF, at room tempera-
ture, overnight, afforded the corresponding amines 7a-b in 55% and
60% yield, respectively.

Lastly, compounds 8a-b were easily prepared as reported in Scheme
8, using the same approach described for the synthesis of 1a-b. Phenol
was reacted with an excess of 1,3-dibromopropane in DMF at room
temperature overnight to give the product of mono-substitution 25, that
by reaction with 1-benzylpiperazine or 4-benzylpiperidine in DMSO at
room temperature, gave amines 8a and 8b respectively (Scheme 8).

2.3. Binding assays

Compounds 1a-8a and 1b-8b were evaluated for binding affinity
toward S1R and S2R in a radioligand displacement assay. Haloperidol
was used as control compound in both assays. A primary screening at
single concentration was performed first to profile the overall binding of
the synthesized compounds at both S1R and S2R. The % of binding of the
compounds (tested at 25 nM) are reported in Tables SI-2. Compounds
1a, 4a, 7a, 6b and 8b, which showed the highest % of binding at S1IR
(>95% at 25 nM) in the primary screening were assessed for binding at
hNMDAR as well. We planned to assess the binding of selected S1R li-
gands at NMDAR, since it has been proposed that at high doses SIR
agonists can cross-react with NMDARs and eventually block ion channel
conductance, thus compromising the S1R-mediated neuroprotective
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Scheme 7. Reagents and conditions: a) K2CO3 (2.5 eq), ethyl bromoacetate (1 eq.), acetone, r.t., 4 h, 65%. b) 1 N aqueous NaOH (1.5 eq.), THF/EtOH 3:1, r.t., 3 h,
72%. c) 4-benzylpiperidine or 1-benzylpiperazine (1 eq.), EDC HCI (1 eq.), HOBt (1 eq.), DMF, r.t., 24-48 h, 38% yield (for 24a) and 83% yield (for 24b). d) LiAlH,4
(1.5 eq.), dry THF, Argon, r.t., overnight, 23% yield (for 7a) and 88% yield (for 7b).
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Scheme 8. Reagents and conditions: a) 1,3-dibromopropane (2 eq.) and K,CO3 (2.5 eq.), DMF, r.t., overnight, 73% yield. b) 4-benzylpiperine or 1-benzylpiperazine
(1.2 eq.), K»CO3 (2.5 eq.), DMSO, r.t., 3-18 h, 56% yield (for 8a) and 49% yield (for 8b).

activity [46]. For this reason, it is necessary to have highly selective SIR
agonist, without activity towards NMDAR, as neuroprotective agents.
The five compounds were tested at 25 nM (the same concentration
assessed in the primary screening at S1R and S2R) and the % of binding
was calculated as % of displacement of the binding of the radiolabelled
NMDAR antagonist CG19755. As showed in Tables SI-3, none of the
tested compounds resulted effective NMDAR ligands, with % of binding
<11.9% at the tested concentrations. Based on the results of the primary
screening and considering that the aim of the work was to find out
potent S1R ligands with low affinity towards S2R, we focused our
attention on compounds 6b and 8b, for which the percentage of binding
at SIR and S2R suggested a potential selectivity profile more shifted
towards S1R. Therefore, for compounds 6b and 8b the binding affinities
(Ky)) was determined (Figs. SI-1). In detail, compound 6b showed
sub-nanomolar affinity toward SIR (K; = 0.93 £+ 0.06 nM) and low
nanomolar affinity for S2R (Kj = 72 + 1.4 nM), resulting in a 77-fold
higher activity against the S1R subtype. A comparable binding profile
was observed for compound 8b with a SIR K; = 1.1 + 0.8 nM, S2RK; =

88 + 3.5 nM, and a S1R over S2R selectivity = 80.
2.4. Profiling the functional activity of selective SIR ligands

According to their low nanomolar affinity at S1R and their selectivity
over S2R, compounds 6b and 8b were chosen for further investigation of
the biological profile. The functional S1R activity of 6b and 8b was
determined by evaluating their capability to enhance the neurite
outgrowth induced by the nerve growth factor (NGF) in PC12 cells [26,
27,59]. Before proceeding with the assay, the cytotoxicity of the tested
compounds on PC12 cell lines was determined first, in order to define
the optimal concentration range for subsequent experiments. An
MTT-based cytotoxicity assay, performed after treating PC12 cells with
6b and 8b did not show remarkable cytotoxicity at concentration <1 pM
and < 5 pM, respectively, thus confirming that both compounds are
nontoxic at the concentration used in our NGF-induced neurite
outgrowth experiments (data not shown). Accordingly, in the neurite
outgrowth assay (Fig. 6), 6b and 8b were tested up to 5 pM. (R)-RC-33
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Fig. 6. Quantification of the neurite outgrowth in PC12 cells exposed to NGF and treated with compounds 6b (A) and 8b (B) alone or pre-treated with the SIR
antagonist NE-100 (at 3 uM). The neurite outgrowth induced by (R)-RC-33, used as reference compound, has been included for comparison. (C) Comparison of the
neurite outgrowth after treatment with compound 6b and 8b. Each bar represents the percentage of cells with neurite sprout. The results are expressed as mean +
SEM of three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 determined by Kruskal Wallis followed by Dunn’s post-hoc test.
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(Fig. 6 and SI-2), our in house potent S1R agonist, was used as reference
compound in all assays and the results are in line with those reported in
our previous work. (R)-RC-33 is a potent and selective S1R agonist fully
characterized for its affinity, activity, potency, toxicity, stability, PK
properties, CNS distribution and neuroprotective properties [26,27,34,
38,60,61]. NGF alone promoted the neurite sprouting in 26 + 4% of
PC12 cells at 2.5 nM, whereas (R)-RC-33 was able to promote the
neurite outgrowth in the 36 + 4% of PC12 cells at 0.5 pM compared to
the control. As shown in Fig. 6A-C (and in Figs. SI-3), both compounds
6b and 8b significantly increased the NGF induced neurite outgrowth at
all the tested concentrations in a dose-dependent manner and with a
similar profile. In detail, 6b promoted the neuritis differentiation
starting from the concentration of 0.5 pM (37 + 5%) with a maximum
differentiation effect observed at 1 pM. Conversely, 8b showed an un-
deniable effect in favouring the neurite growth already at 0.1 pM with a
more pronounced dose-response profile, suggesting a greater potency
for 8b compared to 6b. It has to be underlined that for both compounds
binding affinity values are in the nanomolar range, while in neurite
outgrowth assay they are active in submicromolar range. A similar trend
was already observed for RC-33 and PRE-084, another well-known and
characterized S1R agonist [60-62]. Moreover, similarly to RC-33, the
neurite outgrowth induced by 6b and 8b was reverted by the coincu-
bation with NE-100, thus confirming a SIR agonist profile for both
compounds 6b and 8b.

2.5. Neuroprotective capacity of 6b and 8b

The capacity of the selected compounds 6b and 8b to protect neurons
from the degenerative damage induced by toxic insults (e.g., the
oxidative stress induced by rotenone and oligomycin and the excitotoxic
stress induced by NMDA) was evaluated in-vitro. Compound II, endowed
with neuroprotective activity against rotenone, oligomycin and NMDA
cytotoxic insults, was used as reference compound, and the results are in
line with our previously reported data [51]. ROS are normally produced
in neurons. However, the alteration of mitochondrial function and the
consequent increase in oxidative stress start at the early stages of neu-
rodegeneration, prior to neuronal cell death. Rotenone and oligomycin
are inhibitors of the mitochondrial complex I and the mitochondrial
membrane-bound ATP synthase, respectively, thus causing a massive
energetic impairment and overproduction of ROS [63-66]. Differenti-
ated SH-SY5Y cells are useful in vitro models to investigate bioenergetic
alterations in mitochondrial dysfunction-related pathologies such as
neurodegenerative diseases [67,68]. Thus, the capability of compounds
6b and 8b to protect SH-SY5Y cells from oxidative damage induced by
rotenone and oligomycin via S1R activation was evaluated. First, the
cytotoxicity of 6b and 8b was assessed on SH-SY5Y cell line at six
concentrations (from 0.1 to 100 pM) in order to determine the optimal
doses for neuroprotective studies. The results, expressed as percentage
of cell viability after 72 h of incubation, are reported in Figs. SI-4. In
particular, both compounds showed a good safety profile with no sig-
nificant cell death (vs. control) at lower concentrations (from 0.1 to 50
pM), whereas a modest cytotoxicity (% of cell viability of 76% and 82%
for 6b and 8b , respectively) was observed at the highest dose of 100 pM.
The neuroprotective capacity of 6b and 8b was evaluated at concen-
trations of 1 and 5 pM, corresponding to the efficacy doses for neuritis
outgrowth, and was reported as percentage of cell viability of SH-SY5Y
cells after treatment with the compound in the presence of the toxic
stimuli. As reported in Fig. 7, both 6b and 8b were able to significantly
prevent cell damage induced by rotenone when tested at the concen-
tration of 1 pM, with a % of cell viability of 65% and 68%, respectively.
To investigate the role of S1R in this process, the neuroprotective ac-
tivity of the two compounds were tested by pre-treating SH-SY5Y cells
with 5 pM of PB212, an in-house developed S1R antagonist [69]. Both
6b and 8b, at 1 pM, displayed a significant decrease of their neuro-
protective capacity in combination with PB212 thus supporting a SIR
mediated neuroprotective mechanism.

European Journal of Medicinal Chemistry 249 (2023) 115163

* %

% Cell Viability

Cirl  PB212 6b
[ Noinsult

Bl Rotenone (25 uM)

1 Rotenone + compound (1 uM)

Rotenone + compound (1 uM) + PB212 (5 uM)
Bl Rotenone + compound (5 uM)

Fig. 7. Neuroprotective effect, expressed as % of cell viability (SH-SY5Y cells),
of the tested compounds 6b and 8b at 1.0 and 5.0 pM in the presence of
rotenone (25 pM) and a combination of rotenone and the S1R antagonist,
PB212 (5 pM). Each bar represents the mean + SD of three independent ex-
periments: *p < 0.1; **p < 0.01; ##p < 0.01.

Conversely, no neuroprotective capacity for 6b and 8b was observed
when oligomycin (at 2.5 pM) was used as a toxic stimulus (Figs. SI-5).
Compound 6b and 8b were also tested to assess their neuroprotective
potential against NMDA-induced neuro- and excitotoxicity. The results
are reported in Fig. 8A. Briefly, neuroblastoma cells were incubated for
24 h in the presence of NMDA at 250 pM (corresponding to its CCsq,
Tables SI-4) and four different concentrations of 6b and 8b (ranging
from 0.1 to 5 pM). Memantine, a non-competitive NMDAR antagonist,
used in clinic to slow the progression of moderate-to-severe AD [51,70],
was used as positive control and reference drug for comparing the
anti-glutamatergic activity of the compounds.

The tested compounds demonstrated a neuroprotective effect against
NMDA stimuli with a complete cell survival at all four tested concen-
trations (Fig. 8A). It is worthy to point out that the two compounds
showed an efficacy comparable to memantine at the lowest doses (0.1
and 0.5 pM) but superior at the higher doses of 1 and 5 pM. Indeed, the
neuroprotective capacity of memantine decreases with increasing con-
centration, resulting completely ineffective at 5 pM. The bell-shape
behaviour observed for memantine could be due to the slightly higher
cytotoxicity of the drug against SH-SY5Y cells. Memantine showed an
CCsp of 98 pM, with 70% of cell viability when assessed at the 5 pM (the
same maximum concentration exploited in the neuroprotective assay,
Figs. SI-4 and Tables SI-4). Conversely, compounds 6b and 8b did not
show any cytotoxicity at the neuroprotective assay concentrations, and a
hint of cytotoxicity was only observed when assessed at 100 uM (% of
cell viability around 80%). Thus, compounds 6b and 8b presented a
superior efficacy/toxicity profile than memantine. To further demon-
strate the involvement of SRs in their neuroprotective effects against
NMDA excitotoxicity, compounds 6b and 8b were assessed in the
presence of the S1R antagonist PB212. The neuroprotective activity of
both 6b and 8b was significantly reverted by the presence of the SIR
antagonist (Fig. 8B), thus confirming their agonist profile. To sum up,
both compounds 6b and 8b showed a good neuroprotective profile in all
the performed experiments and therefor they will be further investigated
for their developability profile.
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kK Fig. 8. (A) Neuroprotective effect expressed as % of

P cell viability (SHSY5Y cells) of compounds 6b, 8b and

memantine (used as reference drug) at four concen-
tration (0.1-5 pM) against 250 pM NMDA-induced
cytotoxicity in SH-SY5Y neuroblastoma cells. (B)
Neuroprotective effect of compounds 6b and 8b (0.1
puM) in the presence of NMDA (250 pM) and a com-
bination of NMDA and PB212 (5 puM). Cell viability
was assessed by MTT test. Each bar represents the
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2.6. Invitro and in vivo toxicity studies

Ascertained the potential of 6b and 8b as neuroprotective agents,
early toxicity studies were performed with the aim to identify liabilities
and to select the safest compounds for progression toward further
studies. Early toxicity assays included in vitro cytotoxicity against three
human cell lines that overexpress both S1R and S2R genes (SIGMA1 and
TMEM97, respectively, Fig. 9), namely A549 (human lung adenocarci-
noma epithelial cells), LoVo (colorectal cancer cells) and Panc-1
(pancreatic cancer cells).

Cell lines A549, LoVo and Panc-1 were exposed for 24, 48 and 72 h to
increasing concentration of compounds 6b and 8b. ICsy value was not
reached at none of the concentrations of both compounds tested.
Nevertheless, after 48 h and 72 h, either 6b and 8b reduced of 20% and
40% of Panc-1 and LoVo cells survival, respectively, at the highest
concentration of 100 pM (Fig. 10), whereas no cytotoxicity was observed
at concentrations <10 pM to which the compounds showed the greatest
neuroprotective activity.

Water solubility is an essential requirement for developing effective
drugs with a proper druggability profile and should be considered before
proceeding in vivo studies. The thermodynamic solubilities of
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Fig. 9. Gene expression profile for S1R (SIGMA1) and S2R (TMEM97) in LoVo,
A549 and Panc-1 cell lines. The results are expressed as fold change with the
respect of the gene expression in U87 cell lines, assumed as reference. Data are
reported as mean + SD. *** = p < 0.001.
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0,1; **p < 0,01; ***p < 0,001.
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compounds 6b and 8b was measured at three key physiological pH
values (pH 1.2 gastric environment, pH 6.8 small intestine, and pH 7.4
plasma) [71,72]. The results are reported in Tables SI-5. Briefly, com-
pound 6b and 8b showed a solubility in the range of 7.8-8.6 mg/mL and
of 2.8-3.0 mg/mL in all the three assessed buffers, respectively. The lack
of significative differences in the solubility of each compound at the
three pH values is justified by a comparable distribution of the dissoci-
ated and undissociated microspecies at pH 1.2, 6.8 and 7.4, according
with the pK, value of the basic amine (pK, 8.56 and 9.26 for compounds
6b and 8b, respectively; Tables SI-1). The slight less solubility of 8b,
compared to 6b, agrees with the slender higher hydrophobicity of the
former compound (logP = 3.997 and 4.375 for compounds 6b and 8b,
respectively; Tables SI-1). Nevertheless, according to the solubility
category classification of the USP, both compounds could be considered
as slightly soluble but suitable for in vivo assay, and they are in line with
the solubility requirement for CNS directed compounds [54,73,74].

The in-vivo toxicity was then evaluated, using the predictive zebra-
fish animal model. The cell structural and biochemical similarities be-
tween humans and zebrafish enable rapid forecasting of the possible
impacts of chemical and other substances on health human being. The
zebrafish is a suitable model for screening drugs for potential toxicity on
the nervous, cardiovascular, and digestive systems [75]. Numerous
studies confirmed that mammalian and zebrafish toxicity profiles are
strikingly similar, and zebrafish usually can serve as an intermediate
step between cell-based evaluation and conventional animal testing
[76]. Zebrafish embryos were exposed to increasing concentration (from
0.1 to 50 pM) of compounds 6b and 8b immediately after eggs’ fertil-
ization. The mortality rate and the kind of developmental deficiencies
were evaluated 5 days-post-fertilisations. As reported in Fig. 11A, a
slight dose-dependent toxicity on zebrafish embryos was observed for
both compounds. All embryos exposed to the lowest concentrations of
both 6b and 8b (0.1 pM and 1 pM) showed a normal and vital phenotype
compared to the control. Decrease in the embryo vitality rate and in-
crease in the entity of damages to vital structures became more evident
at higher concentrations (Fig. 11A, Table SI-6-7). At the concentration
of 10 pM, 6b induced the death of 4 embryos out of 8. Moreover, among
the living embryos, morphological abnormalities mainly affecting the
shape of tail, heart and skin pigmentation were observed (Fig. 11B-E). In
particular, embryos showed short and up-curved tail, an enlarged vol-
ume of heart, and poor pigmentation (Figs. SI-6). Furthermore, the
swim bladder was not well inflated, and oedema was evident. Notably,
75% of live embryos showed a coiled tail and 100% exhibited a variable
expanded heart volume. Conversely, 8b did not induce embryo death
(100% of embryos alive) at 10 pM, with just one exemplar showing
enlarged volume of heart and a slightly coiling shape. Lastly, both
compounds induced the death of all zebrafish embryo at the highest dose
tested (50 pM).

Compound 6b at low concentrations (1 pM) caused a minimal vari-
ation in morphology (score 4) related to a potentially recoverable
developmental delay or anomaly [77] and induced severe and multiple
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Fig. 11. Morphological score (A) obtained from the average values of the sample score sheet (Tables SI-X) and representative body shape morphology of zebrafishes
observed during treatment with high dose of compounds 6b and 8b: normal body shape (B); abnormal hearth morphology: heart severely enlarged (C); abnormal
body shape: severely curved tail (D); abnormal development: embryo died before complete development (E). The main morphological alteration observed are pointed

with a red arrow. Exposure time: 120 h, 5 days-post-fertilization.

malformations (score 1) only at 10 pM. It showed a low toxicity profile at
concentration < 10 pM. Conversely, compound 8b did not cause evident
(score 5) or slight alteration (score 4) of anatomical structures, at 1 pM
or 10 pM, respectively. To sum up, the results of in vivo model suggest a
very low toxicity profile of both compounds at the doses employed for
neuroprotective effects (i.e., <10 pM).

3. Conclusion

It is well established that SIR plays a role in neuroprotection by
preventing the NMDA-mediated excitotoxicity and ROS-induced oxida-
tive stress. In the present work, we reported the identification of a new
series of S1R ligands endowed with potential neuroprotective proper-
ties. The compounds were designed according to a ring opening
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approach applied to our previously identified SIR ligand II which
showed S1R-mediated neuroprotective capacity. Compounds 6b and 8b
stand out for their high affinity for SIR (Ki = 0.93 nM and 1.1 nM,
respectively), and selectivity over S2R (S1R over S2R selectivity >77-
fold). Functional assay revealed a S1R agonists profile for both com-
pounds since they were able to enhance the neurite outgrowth induced
by nerve growth factor (NGF) in PC12 cell lines. 6b and 8b exhibited
neuroprotective effects against rotenone- and NMDA-induced neuro-
toxicity in SH-SY5Y neuroblastoma cell lines. The neuroprotective effect
was reverted by co-treatment with PB212, a S1R antagonist. Moreover,
6b and 8b showed an efficacy and safety profile comparable or superior
to memantine, a NMDA uncompetitive antagonist used as reference
drug. Conversely to memantine, both compounds did not show to bind
NMDAR, thus confirming a S1R-mediated neuroprotection activity.
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Interestingly, having highly selective and potent S1R agonists, without
activity against NMDAR, seems to be pivotal for the development of SIR
agonists with neuroprotective activity against glutamate-excitotoxicity.
Indeed, several studies revealed that S1R agonists able to cross-react
with NMDARs causing the block of the ion channel conductance do
not result in the beneficial neuroprotective effect [78-80]. Cytotoxicity
(performed in vitro on SH-SY5Y, A549, LoVo and Panc-1 cell lines) and
in vivo toxicity assay (performed in the zebrafish model) suggested a
very low toxicity profile for both compounds. To sum up, the data ob-
tained thus far, clearly prove the potential of the N-(phenoxyalkyl)
benzylpiperidine scaffold in the development of selective, safe, but most
importantly effective SIR agonists endowed with neuroprotective ac-
tivity on neuronal cells against toxic insults responsible for the devel-
opment of neurodegenerative diseases. The efficacy and null toxicity for
6b and 8b at the concentrations useful for obtaining neuroprotective
effects thus encourage further preclinical investigation on in vivo
neurodegenerative models.

4. Experimental section
4.1. Chemistry

All commercially available chemicals and solvents were of reagent
grade and were used without further purification unless otherwise
specified. The following solvents and reagents have been abbreviated: 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC); cyclohexane
(CE); dichloromethane (DCM); diethyl ether (Et20); dimethyl sulfoxide
(DMSO); dimethylformamide (DMF); ethanol (EtOH); ethyl acetate
(AcOEt); hydroxy benzotriazole (HOBt); methanol (MeOH); p-toluene
sulfonic acid (pTSA); piperazine (ppz); piperidine (ppd); tetrahydro-
furan (THF); Thiophenol (Thioph). Reactions were monitored by thin-
layer chromatography on silica gel plates (60F-254, E. Merck) and
visualized with UV light, cerium ammonium sulfate or alkaline KMnO4
aqueous solution. NMR spectra were recorded on a Bruker 400 spec-
trometer with 'H at 400.134 MHz and !°C at 100.62 MHz. Proton
chemical shifts were referenced to the solvent residual peaks. Chemical
shifts are reported in parts per million (ppm, & units). Coupling constants
are reported in hertz (Hz). Splitting patterns are designed as s, singlet; d,
doublet; t, triplet; q quartet; dd, double doublet; ddd, doublet of doublet
of doublets; dddd, doublet of doublet of doublet of doublets; dt, double
of triplets; m, multiplet; b, broad. Purity of compounds 6b and 8b was
assessed by UPLC-UV-ESI/MS. Analyses were run on a ACQUITY BEH
Phenyl (ABP) (50 x 2.1 mm, 1.7 pm particle size) column, at r.t., in
isocratic elution (solvent A: water containing 0.1% of formic acid; sol-
vent B: methanol containing 0.1% of formic acid; mobile phase 70% of
B) at a flow rate of 1 mL min—1. The chromatograms were recorded at
265 nm wavelength. All the final compounds had 95% or higher purity.

4.1.1. Synthesis of ethyl 2-phenoxyacetate (19)

To a solution of phenol (1.0 g, 10.6 mmol, 1.1 eq.) in DMF (5 mL),
K2CO3 (3340 mg, 24.15 mmol, 2.5 eq.) was added and the suspension
was stirred at room temperature for 30 min. Thereafter, ethyl-
bromoacetate (1.068 mL, 9.66 mmol, 1 eq.) was added and the mixture
stirred at 60 °C for 4 h. The reaction was chilled at room temperature,
diluted with AcOEt, and sequentially washed with water, 1 N aqueous
NaOH and brine. The organic layer was dried over anhydrous NasSO4
and concentrated to give 906 mg (52% yield) of a colorless liquid, which
was pure enough to be used in the next step without further purification.
'H NMR (400 MHz, CDCl3) §7.31 (dt, J = 8.3, 6.9 Hz, 2H, CHppen-3, 5),
7.02 (t, J = 7.4 Hz, 1H, CHppen-4), 6.94 (d, J = 7.9 Hz, 2H, CHphen-2, 6),
4.64 (s, 2H, CH,0OPh), 4.30 (q, J = 7.1 Hz, 2H, COOCHy), 1.32 (t,J = 7.1
Hz, 3H, COOCH,CH3).

4.1.2. Synthesis of 2-phenoxyethan-1-ol (20)
To a solution of 2-phenoxyacetate (906 mg, 5.03 mmol, 1 eq.) in
EtOH (5 mL), NaBH4 (285 mg, 7.55 mmol, 1.5 eq.) was added and the
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suspension was stirred at room temperature for 4 h. The suspension was
filtered, and the filtrate was diluted with water and extracted with
AcOEt. The organic layer was dried over anhydrous NaySO4 and
concentrated to give 557 mg (80% yield) of a colorless oil, which was
pure enough to be used in the next step without further purification. 'H
NMR (400 MHz, CDCl3) 67.32 (ddd, J = 14.5, 9.8, 4.5 Hz, 2H, CHa,-3,5),
7.03-6.91 (m, 3H, CHa-2,4,6), 4.13-4.09 (m, 2H, CH,0OPh), 4.01-3.97
(m, 2H, CH,OH).

4.1.3. Synthesis of (2-chloroethoxy)benzene (21)

2-phenoxyethan-1-ol (200 mg, 1.45 mmol, 1 eq.) was solubilized in
5 mL of SOCI; and stirred at 60 °C for 2 h. The solvent was evaporated
under reduced pressure. The residue was chilled at room temperature,
diluted with AcOEt, and washed with a saturated solution of NaHCOs3
and brine. The organic layer was dried over anhydrous NaySO4 and
concentrated to give 211 mg of a crude that was purified by column
chromatography (crude:silica gel 1:100; mobile phase: CE:AcOEt 9:1) to
give 150 mg of a yellow oil (66% yield). 1H NMR (400 MHz, CDCl3) §
7.36-7.30 (m, 2H, CHa,-3,5), 7.01 (t, J = 7.4 Hz, 1H, CHa-4), 6.95 (d, J
= 7.9 Hz, 2H, CHa-2,6), 4.26 (t, J = 6.0 Hz, 2H, CH,OPh), 3.84 (t, J =
6.0 Hz, 2H, CH,Cl).

4.1.4. General procedure for the synthesis of ethyl cyclohexanetiol/
thiofenol acetates 12 and 22

To a solution of cyclohexanethiol or thiophenol (1 eq.) in acetone (5
mL), K,CO3 (2.5 eq.) was added, and the suspension was stirred at room
temperature for 30 min. Thereafter, ethyl 2-bromoacetate (1 eq.) was
added and the mixture was stirred at room temperature for 4-6 h.
Thereafter, the reaction was diluted with AcOEt and washed with
saturated solution of NayCO3. The organic layer was dried over anhy-
drous NaySO4 and concentrated, to give the title compounds, pure
enough to be used in the next step without further purification.

4.1.4.1. Ethyl 2-(cyclohexylsulfanylacetate (12). Colorless liquid, 1.74g
(quantitative yield). H{ NMR (400 MHz, CDCl3) 6 4.18 (q, J = 7.1 Hz,
2H, COOCH,CH3), 3.23 (s, 2H, CyhexSCH>), 2.84-2.74 (m, 1H, CH-1-
cyhex), 2.03-1.92 (m, 2H, CH-2-cyhex, CH-6-cyhex), 1.80-1.70 (m, 2H,
CH-2'-cyhex, CH-6'-cyhex), 1.66-1.55 (m, 1H, CH-4-cyhex), 1.38-1.17
(m, 8H, CHy-3-cyhex, CHy-5-cyhex, CH-4'-cyhex, COOCH,CHs). '*C
NMR (101 MHz, CDCl3) § 170.91 (COO), 61.24 (COOCH,CH3), 43.98
(CH-1-cyhex), 33.10 (CyhexSCH>), 32.09 (CHz-2-cyhex, CH-6-cyhex),
25.93 (CHz-4-cyhex), 25.74 (CHj-3-cyhex, CHa-5-cyhex), 14.15
(COOCH,CH3).

4.1.4.2. Ethyl 2-(phenylsulfanyDacetate (22). The product was purified
by column chromatography (crude:silica gel: 1:50; CE:AcOEt 9:1) to
give 1.143g of a colorless oil (64% yield). ' NMR (400 MHz, CDCl3) &
7.37-7.31 (m, 2H, CHa2,6), 7.23 (t, J = 7.5 Hz, 2H, CHa,-3,5),
7.20-7.14 (m, 1H, CHa,-4), 4.09 (q, J = 7.1 Hz, 2H, COOCH2CH3), 3.56
(s, 2H, SCHo,COOH), 1.15 (t, J = 7.1 Hz, 3H, COOCH,CH3). 13¢ NMR
(100 MHz, CDCl3) 6 169.03 (COOCHy), 135.10 (Car-1), 129.70 (CHa,-
2,6), 129.03 (CHa-3,5), 126.58 (CHar-4), 61.73 (COOCH>), 35.60
(SCH2COO0), 13.97 (COOCH2CH3).

4.1.5. General procedure for the synthesis of cyclohexanetiol/thiofenol
carboxylic acid 13 and 23

To a solution of carboxylic acid (1 eq.) in a solution of THF/EtOH 3:1
(10 mL), 1 N aqueous NaOH (1.5 eq.) was added, and the suspension was
stirred at room temperature for 3-6 h. The reaction was quenched with
water and acidified to pH 2 with 1 N aqueous HCl. The aqueous layer
was extracted with AcOEt, and the organic phase dried over anhydrous
NaySO4. The crude product, pure enough, was used in the next step
without further purification.

4.1.5.1. 2-(cyclohexylsulfanylacetic acid (13). Colorless liquid, 1.2 g
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(80% yield). 'H NMR (400 MHz, CDCl3) 6 3.29 (s, 2H, CyhexSCHy),
2.87-2.79 (m, 1H, CH-1-cyhex), 2.03-1.95 (m, 2H, CH-2-cyhex, CH-6-
cyhex), 1.85-1.70 (m, 2H, CH-2'-cyhex, CH-6'-cyhex), 1.68-1.58 (m,
1H, CH-4-cyhex), 1.43-1.18 (m, 5H, CH,-3-cyhex, CH-4'-cyex, CHa-6-
cyhex). 3¢ NMR (101 MHz, CDCl3) 6 176.52 (COOH), 44.10 (CH-1-
cyhex), 33.00 (CyhexSCH»), 31.85 (CHa-2-cyhex, CHa-6-cyhex), 25.89
(CH3-4-cyhex), 25.70 (CH,-3-cyhex, CH-5-cyhex).

4.1.5.2. 2-(phenylsulfanyDacetic acid (23). White solid, 710 mg (72%
yield). 'H NMR (400 MHz, CDCl3) § 7.48-7.42 (m, 2H, CHa,-2,6), 7.34
(dd, J =10.1, 4.8 Hz, 2H, CHa-3,5), 7.31-7.24 (m, 1H, CHa-4), 3.70 (s,
2H, SCH,COOH). 13C NMR (100 MHz, CDCl3) 6 175.10 (COOH), 135.10
(Car-1), 129.70 (CHa-2,6), 129.03 (CHar-3,5), 126.58 (CHa,-4), 34.77
(SCH2CO0).

4.1.6. General procedure for the synthesis of the amides 14a-b, 24a-b

To a solution of appropriate carboxylic acid 13 or 23 (1 eq.) in DMF
(5 mL), EDC HCI (1 eq.), HOBt (1 eq.) and 4-benzylpiperidine or 1-ben-
zylpiperazine (1 eq.) were added at 0 °C. The temperature was sponta-
neously raised to room temperature and the reaction was stirred in the
same condition for 6-24 h. The mixture was diluted with AcOEt and
sequentially washed with water, saturated solution of Na,COs3, saturated
solution of NH4Cl and brine. The organic layer was dried over anhydrous
NaySO4 and concentrated to afford the titled compounds.

4.1.6.1. 1-(4-Bengzylpiperazin-1-yl)-2-(cyclohexylsulfanyl)ethan-1-one
(14a). Yellow oil, 530 mg (93% yield). 'H NMR (400 MHz, CDCl3) &
7.37-7.32 (m, 4H, CHa-2,3,5,6), 7.31-7.25 (m, 1H, CHa-4), 3.71-3.60
(m, 2H, CH-2-ppz, CH-6-ppz), 3.57-3.48 (m, 4H, CH,Bn, CH-2"-ppz, CH-
6'-ppz), 3.34 (s, 2H, SCH,CO), 2.88-2.75 (m, 1H, CH-1-cyhex),
2.53-2.40 (m, 4H, CHy-3-ppz, CHy-5-ppz), 2.12-1.96 (m, 2H, CH-2-
cyhex, CH-6-cyhex), 1.77 (d, J = 3.4 Hz, 2H, CH-3-cyhex, CH-5-cyhex),
1.68-1.55 (m, 1H, CH-4-cyhex), 1.29 (ddd, J = 17.0, 14.9, 6.9 Hz, 5H;
CH-2'-cyhex, CH-3'-cyhex,CH-4'-cyhex, CH-5'-cyhex, CH-6'-cyhex). 13C
NMR (101 MHz, CDCl3) 6 168.39 (SCH2CON), 137.79 (Car-1), 129.24
(CHar-2,6), 128.45 (CHar-4), 127.39 (CHar-3,5), 63.01 (CH2-2-ppz),
53.18 (CH2-6-ppz), 52.85 (CH2-3-ppz), 46.60 (CH>-5-ppz), 44.29
(CH2Bn), 41.98 (CH-1-cyhex), 33.52 (SCH,CO), 32.14 (CH-2-cyhex, CH-
6-cyhex), 26.06 (CH-4-cyhex), 25.88 (CH-3-cyhex, CH-5-cyhex).

4.1.6.2. 1-(4-Bengzylpiperidin-1-yl)-2-(cyclohexylsulfanyl)ethan-1-one
(14b). The product was purified by column chromatography (crude:
silica gel: 1:70; CE:AcOEt 1:1) to give 273 mg of a yellow oil (48% yield).
'H NMR (400 MHz, CDCl3) § 7.31 (dd, J = 10.2, 4.6 Hz, 2H, CHa,-3,5),
7.22 (dd, J = 8.4, 6.3 Hz, 1H, CHa4), 7.18-7.13 (m, 2H, CHa,-2,6),
4.62-4.52 (m, 1H, CH-2- ppd), 3.91-3.80 (m, 1H, CH-2"- ppd), 3,34 (s,
2H, CyhexSCHy), 3.00 (td, J = 13.3, 2.4 Hz, 1H, CH-6- ppd), 2.82 (dq, J
=10.5, 3.6 Hz, 1H, CH-6/-ppd), 2.63-2.48 (m, 3H, CH,Bn, CH-1- ppd),
2.03 (d, J = 3.6 Hz, 2H, CH-3- ppd; CH-5- ppd), 1.84-1.66 (m, 5H, CH-
3'- ppd, CH-4-ppd, CH-5'-ppd, CH-2-cyhex, CH-6-cyhex), 1.63 (dd, J =
6.9, 4.1 Hz, 2H; CH2Bn), 1.42-1.10 (m, 8H; CH-2'-cyhex, CHp-3-cyhex,
CHy-4-cyhex, CHa-5-cyhex, CH-6'-cyhex).

4.1.6.3. 1-(4-Benzylpiperazin-1-yl)-2-(phenylsulfanyl)ethan-1-one

(24a). Yellow pale liquid, 260 mg (38% yield). 4 NMR (400 MHz,
CDCl3) 6 6.97-6.90 (m, 2H, CHa-3,5), 6.87-6.68 (m, 8H, CHrhioph-
2,3,4,5,6, CHar-2,4,6), 3.24 (s, 2H, SCH,CON), 3.12 (dd, J = 9.2, 4.1 Hz,
2H, CH-2-ppz, CH-6-ppz), 3.01 (s, 2H, CH»Bn), 3.00-2.95 (m, 2H, CH-2'-
ppz, CH-6"-ppz), 1.92 (td, J = 8.5, 5.2 Hz, 4H, CH,-3-ppz, CHy-5-ppz).
13C NMR (100 MHz, CDCl3) § 166.42 (CON), 136.94 (Car-1), 134.31
(Crhioph-1), 129.66 (CHrhioph-2,6), 128.39 (CHrhioph-3,5), 128.35 (CHar-
3,5), 127.63 (CHA-2,6), 126.57 (CHrhioph-4), 126.30 (CHa-4), 61.72
(SCHy), 51.82 (CHy-2-ppz), 51.48 (CHo-6-ppz), 45.25 (CH,Bn), 40.80
(CH»-3-ppz), 35.42 (CHy-5-ppz).
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4.1.6.4. 1-(4-Bengzylpiperidin-1-yl)-2-(phenylsulfanyl)ethan-1-one (24b).
Yellow pale liquid, 570 mg (83% yield). 'H NMR (400 MHz, CDCl3) &
7.46 (d, J = 7.5 Hz, 2H, CHa,-3,5), 7.35-7.27 (m, 4H, CHrhioph-2, 3, 5,
6), 7.24 (dt, J = 13.0, 6.4 Hz, 2H, CHa-2,6), 7.15 (d, J = 7.1 Hz, 2H,
CHar-4, CHrhioph-4), 4.58 (d, J = 12.7 Hz, 1H, CH-2-ppd), 3.83 (d, J =
13.3 Hz, 1H, CH-2-ppd), 3.77 (d, J = 1.6 Hz, 2H, SCH,CON), 3.00 (t, J
=12.6 Hz, 1H, CH-6-ppd), 2.55 (dd, J = 16.9, 10.2 Hz, 3H, CH,Bn, CH-
6'-ppd), 1.83-1.64 (m, 3H, CH-3-ppd, CH-4-ppd, CH-5-ppd), 1.33-1.09
(m, 2H, CH-3"-ppd, CH-5'-ppd). '3C NMR (101 MHz, CDCl3) § 166.77
(CON), 139.88 (Car-1), 135.27 (Crhioph-1), 130.20 (Crhioph-2,6), 129.09
(Crhioph-3,5), 129.04 (Car-3,5), 128.32 (Car-2,6), 126.89 (Crhioph-4),
126.09 (Car-4), 46.81 (CHz-2-ppd) 42.91 (CH2Bn), 42.46 (CHz-6-ppd),
38.08 (SCH,CO), 36.89 (CH-4-ppd), 32.48 (CH,-3-ppd), 31.73 (CHa-5-
ppd).

4.1.7. General procedure for the synthesis of amines 3a-b, 7a-b

To a solution of LiAlH4 (1.5 eq.) in THF dry (5 mL), at O °C under
argon atmosphere amide derivate 14a-b, 24a-b (1 eq.) was added, and
the suspension was stirred in the same condition for 1 h and then at room
temperature overnight. The mixture was carefully quenched with water
and filtered through a Celite pad. The filtrate was basified with 1 N
aqueous NaOH and extracted with AcOEt. The organic layer was washed
with brine, dried over anhydrous Na;SO4 and concentrated.

4.1.7.1. 1-Benzyl-4-[2-(cyclohexylsulfanyDethyl]piperazine  (3a). The
product was purified by silica gel column chromatography (crude:silica
gel 1:100; CE:AcOEt 7:3) to give 46 mg of a yellow oil, (10% yield). 'H
NMR (400 MHz, CDCl3) 6 7.24 (d, J = 4.4 Hz, 4H, CHa-2,3,5,6),
7.21-7.14 (m, 1H, CHa,-4), 3.44 (s, 2H, CHyBn), 2.64-2.54 (m, 2H,
CyhexSCHy), 2.54-2.47 (m, 2H, SCH,CH>N), 2.43 (s, 6H, CH-2-ppz, CH-
2/-ppz, CH-3-ppz, CH-5-ppz, CH-6-ppz, CH-6'-ppz), 1.94-1.81 (m, 2H,
CH-3'-ppz, CH-5'-ppz), 1.69 (d, J = 3.5 Hz, 3H, CH-2-cyhex, CH-4-cyhex,
CH-6-cyhex), 1.54 (d, J = 8.7 Hz, 1H, CH-1-cyhex), 1.31-1.08 (m, 7H,
CH-2'-cyhex, CHj-3-cyhex, CH-4'-cyhex, CHa-5-cyhex, CH-6'-cyhex).
13C NMR (101 MHz, CDCl3) 6 138.06 (Car-1), 129.22 (CHa,-3,5), 128.20
(CHar-2,6), 127.04 (CHar-4), 63.04 (CH2Bn), 58.96 (CH,-2-ppz, CHa-6-
ppz), 53.11 (CHy-3-ppz, CHy-5-ppz), 52.96 (SCH,CH,N), 43.77 (CH-1-
cyhex), 33.79 (CHa-2-cyhex, CH-6-cyhex), 27.15 (SCH2CHoN), 26.13
(CHj-4-cyhex), 25.82 (CH»-3-cyhex, CHa-5-cyhex).

4.1.7.2. 4-Benzyl-1-[2- (cyclohexylsulfanylethyl]piperidine (3b). The
product was purified by silica gel column chromatography (crude:silica
gel: 1:100; CE:AcOFt 6:4) to give 130 mg of a yellow oil (50% yield). ‘H
NMR (400 MHz, CDCl3) § 7.19 (dd, J = 8.4, 6.3 Hz, 2H, CHar-3,5),
7.13-7.08 (m, 1H, CHa-4), 7.08-7.04 (m, 2H, CHa-2,6), 2.83 (d, J =
11.6 Hz, 2H, CH3N), 2.63-2.52 (m, 2H, CyhexSCHj), 2.49-2.41 (m, 4H,
CH>Bn, CH-2-ppd, CH-6-ppd), 1.86 (ddd, J = 23.2, 10.6, 3.2 Hz, 4H, CH-
2'-ppd, CH-3-ppd, CH-5-ppd, CH-6"-ppd), 1.77 (s, 2H, CH-3'-ppd, CH-5'-
ppd), 1.69 (d, J = 3.5 Hz, 2H, CH-2-cyhex, CH-6-cyhex), 1.56 (d, J =
12.9 Hz, 3H, CH-1-cyhex, CH-2'-cyhex, CH-6'-cyhex), 1.44 (dqd, J =
14.6, 7.2, 3.5 Hz, 1H, CH-4-ppd), 1.31-1.09 (m, 6H, CH»-3-cyhex, CHa-
4-cyhex, CHp-5-cyhex). >C NMR (101 MHz, CDCl3) § 140.65 (Car-1),
129.12 (CHar-3,5), 128.16 (CHar-2,6), 125.78 (CHar-4), 59.33 (CHa-2-
ppd, CH»-6-ppd), 53.89 (CH,N), 43.74 (CH-1-cyhex), 43.18 (CH2Bn),
37.87 (CH-4-ppd), 33.80 (CHy-3-ppd, CHy-5-ppd), 32.09 (CHy-2-cyhex,
CHj,-6-cyhex), 27.31 (CyhexSCH>), 26.14 (CH,-4-cyhex), 25.82 (CH,-3-
cyhex, CHj-5-cyhex).

4.1.7.3. 1-Benzyl-4-[2-(phenylsulfanyl)ethyl]piperazine (7a). The prod-
uct was purified by silica gel column chromatography (crude:silica gel:
1:100; CE:AcOEt 6:4) to give 56 mg of a yellow oil (23% yield). 'H NMR
(400 MHz, CDCl3) & 6.86-6.73 (m, 9H, CHar-2,3,4,5,6, CHrhioph-
2,3,5,6), 6.69-6.63 (m, 1H, CHrhioph-4), 3.01 (s, 2H, CH2Bn), 2.63-2.50
(m, 2H, SCH»), 2.19-2.10 (m, 2H, CH2N), 2.00 (s, 8H, CH»-2-ppz, CH»-3-
ppz, CHa-5-ppz, CHa-6-pp2).
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4.1.7.4. 4-Benzyl-1-[2-(phenylsulfanyDethyl]piperidine (7b). Yellow
pale liquid, 480 mg (88% yield). H NMR (400 MHz, CDCl3) 6 7.36 (dd,
J = 8.2, 1.0 Hz, 2H, CHa-3,5), 7.29 (dd, J = 8.7, 4.9 Hz, 4H, CHrhioph-
2,3,5,6), 7.18 (dt, J = 8.3, 7.3 Hz, 4H, CHa-2,4,6, CHrhioph-4),
3.17-3.01 (m, 2H, ArSCH»), 2.94 (d, J = 11.4 Hz, 2H, CH-2-ppd, CH-6-
ppd), 2.71-2.60 (m, 2H, CH,N), 2.56 (d, J = 7.1 Hz, 2H, CH2Bn), 1.98 (t,
J =10.8 Hz, 2H, CH-2'-ppd, CH-6'-ppd), 1.66 (d, J = 13.0 Hz, 2H, CH-3-
ppd, CH-5-ppd), 1.54 (dtd, J = 14.6, 7.4, 3.7 Hz, 1H, CH-4-ppd),
1.44-1.19 (m, 2H, CH-3"-ppd, CH-5"-ppd). 1*C NMR (101 MHz, CDCl3) §
140.60 (Car-1), 136.41 (Crhioph-1), 129.12 (CHrthioph-2,6), 128.96
(CHrhioph-3,5), 128.90 (CHA-3,5), 128.18 (CHa-2,6), 125.88 (CHrhioph-
4), 125.82 (CHar4), 58.05 (CHy-2-ppd,CHo-6-ppd), 53.85 (CHaN),
43.15 (CH2Bn), 37.81 (CH2-4-ppd), 32.02 (SCH,), 30.76 (CH»-3-ppd,
CH,-5-ppd).

4.1.8. General procedure for the synthesis of bromopropyl derivates 9, 18
and 25

To a solution of alcohol derivate (1eq.) in acetone or DMF (10 mL),
K5COs3 (2.5 eq) and 1,3-dibromopropane (2-3 eq.) were added and the
reaction mixture was stirred at room temperature for 4-24 h. The sus-
pension was filtered and concentrated. The residue was suspended in
diethyl ether and the organic phase was washed with 1 N aqueous
NaOH, brine, dried over anhydrous Na;SO4 and concentrated.

4.1.8.1. [(3-bromopropyDsulfanyljcyclohexane (9). The product was
purified by silica gel column chromatography (crude:silica gel: 1:100;
CE 100%) to give 974 mg of a colorless oil, (48% yield). 'H NMR (400
MHz, CDCl3) 6 3.52 (t, J = 6.5 Hz, 2H, CHBr), 2.68 (t, J = 7.0 Hz, 2H,
CyhexSCHy), 2.65-2.60 (m, 1H, CH-1-cyhex), 2.10 (p, J = 6.7 Hz, 2H,
SCH,CH,CH2Br), 2.01-1.89 (m, 2H, CH-2-cyhex, CH-6-cyhex), 1.77 (d,
J = 2.5 Hz, 2H, CH-3-cyhex, CH-5-cyhex), 1.62 (dd, J = 9.3, 1.6 Hz, 1H;
CH-4-cyhex), 1.39-1.17 (m, 5H, CH-2'-cyhex, CH-3'-cyhex, CH-4'-
cyhex, CH-5'-cyhex, CH-6'-cyhex). 13C NMR (101 MHz, CDCI3)  43.60
(CH-1-cyhex), 33.71 (CyhexSCH>), 32.78 (CHz-2-cyhex, CHa-6-cyhex),
32.44 (SCH,CH,CH,Br), 28.25 (CH,Br), 26.10 (CH,-4-cyhex), 25.82
(CH»-3-cyhex, CHa-5-cyhex).

4.1.8.2. [(3-bromopropyl)sulfanyl]benzene (18). The product was puri-
fied by silica gel column chromatography (crude:silica gel: 1:100; CE
100%) to give 265 mg of a colorless oil (33% yield). 'H NMR (400 MHz,
CDCl3) 6 7.41-7.36 (m, 2H, CHa.-2,6), 7.35-7.27 (m, 2H, CHa-3,5),
7.23 (ddd, J = 7.2, 3.9, 1.3 Hz, 1H, CHa4), 3.55 (t, J = 6.4 Hz, 2H,
CH»Br), 3.10 (t, J = 6.9 Hz, 2H, SCH,CH>CHBr), 2.23-2.12 (m, 2H,
SCH,CH,CH,Br). 1*C NMR (101 MHz, CDCl3) § 135.61 (Car-1), 129.64
(CHar-2,6), 129.02 (CHar-3,5), 126.32 (CHar-4), 32.01
(SCH,CH,CH,Br), 31.97 (CH,Br), 31.77 (SCHoCH>CH,Br).

4.1.8.3. (3-bromopropoxy)benzene) (25). Yellow oil, 1.68g (73% yield).
TH NMR (400 MHz, CDCl3) 6§ 7.27 (dd, J = 6.6, 8.5 Hz, 2H, CHa-3,5),
7.06-6.82 (m, 3H, CHa-2,4,6), 4.08 (t, J = 4.9 Hz, 2H, CH»0), 3.50 (t, J
= 7.9 Hz, 2H, CH2Br), 2.13 (tt, J = 4.8, 7.9 Hz, 2H, OCH,CH>CH»Br).

4.1.9. Synthesis of 1,5-dioxaspiro[5.5]undecane (15)

To a solution of cyclohexanone (2.11 mL, 20.4 mmol, 1leq.) in dry
toluene at room temperature and under nitrogen atmosphere, propane-
1,3-diol (2.21 mL, 33 mmol, 1.5 eq.) and pTSA (351 mg, 2.04 mmol, 0.1
eq.). The mixture was refluxed using a Dean-Stark apparatus to trap the
forming water for 2 h. Thereafter, the reaction was chilled at room
temperature and diluted with Et;0. The organic phase was washed with
a saturated solution of NayCOgs, dried over anhydrous NaySO4 and
concentrated to give 2.0 g of a yellow liquid which was purified by silica
gel column chromatography (crude:silica gel 1:75; CE:AcOEt 9:1) to give
1.12 g of a colorless liquid (35% yield). 11 NMR (400 MHz, CDCl3) &
3.92 (t, J = 5.5 Hz, 4H, COCH,, COCH»), 1.82-1.67 (m, 6H, CH,-3-
cyhex, CHa-5-cyhex, OCH,CH2CH0), 1.54 (dt, J = 11.5, 6.0 Hz, 4H,
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CH,-2-cyhex, CHy-6-cyhex), 1.42 (s, 2H, CHa-4-cyhex).

4.1.10. Synthesis of 3-(cyclohexyloxy)propan-1-ol (16)

To a solution of anhydrous AlCl; (648 mg, 4.86 mmol, 2 eq.) in dry
Et,0 at 0 °C and under nitrogen atmosphere, 2 M LiAlH, in diethyl ether
(607 pL, 1.22 mmol, 0.5 eq.) was added and the suspension was stirred
in the same conditions for 15 min 23 (BS444) (380 mg, 2.43 mmol, 1
eq.), solubilized in 5 mL of dry diethyl ether, was added to the first
suspension, and stirred at room temperature for 2 h. The reaction was
chilled in an ice bath and carefully quenched with 787 pL of water (43.7
mmol, 18 eq.) followed by the same volume of 3 M aqueous KOH, and 2
mL of water, and in the same condition for an additional hour. The
aqueous phase was extracted with Et;0, and the organic phase dried
over anhydrous Na;SO4 and concentrated to give 350 mg (91% yield) of
a colorless liquid, which was pure enough to be used in the next step
without further purification. H NMR (400 MHz, CDCl3) 6§ 3.78 (dd, J =
11.9, 6.5 Hz, 2H, OCH,CH,CH,0H), 3.67 (t, J = 5.7 Hz, 2H, Cyhex-
OCH»), 3.28 (s, 1H, CH-1-cyhex), 1.98-1.64 (m, 6H, OCH,CH>CH,0OH,
CH-2-cyhex, CH-3-cyhex, CH-5-cyhex, CH-6-cyhex), 1.53 (d, J = 5.9 Hz,
1H, CH-4-cyhex), 1.41-1.15 (m, 5H, CH-2'-cyhex, CH-3'-cyhex, CH-4'-
cyhex CH-5'-cyhex, CH-6'-cyhex). 13¢ NMR (101 MHz, CDCl3) 6 77.84
(CH-1-cyhex), 67.65 (CyhexOCH»), 62.75 (OCH,CH,CH,OH), 32.13
(OCH,CH2CH0H), 32.05 (CH»-2-cyhex, CH»-6-cyhex), 25.75 (CHa-4-
cyhex), 23.91 (CH»-3-cyhex, CH-5-cyhex).

4.1.11. Synthesis of (2-chloroethoxy)cyclohexane (11)

2-(cyclohexyloxy)ethan-1-ol (500 pL, 3.44 mmol, 1 eq.) was solubi-
lized in 5 mL of SOCly and a drop of DMF, as catalyst was added. The
solution was refluxed for 5 h and concentrated under reduced pressure.
The residue was triturated with crushed ice and diluted with water. Solid
NaHCOs was added until neutralization and the aqueous phase was
extracted with Et;0. The organic layer was dried over anhydrous
NaySO4 and concentrated to give 320 mg (57% yield) of an orange
liquid, which was pure enough to be used in the next step without
further purification.

'H NMR (400 MHz, CDCl3) & 3.73 (t, J = 6.0 Hz, 2H, CyhexOCH,),
3.62 (dd, J = 9.2, 3.1 Hz, 2H, CHCl), 3.36-3.25 (m, 1H, CH-1-cyhex),
2.00-1.85 (m, 2H, CH-2-cyhex, CH-6-cyhex), 1.77 (dd, J = 9.1, 4.4 Hz,
2H, CH-3-cyhex, CH-5-cyhex), 1.56 (dd, J = 15.9, 9.7 Hz, 1H, CH-4-
cyhex), 1.40-1.14 (m, 5H, CH-2'-cyhex, CH-3'-cyhex, CH-4'-cyhex, CH-
5'-cyhex, CH-6'-cyhex). '*C NMR (101 MHz, CDCl3) § 78.19 (CH-1-
cyhex), 68.08 (CyhexOCH,), 43.25 (CH2Cl), 32.20 (CH,-2-cyhex, CHy-6-
cyhex), 25.72 (CH-4-cyhex), 24.07 (CH,-3-cyhex, CHa-5-cyhex).

4.1.12. Synthesis of (3-chloropropoxy)cyclohexane (17)

16 (350 mg, 2.21 mmol, 1 eq.) was solubilized in 5 mL of SOCl; and a
drop of DMF, as catalyst was added. The solution was refluxed for 2 h
and concentrated under reduced pressure. The residue was triturated
with crushed ice and diluted with water. Solid NaHCO3 was added until
neutralization and the aqueous phase was extracted with Et;0. The
organic layer was dried over anhydrous NaySO4 and concentrated to
give 300 mg (77% yield) of a yellow liquid, which was pure enough to be
used in the next step without further purification.

'H NMR (400 MHz, CDCl3) 6 3.59 (t, J = 6.4 Hz, 2H, CH2Cl) 3.51 (t, J
= 5.9 Hz, 2H, -OCHy), 3.16 (dt, J = 8.7, 3.9 Hz, 1H, CH-1-cyhex), 1.93
(p, J = 6.1 Hz, 2H, OCH,CH,CH,Cl), 1.89-1.74 (m, 2H, CH-2-cyhex, CH-
6-cyhex), 1.66 (d, J = 4.3 Hz, 2H, CH-3-cyhex, CH-5-cyhex), 1.49 (dd, J
=21.5, 7.4 Hz, 1H, CH-4-cyhex), 1.30-1.05 (m, 5H, CH-2'-cyhex, CH-3'-
cyhex, CH-4'-cyhex, CH-5'-cyhex, CH-6'-cyhex). '*C NMR (101 MHz,
CDCl3) 6 77.64 (CH-1-cyhex), 64.04 (CyhexOCHy), 42.22 (CH,Cl), 33.17
(CHa-2-cyhex, CHy-6-cyhex), 32.23 (OCH,CH,CHCI), 25.82 (CHy-4-
cyhex), 24.09 (CH»-3-cyhex, CH,-5-cyhex).

4.1.13. General procedure for the synthesis of amines 1a-b, 2a-b, 4a-b, 5a-
b, 6a-b, 8a-b
To a solution of 4-benzylpiperidine or 1-benzylpiperidine (1.2 eq) in



P. Linciano et al.

DMSO, KyCOj3 (2.5 eq.) was added, and the suspension was stirred at
room temperature for 10 min. Thereafter, a solution of the appropriate
halogen derivative in DMSO (5 mL) was added and the mixture stirred at
room temperature for 3-76 h. The mixture was diluted with AcOEt, and
the organic layer was washed sequentially with water and brine, dried
over anhydrous Na;SO4 and concentrated. The product was purified by
silica gel to give the title compound.

4.1.13.1. 1-Bengzyl-4-[3-(cyclohexylsulfanyDpropyl]piperazine (1a). The
product was purified on silica gel column chromatography (crude/silica
gel: 1:100; DCM: MeOH 95:5). Colorless liquid, 234 mg (56% yield). 'H
NMR (400 MHz, CDCl3) 6 7.38-7.23 (m, 5H, CHa-2,3,4,5,6), 3.53 (s,
2H,CH2Bn), 2.65 (td, J = 10.4, 4.9 Hz, 1H, CH-1-cyhex), 2.60-2.38 (m,
10H, CyhexSCHy, CHz-2-ppz, CHaz-3-ppz, CHj-5-ppz, CH2-6-ppz),
2.04-1.92 (m, 2H, CH2N), 1.88-1.70 (m, 4H, SCH>CH>CH,N, CH-2-
cyhex, CH-6-cyhex), 1.63 (d, J=7.1 Hz, 1H, CH-4-cyhex), 1.40-1.20 (m,
7H, CH-2'-cyhex, CH-4-cyhex, CH-6'-cyhex, CH-3-cyhex, CHj-5-
cyhex). 13C NMR (101 MHz, CDCl3) § 138.14 (Car-1), 129.22 (CHa,-3,5),
128.19 (CHar-2,6), 127.01 (CHr4), 63.09 (CH2N), 57.66 (CH,-2-ppz,
CHy-6-ppz), 53.24 (CH-1-cyhex), 53.09 (CH,Bn), 43.46 (CHy-2-cyhex,
CH,-6-cyhex), 33.72 (s, SCHo,CH,CH,N), 28.06 (CHa-3-ppz, CHy-5-ppz),
27.42 (CyhexSCHj), 26.15 (CH-4-cyhex), 25.87 (CH»-3-cyhex, CHy-5-
cyhex).

4.1.13.2. 4-Benzyl-1-[3-(cyclohexylsulfanylpropyllpiperidine (1b). The
product was purified on silica gel column chromatography (crude:silica
gel: 1:60; DCM:MeOH 95:5). Yellow liquid, 339 mg (81% yield). H
NMR (400 MHz, CDCls3) 6 7.29 (dd, J = 8.9, 5.8 Hz, 2H, CHa-3,5), 7.21
(d, J =7.3Hz, 1H, CHar4), 7.16 (t,J = 7.0 Hz, 2H, CHp-2,6), 2.92 (d, J
= 11.5 Hz, 2H, CH-2-ppd, CH-6-ppd), 2.65 (td, J = 10.3, 5.0 Hz, 1H, CH-
1-cyhex), 2.56 (t, J = 6.5 Hz, 4H, CH-3-ppd, CH-5-ppd, CH,Bn),
2.44-2.38 (m, 2H, CH,N), 2.02-1.95 (m, 2H, CH-2-cyhex, CH-6-cyhex),
1.90 (t, J = 11.7 Hz, 2H, CH-2'-ppd, CH-6'-ppd), 1.79 (dt, J = 14.6, 7.4
Hz, 4H, CyhexSCH,, CH-3'-ppd, CH-5'-ppd), 1.65 (d, J = 12.6 Hz, 3H,
SCH2CH2CH,N, CH-4-cyhex), 1.54 (dddd, J = 14.6, 11.0, 7.2, 3.5 Hz,
1H, CH-4-ppd), 1.42-1.18 (m, 7H, CH-2'-cyhex, CHj-3-cyhex, CH-4'-
cyhex, CHa-5-cyhex, CH-6'-cyhex). '3C NMR (101 MHz, CDCl3) § 140.70
(Car-1), 129.12 (CHa,-3,5), 128.16 (CHA-2,6), 125.78 (CHa-4), 58.05
(CHyN), 53.97 (CHy-2-ppd, CH-6-ppd), 43.45 (CH-1-cyhex), 43.20
(CH2Bn), 37.93 (CH-4-ppd), 33.71 (CHa-2-cyhex, CHy-6-cyhex), 32.11
(SCH2CHCHN), 28.17 (CHz-3-ppd, CHa-5-ppd), 27.49 (CyhexSCHy),
26.15 (CHy-4-cyhex), 25.87 (CHy-3-cyhex, CHa-5-cyhex).

4.1.13.3. 1-Benzyl-4-[2-(cyclohexyloxy)ethyl]piperazine (2a). The prod-
uct was purified on silica gel column chromatography (crude:silica gel
1:100; DCM:MeOH 95:5). Orange liquid, 90 mg (19% yield). 'H NMR
(400 MHz, CDCl3) §7.32 (t, J = 6.5 Hz, 4H, CHp-2,3,5,6), 7.28-7.23 (m,
1H, CHar-4), 3.61 (t, J = 6.3 Hz, 2H, CH2Bn), 3.53 (s, 2H, CyhexOCHb),
3.23 (td, J = 8.9, 4.0 Hz, 1H, CH-1-cyhex), 2.64-2.42 (m, 10H, CHN,
CHa-2-ppz, CHa-3-ppz, CHy-5-ppz, CHy-6-ppz), 1.95-1.67 (m, 4H, CH-2-
cyhex, CH-3-cyhex, CH-5-cyhex, CH-6-cyhex), 1.54 (d, J = 6.7 Hz, 1H,
CH-4-cyhex), 1.34-1.14 (m, CH-2'-cyhex, CH-3'-cyhex, CH-4'-cyhex,
CH-5'-cyhex, CH-6'-cyhex). 13C NMR (101 MHz, CDCls) 5 138.12 (Car-
1), 129.23 (CHa-3,5), 128.18 (CHa-2,6), 127.01 (CHa-4), 77.86 (CH-
1-cyhex), 65.63 (CyhexOCHj), 63.08 (CH2Bn), 58.20 (CHoN), 53.67
(CH,-2-ppz, CH-6-ppz), 53.02 (CH3-3-ppz, CH,-5-ppz), 32.25 (CH,-2-
cyhex, CHa-6-cyhex), 25.82 (CH;-4-cyhex), 24.19 (CHz-3-cyhex, CHa-5-
cyhex).

4.1.13.4. 4-Benzyl-1-[2-(cyclohexyloxy)ethyllpiperidine (2b). The prod-
uct was purified on silica gel column chromatography (crude:silica gel
1:100; DCM:MeOH 9:1). Colorless liquid, 127 mg (45% yield). H NMR
(400 MHz, CDCl3) 6 7.29 (dd, J = 8.4, 6.5 Hz, 2H, CHa,-3,5), 7.24-7.12
(m, 3H, CHar-2,4,6), 3.61 (t, J = 6.4 Hz, 2H, CyhexOCH»), 3.28-3.18 (m,
1H, CH-1-cyhex), 2.96 (d, J = 11.4 Hz, 2H, CH-2-ppd, CH-6-ppd), 2.59

14

European Journal of Medicinal Chemistry 249 (2023) 115163

(t, J = 6.4 Hz, 2H,CH,N), 2.55 (d, J = 7.0 Hz, 2H, CH2Bn), 2.02 (t, J =
11.4 Hz, 2H, CH-2'-ppd, CH-6'-ppd), 1.96-1.84 (m, 2H, CH-2-cyhex, CH-
6-cyhex), 1.74 (d, J = 4.3 Hz, 2H, CH-3-ppd, CH-5-ppd), 1.64 (d, J =
12.8 Hz, 2H, CH-3-cyhex, CH-5-cyhex), 1.59-1.48 (m, 2H, CH-4-cyhex,
CH-4-ppd), 1.42-1.15 (m, 7H, CH-3"-ppd, CH-5'-ppd, CH-2'-cyhex, CH-
3'-cyhex, CH-4'-cyhex, CH-5'-cyhex, CH-6'-cyhex).

13C NMR (101 MHz, CDCl3) § 140.69 (CHa,-1), 129.12 (CHa,-3,5),
128.15 (CHar2,6), 125.77 (CHar4), 77.85 (CH-1l-cyhex), 65.68
(CyhexOCHy), 58.47 (CH,N), 54.38 (CH»-2-ppd, CH»-6-ppd), 43.18
(CH,Bn), 37.73 (CH-4-ppd), 32.26 (CHy-2-cyhex, CHp-6-cyhex), 32.05
(CH2-3-ppd, CH,-5-ppd), 25.82 (CHa-4-cyhex), 24.19 (CH,-3-cyhex,
CH,-5-cyhex).

4.1.13.5. 1-Benzyl-4-[3-(cyclohexyloxy)propyl]piperazine (4a). The
product was purified on silica gel column chromatography (crude:silica
gel 1:70; DCM:MeOH 95:5). Yellow oil, 200 mg (56% yield). 'H NMR
(400 MHz, CDCl3) 6 7.39-7.17 (m, 5H, CHa-2,3,4,5,6), 3.57-3.46 (m,
4H, CyhexOCH,, CH,Bn), 3.26-3.16 (m, 1H, CH-1-cyhex), 2.46 (dd, J =
20.8, 13.4 Hz, 10H, CH>-2-ppz, CH>-3-ppz, CH>-5-ppz, CH»-6-ppz,
CH:N), 1.91 (d, J = 10.1 Hz, 2H; CH-2-cyhex, CH-6-cyhex), 1.76 (dt, J =
13.3, 6.5 Hz, 4H, CH-3-cyhex, CH-5-cyhex, OCH,CH>CH,N), 1.54 (d, J
= 5.7 Hz, 1H, CH-4-cyhex), 1.36-1.12 (m, 5H, CH-2'-cyhex, CH-3'-
cyhex, CH-4'-cyhex, CH-5'-cyhex, CH-6'-cyhex). '3C NMR (101 MHz,
CDCl3) 6 138.15 (Car-1), 129.24 (CHar-3,5), 128.19 (CHar-2,6), 127.00
(CHar-4), 77.42 (CH-1-cyhex), 66.19 (CyhexOCHj), 63.09 (CH,Bn),
55.65 (CH2-2-ppz, CH»-6-ppz), 53.23 (CHo-3-ppz, CHo-5-ppz), 53.08
(CHyN), 32.32 (CHa-2-cyhex, CHa-6-cyhex), 27.62 (OCH;CHoCHaN),
25.86 (CHy-4-cyhex), 24.21 (CHa-3-cyhex, CHj-5-cyhex).

4.1.13.6. 4-Benzyl-1-[3-(cyclohexyloxy)propylipiperidine (4b). The
product was purified on silica gel column chromatography (crude:silica
gel 1:50; DCM:MeOH 9:1). Yellow oil, 53 mg (30% yield). TH NMR (400
MHz, CDCl3) 6 7.29 (dd, J = 8.8, 6.2 Hz, 2H, CHa,-3,5), 7.25-7.10 (m,
3H, CHar-2,4,6), 3.48 (q, J = 6.7 Hz, 2H, CyhexOCH>), 3.30-3.13 (m,
1H, CH-1-cyhex), 2.92 (d, J = 11.4 Hz, 2H, CH-2-ppd, CH-6-ppd), 2.54
(t, J = 7.8 Hz, 2H, CHBn), 2.47-2.35 (m, 2H, CH2N), 1.89 (t, J = 10.6
Hz, 5H, CH-2'-ppd, CH-6'-ppd, CH-2-cyhex, CH-6-cyhex, CH-4-ppd),
1.83-1.70 (m, 4H, CH-3-ppd, CH-5-ppd, OCH;CH,CH,N), 1.65 (d, J =
13.1 Hz, 2H, CH-3-cyhex, CH-5-cyhex), 1.53 (ddd, J = 14.6, 7.3, 3.4 Hz,
2H, CH-3'-ppd, CH-5'-ppd), 1.42-1.14 (m, 6H, CH-2-cyhex, CH-3'-
cyhex, CHy-4-cyhex, CH-5'-cyhex, CH-6'-cyhex). 13¢ NMR (101 MHz,
CDCl3) 6 140.76 (Car-1), 129.12 (CHar-3,5), 128.15 (CHar-2,6), 125.75
(CHa-4), 77.41 (CyhexOCHy), 66.33 (CH-1-cyhex), 56.02 (CHy-2-ppd,
CH,-6-ppd), 53.94 (CH,N), 43.22 (CH,Bn), 37.96 (CH-4-ppd), 32.33
(CHa-2-cyhex, CH,-6-cyhex), 32.15 (CH2-3-ppd, CH,-5-ppd), 27.72
(OCH2CH2CH,N), 25.86 (CHp-4-cyhex), 24.22 (CHj-3-cyhex, CHj-5-
cyhex).

4.1.13.7. 1-Bengzyl-4-[3-(phenylsulfanyl)propyllpiperazine (5a). The
product was purified by column chromatography (crude: silica gel
1:150; CE:AcOEt 1:1). Yellow pale oil, 159 mg (56% yield). H NMR
(400 MHz, CDCl3) 57.18 (t, J = 5.9 Hz, 6H, CHa-2,3,5,6, CHrhioph-2,6),
7.12 (dd, J = 8.8, 6.4 Hz, 3H, CHrhiopn-3,4,5), 7.02 (t, J = 7.2 Hz, 1H
CHa,-4), 3.38 (s, 2H, CH,Bn), 2.81 (t, J = 7.2 Hz, 2H,GH,N), 2.35 (s,
10H, CyhexSCH;, CHa-2-ppz, CH2-3-ppz, CHa-5-ppz, CH-6-ppz),
1.77-1.62 (m, 2H, SCH,CH;CHN).

4.1.13.8. 4-Benzyl-1-[3-(phenylsulfanylpropylipiperidine (5b). The
product was purified by column chromatography (crude: silica gel
1:100; DCM:MeOH 9:1). Yellow pale oil, 58 mg (63% yield). H NMR
(400 MHz, CDCl3) § 7.32 (ddd, J = 14.9, 8.1, 2.0 Hz, 6H,CHx,-3,5,
CHrhioph-2,3,5,6), 7.20 (dd, J = 13.3, 7.2 Hz, 2H, CHa,-2,6), 7.15 (d, J =
7.1 Hz, 2H, CHar-4, CHrhioph-4), 2.98 (t, J = 7.1 Hz, 4H, NCH,, CH-2-pip,
CH-6-pip), 2.56 (t, J = 7.9 Hz, 4H, CHzBn, CH-2'-pip, CH-6"-pip), 1.99
(d, J = 37.4 Hz, 4H, SCH,, CH-2-pip, CH-6-pip), 1.77-1.40 (m, 5H,
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SCH,CH,CH;N, CH-3'-ppd, CH-4-ppd, CH-5'-ppd). >C NMR (101 MHz,
CDCl3) 6 140.18 (Car-1), 136.04 (CHrhioph-1), 129.36 (CHrhioph-2,6),
129.07 (CHrhioph-3,5), 128.97 (CHar-3,5), 128.28 (CHar-2,6), 126.14
(CHrhioph-4), 125.98 (CHa,-4), 57.12 (CHN), 53.61 (CHy-2-ppd, CHy-6-
ppd), 42.75 (CHyBn), 37.45 (CHy-4-ppd), 31.61 (CH,-3-ppd, CH,-5-
ppd), 30.98 (CyhexSCH,), 29.70 (SCHyCH,CHoN).

4.1.13.9. 1-Benzyl-4-(2-phenoxyethyDpiperazine (6a). The product was
purified by column chromatography (crude: silica gel 1:150; CE:AcOEt
1:1). Colorless oil, 189 mg (66% yield). 'H NMR (400 MHz, CDCl3) 6
7.37-7.22 (m, 7H, CHppen-3,5, CHgpn-2,3,4,5,6), 6.97-6.85 (m, 3H,
CHphen-2,4,6), 4.11 (t, J = 6.3 Hz, 2H, CH,0Ph), 3.53 (s, 2H, CH,Bn),
2.84 (t,J=5.8 Hz, 2H, CH2N), 2.59 (d, J = 43.6 Hz, 8H, CH,-2-ppz, CH>-
3-ppz, CHy-5-ppz, CHy-6-ppz). 13C NMR (101 MHz, CDCl3) § 158.69
(CHphen-1), 137.75 (Cpn-1), 129.44 (CHphen-3,5), 129.29 (CHg,-3,5),
128.25 (CHpp-2,6), 127.15 (CHps-4), 120.82 (CHppen-4), 114.59
(CHphen-2,6), 65.69 (CHoOPh), 62.96 (CH2Bn), 57.17 (CHoN), 53.52
(CH»-2-ppz, CH,-6-ppz), 52.86 (CH»-3-ppz, CH,-5-ppz).

4.1.13.10. 4-Bengyl-1-(2-phenoxyethyDpiperidine (6b). The crude was
purified by column chromatography (ratio:silica gel 1:50; CE:AcOEt
1:1). White solid, 70 mg (53% yield). 'H NMR (400 MHz, CDCl3) § 7.20
(dd, J = 10.8, 4.8 Hz, 4H, CHppen-2,3,5,6), 7.11 (t, J = 7.3 Hz, 1H,
CHphen-4), 7.06 (d, J = 7.2 Hz, 2H, CHp,-3,5), 6.87 (t, J = 7.3 Hz, 1H,
CHpp-4), 6.82 (d, J = 8.3 Hz, 2H, CHpp-2,6), 4.08 (s, 2H, GHoOPh), 2.97
(s, 2H, CH-2-ppd, CH-6-ppd), 2.78 (s, 2H, CH,N), 2.48 (d, J = 6.9 Hz,
2H, CH,Bn), 2.06 (s, 2H, CH-2'-ppd, CH-6'-ppd), 1.60 (d, J = 12.7 Hz,
2H, CH-3-ppd, CH-5-ppd), 1.54-1.44 (m, 1H, CH-4-ppd), 1.36 (s, 2H,
CH-3'-ppd, CH-5"-ppd). '3C NMR (101 MHz, CDCl3) 5 158.50 (Cppen-1),
140.47 (Cgn-1), 129.45 (CHphen-3,5), 129.10 (CHgy-3,5), 128.28 (CHgp-
2,6), 125.81 (CHpy-4), 120.81 (CHphen-4), 114.59 (CHppen-2,6), 65.53
(CH,0Ph), 57.46 (CHyN), 54.35 (CHo-2-ppd, CHy-6-ppd), 43.02
(CH2Bn), 37.56 (CH-4-ppd), 31.73 (CHa-3-ppd, CHa-5-ppd).

4.1.13.11. 1-Benzyl-4-(3-phenoxypropylpiperazine (8a). The product
was purified by column chromatography (crude: silica gel 1:80; DCM:
MeOH 9:1). Yellow pale oil, 405 mg (56% yield). 'H NMR (400 MHz,
CDCl3) 6 7.45-7.20 (m, 7H, CHphen-3,5, CHpn-2,3,4,5,6), 7.06-6.79 (m,
3H, CHphen-2,4,6), 4.26 (s, 2H, CH,OPh), 4.02 (t, J = 7.6 Hz, 2H,
CHBn), 2.73-2.55 (m, 6H,CH-2-ppz, CH2-3-ppz, CH2-5-ppz, CH-6-ppz),
2.48 (t, J = 5.3 Hz, 4H, CH-2'-ppz, CH-6'-ppz, CH,N), 1.84 (p, J = 7.6
HZ, 2H, OCH2C§2CH2N).

4.1.13.12. 4-Benzyl-1-(3-phenoxypropylpiperidine (8b). The product
was purified by column chromatography (crude: silica gel 1:100; CE:
AcOEt 1:1). Yellow pale oil, 175 mg (49% yield). 1H NMR (400 MHz,
CDCl3) § 7.33-7.27 (m, 4H, CHg,-3,5, CHphen-3,5), 7.22-7.15 (m, 3H,
CHgp-2,4,6), 6.98-6.90 (m, 3H, CHppen-2,4,6), 4.10 (t, J = 4.8 Hz, 2H,
PhenOCHy), 3.00 (bdt, J = 12.5 Hz, 2H), 2.85 (t, J = 7.7 Hz, 2H, CH,N),
2.55-2.43 (m, 2H, CH-2-ppd, CH-6-ppd), 2.01-1.83 (m, 4H, CH-2'-ppd,
CH-6'-ppd, CH,Bn), 1.72 (q, J = 6.9 Hz, 1H, CH-4-ppd), 1.68-1.41 (m,
4H, CH,-3-ppd, CHo-5-ppd). '*C NMR (101 MHz, CDCls) § 159.14
(Cphen-1), 138.59 (Cpy-1), 129.41 (CHppen-3,5), 129.04 (CHgy-3,5),
128.33 (CHgp-2,6), 126.29 (CHpy-4), 120.81 (CHppen-4), 114.46
(CHppen-2,6), 66.34 (CH,0Ph), 53.67 (CH,N), 52.63 (CHa-2-ppd, CHy-6-
ppd), 41.69 (CH,Bn), 35.52 (CH-4-ppd), 30.28 (CHa-3-ppd, CHa-5-ppd),
27.28 (CHy-CHy-CHy).

4.2. In vitro binding assay at SRs

The binding at S1R and S2R were performed as reported in literature
[81,82]. [3H](+)pentazocine at 15 nM and [3H]DTG at 25 nM were
used as hot radioligands for S1R and S2R, respectively. In S2R binding
assay, 1 pM of cold (+)pentazocine was used to saturate the S1R binding
site. The displacement of the radioligands upon incubation of SRs with
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the tested compounds was measured by scintillation counting. The re-
sults are expressed as a percent of inhibition of control specific binding,
which is calculated as reported in (1), obtained in the presence of the test
compounds

@

Shofinhibition — 100 — <measuredspeczﬁcbmdmg 10 O)

controlspecificbinding

The ICsq values (concentration causing a half-maximal inhibition of
control specific binding) and Hill coefficients (nH) were determined by
non-linear regression analysis of the competition curves generated with
mean replicate values using Hill equation curve fitting (2)

A-D
nH
1+<C%D>

where Y = specific binding, A = left asymptote of the curve, D = right
asymptote of the curve, C = compound concentration, Csy = ICs9, and
nH = slope factor. This analysis was performed using software devel-
oped at Cerep (Hill software) and validated by comparison with data
generated by the commercial software SigmaPlot® 4.0 for Windows® (©
1997 by SPSS Inc.). The inhibition constants (k;) were calculated using
the Cheng Prusoff equation (3)

Y=D+ 2)

ICs

3
1+£ @)

where L = concentration of radioligand in the assay, and Kp = affinity of
the radioligand for the receptor. A scatchard plot is used to determine
the Kp.

4.3. In vitro binding assay at NMDA receptor

The binding at NMDA receptor was performed as reported in liter-
ature [83]. [3H]CGP39653, an NMDA antagonist, at 5 nM was used as
radioligands. The displacement of the radioligand upon incubation of
NMDAR with the tested compounds was measured by scintillation
counting. The results are expressed as a percent of inhibition of control
specific binding, which is calculated as reported in (1).

4.4. Cellular assay for neuroprotection activity

The neuroprotective capacity of the compounds was assessed ac-
cording to Benchekroun et al. The human neuroblastoma SH-SY5Y cells
were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 2 mM r-glutamine, 50
U/ml penicillin and 50 mg/mL streptomycin in a humid atmosphere of
95% air and 5% CO2 at 37 °C. Prior to cell treatment, the medium was
replaced with fresh medium containing the test compounds (0.1-100 pM
concentration) using a reduced serum medium (2% FBS). The test
compounds were prepared as 10 mM stock solutions in DMSO. In the
neuroprotection assay, SH-SY5Y cells were co-incubated with NMDA at
a concentration of 250 uM, oligomycin at a concentration of 2.5 pM or
rotenone at a concentration of 25 pM and tested compounds at different
concentrations. Cell viability assay The number of living cells was
evaluated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay.10 Briefly, 100 uL of cell suspension were plated in
96-well plates at a density of ~7000 cells/well. After one day incubation
at 37 °C in a humid atmosphere with 5% CO2, the culture medium was
replaced with 100 pL of fresh medium or medium containing different
concentrations of the test compounds. Untreated cells were used as
positive control. After the incubation period of 24 h, 10 pL of a 0.5% (w/
v) MTT/PBS solution were added to each well and the incubation was
prolonged for 2 h. After this period, the medium was removed and
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replaced with 100 pL of DMSO. The absorbance of the individual well
was measured by a microplate reader (Wallac Victor3, 1420 Multilabel
Counter, PerkinElmer). Each compound concentration was tested in
triplicate, and results presented as percentage of the control value. For
the neuroprotection assay, SH-SY5Y cells were seeded in 96-well plates
at the same density used for cytotoxicity assay. Cells were exposed for
24 h to NMDA, rotenone or oligomycin in the absence or presence of test
compounds at concentrations ranging from 0.1 to 5 pM at 37 °C. The
neuroprotective capacity of the compounds was assessed in the same
conditions described above and in the presence of 4-methyl-1-[4-(6-
methoxynaphthalen-1-yDbutyl]piperidine (PB212). Briefly, SHSY5Y
cells were pre-incubated for 1 h with PB212 (5 pM, non-toxic dose) and
then treated with the combination of compounds (1 pM or 5 pM)/PB212
(5 pM)/rotenone (25 pM) or NMDA (250 pM). The cell viability was
evaluated by MTT assay. Data are presented as the mean + SEM. Sta-
tistical comparisons were performed by two-way ANOVA followed by
Bonferroni post hoc test using the statistical package in the GraphPad
Prism software v. 5.01; values of *p < 0.05, **p < 0.01, ***p < 0.001 vs
NMDA, rotenone or oligomycin alone were considered statistically
significant.

4.5. Cell culture

LoVo colon cancer cells, A549 lung cancer cells and Panc-1 pancreas
cancer cells (ATCC®, Manassa VA, USA) were grown in Ham’s F-12K
Medium and DMEM (ATCC®, Manassa VA, USA) supplemented with
10% Foetal Bovine Serum (FBS) (Euroclone) sterile filtered. All experi-
ments were performed on cells in the exponential growth phase and
checked periodically.

4.6. Cell proliferation assay

Cytotoxicity was assayed using CellTiter 96® AQyeous One Solution
Cell Proliferation Assay according to manufacturing’s instructions
(Promega, Milan, Italy).

Briefly, cells were seeded onto a 96-well plate at a density of 2500
cells/well. Cell lines were exposed to increasing concentrations of the
drug, ranging from 0.1 to 100 zM. The effect of the drugs was evaluated
after 24, 48, 72 h of continued exposure. Three independent experi-
ments were performed in quadruplicate. The optical density of treated
and untreated cells was determined at a wavelength of 490 nm using a
fluorescence plate reader (Synergy H1 microplate reader, BioTek, USA).
Data were processed using GraphPad Prism 8 program (version 8.3.0).

4.7. RealTime RT-qPCR

TRIzol reagent (Life Technologies, Carlsbad, CA, USA) was used,
following the manufacturer’s instructions, for total cellular RNA
extraction. RNA was quantified by Nanodrop MD-1000 spectropho-
tometer system. iScript cDNA Synthesis kit (Bio-Rad Laboratories, Her-
cules, CA, USA) was used to perform reverse transcription reactions.
400 ng of total RNA were retrotranscribed in 20 pL of nuclease-free
water. Real-time PCR was performed by a 7500 Fast Real-Time PCR
system (Applied Biosystems, Foster City, CA, USA), and the expression of
SIGMA 1 and TMEM-97 genes were detected by TagMan assays. Re-
actions containing 40 ng of cDNA template, TagMan Universal PCR
Master Mix (2X), and selected TagMan assays (20X) were carried out in
triplicate at a final volume of 20 uL. Samples were maintained at 50 °C
for 2 min, then at 95 °C for 10 min followed by 40 amplification cycles at
95 °C for 15 s, and 60 °C for 30 s. The changes in gene expression were
displayed relative to a control sample (U87 brain tumor cell line, ATCC),
demonstrated to express the genes. Gene expression was normalized
with two endogenous reference genes, GAPDH and HPRT, identified as
the most stable genes by the geNorm VBA applet for Microsoft Excel.
Data are reported as mean + SD. Data were processed using the
GraphPad Prism program (version 8.3.0) (GraphPad Software).
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4.8. Animal care and maintenance

Tg(GFAP:GFP) zebrafish (Danio rerio) were a kind gift from Depart-
ment of Biology, University of Padova (Italy) and maintained in a re-
circulatory system at 28 °C in a light/dark cycle of 14/10 h. They
were fed thrice a day with dry food and Artemia. Zebrafish embryos and
larvae until 5 days post fertilization (dpf) were used for the experiments,
mating between 2 females and 1 male were set up the day before the test.
Eggs were preserved from predation by adult fish using a plastic sepa-
rator in the tanks. Eggs were collected right after spawning and used in
the teratogenicity experiments. Zebrafish husbandry procedures were
performed according to the Directive 2010/63/EU and in compliance
with local animal welfare regulations (authorization n. prot. 18,311/
2016; released by the “Comune di Meldola”, November 9, 2016).

4.9. Teratogenic test

Teratogenic test was performed as previously reported (Harris C.
et al. Book of developmental toxicology, Springer Science and Business
Media, LLC 2012). Briefly, Eggs were collected, rinse out with embryo
medium (for 1L of distilled water: 0.1 g sodium bicarbonate, 0.1 g
instant ocean, 0.19 g calcium sulfate) and put in different petri dishes
with the same medium, only unscathed embryos were selected. Gener-
ally, 8 embryos per untreated control, and treatment concentrations
were cultured. Eggs were treated with increasing concentration of PL16
and PL24 compounds respectively starting from 1 h post-fertilization.
They were incubated at 28 °C for about 5 days (without changing the
media) in order to allow exposure to compounds throughout all devel-
opment stages. Teratogenic effects were evaluated after 5 days from
treatment with morphological and viability observations. The experi-
ment was performed in octuplicate, and data were assessed using a
sample score sheet as reported by Brannen KC and collegues (Develop-
ment of a zebrafish embryo teratogenicity assay and quantitative pre-
diction model. Birth Defects Research Part B, vol 89, issue 1, 2010) and
in supplementary methods (Tables S1 and S2).

4.10. Solubility studies

The buffer solutions were HCl/KCl for pH 1.2, KH2PO4/NaOH for pH
6.8, and KH2PO4/Na2HPO4 for pH 7.4.20 pL of a 10 mM DMSO solution
of the compounds was diluted in 1980 pL of the appropriate buffer so-
lution to achieve a maximum theoretical concentration of 30,700 pg/mL
and 29,500 pg/mL for compounds 6b and 8b, respectively, and a 1% v/v
final concentration in DMSO. The solutions were incubated for 24 h at
1200 rpm. After incubation, the suspension was filtered using hydro-
philic polycarbonate filter membrane (pore size 0.45 pm, thickness
17-22 pm). Filtrate solutions were diluted 1 : 1 with MeOH to avoid
further precipitation and analysed.
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