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ABSTRACT

Recently, 1-(1,4-dioxaspiro[4,5]dec-2-yImethyl)-ZHfhethoxyphenyl)piperazine 1Y was
reported as a potent 5-kHJR agonist with a moderate 5-HhR selectivity. In an extension of
this work a series of derivatives bf obtained by combining different heterocyclic ringgh a
more flexible amine chain, was synthesized ancede$dr binding affinity and activity at 5-
HT1aR ando,; adrenoceptors. The results led to the identificatibl4 and15 as novel 5-HTAR
partial agonists, the first being outstanding fetestivity (5-HTia/ aig = 80), the latter for
potency (pR= 9.58) and efficacy (/&x= 74%,). Theoretical studies of ADME propertieswh

a good profile for the entire series and MDCKII-MDRells permeability data predict a good
BBB permeability of compoundl5, which possess a promising neuroprotective agtivit
Furthermore, in mouse formalin test, compoults shows a potent antinociceptive activity

suggesting a new strategy for pain control.



Introduction

Serotonin (5-hydroxytryptamine, 5-HT) is a relevargurotransmitter both in the central
nervous system and in periphery. It mediates sedrgsiological éects through at least 14
receptor subtypes (5-HF: 5-HTiar, 5-HToa-c, 5-HT3, 5-HTy, 5-HTsa, 5-HTe, 5-HT,). With the
exception of 5-H7, they belong to the seven-transmembrane-spanacgptor or the G-protein-
coupled receptor (GPCR) family [1,2]. The 5-4dTeceptor (5-HTaR) was the first subtype to
be isolated and completely sequenced [3], its phaohegy has been extensively studied and a
number of selective ligands have been discovereguf& 1). Nowadays this receptor still
represents a new attractive target for drug disgojd. 5-HT;aR agonists and partial agonists
have been initially employed for the treatment okiaty, depression, and psychosis [5-9].
Moreover, 5-HTAR agonists have shown neuroprotective propertidgating their utility for
the treatment of many neurodegenerative disordechiding Parkinson's disease (PD) and
ischemic stroke [10-32]. More recently, it has bebown that 5-H7sR is involved at multiple
level in the regulation of nociception and 544R agonists may represent a new approach in

pain relief therapy [33-36].
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Figure 1.5-HT; AR selective ligands

Among the 5-HTAR ligands, N-1-substituted N-4-arylpiperazines ¢atled “long-chain
arylpiperazines”) have been extensively studiedagédnerally accepted pharmacophoric model

for the recognition of the agonist has been dratigure 2, panel a) [4,37]. Recently, our



research group reported 1-(1,4-dioxaspiro[4,5]dseta®thyl)-4-(2-methoxyphenyl)piperazine
(1) as a potent 5-HkR partial agonist (pP= 8.61) with a moderate selectivity with respect to
ay adrenoceptors (5-HF a1, = 18) (Figure 2, panel b) [38]. In a more recespgr, docking of

1 on the newly published 5-HAR model was performed and a set of structural goas,
substituted at C8 position of the 1,4-dioxa-spirbJdecane moiety was explored [39]. All
compounds displayed low affinity and activity atH34.R, indicating that only small
substituents are allowed, while a higher affinitgsrobserved atl-adrenoceptors, resulting in a
significant reversal of selectivity.

With the aim of improving 5-Hi1aR/0; selectivity as well as potency and efficacy, iis thiork
we designed a new set of structural analogudsfotusing the attention on both the 1,4-dioxa-
spiro[4.5]decane and arylpiperazine moieties (Fegirpanel c). As regard the first portion, on
the basis of previously published data showing thatreplacement of one or two ring oxygen
atoms with sulfur leads to a progressive decredsdpba affinity, the 1-oxa-4-thiaspiro- and
1,4-dithia-spiro[4.5]decane-analogues were syrtbdtiand tested [38]In addition, the
replacement of the piperazine ring with a moreiliexbasic chain was investigated. By merging
these two structural modifications, compoulislemerged as a potent and selective 5ART
agonist endowed with neuroprotective actiwityvitro and a potent antinociceptive activityim
vivo model. Finally, molecular modelling on the two G®Owas performed to better understand

the basis of activity and selectivity.
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Figure 2. a) Pharmacophoric model of 5-HJ agonist; b) Chemical structure of compouhd
(pD2 5-HT1a.= 8.61, 5-HTa a1 = 18); ¢) Working hypothesis

Results and Discussion

Synthesis

The compounds/-15 were obtained by alkylation of the commerciallyagable 1-(2-

methoxyphenyl)piperazine or substituted 2-phendxgmamines with the proper chloro- or



tosyl- derivative, under microwave irradiation (Bofe 1).
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Scheme 1.Reagents and conditiona) 3-Chloro-1,2-propanediol, pTsOH, Dean-Star&, ¥4
guantitative for4; b) 3-mercaptopropane-1,2-diol or 2,3-dimercapippn-1-ol, HCIQ/SIO,,
r.t., 6 h, 81% for2, 71% for3; c) TsCl, EtN, DCM, 0°C to r.t., 12 h, 82% fds or SOC},
toluene, 0 °C to 80 °C, 12 h, 30% fo6; d) 2-phenoxyethanamine or (2-
methoxyphenoxy)ethanamine or (2,6-dimethoxypheretkg@namine, KI, 2-metoxyethanol,
MW, 160 °C, 30 min., 51% for, 54% for8, 54% for9, 25% for11, 19% for12, 15% for14,

47% for15; e) 1-(2-methoxyphenyl)piperazine, Kl, 2-metoxyetbl, MW, 160 °C, 30 min, 67%
for 10, 53% forl3.

The phenoxyethanamines were easily prepared byingathe chloroacetamide with the
appropriate phenates, followed by reduction ofahedes, as previously reported [40]. The 1,3-
dioxolane-, oxathiolane- and dithiolane-scaffoldsrevreadily prepared by acetalization of the

cyclohexanone with the proper glycerol derivatidaghe case of 3-mercaptopropane-1,2-diol or



2,3-dimercaptopropan-1-ol, perchloric acid adsorbedsilica-gel HCIO4-Si0G,) was employed
as a new, highly efficient, inexpensive and reusahltalyst for acetal formation, under solvent-
free conditions. The hydroxylic group was then @ed into a better leaving group (tosylate

chloride) for the subsequent coupling reaction.

Pharmacology

The pharmacological profile of the synthetized commls7-15, the lead compound and
BMY-3748, as reference compounds, was evaluatedraololigand binding assays using
[*H]prazosin to label cloned human adrenoceptors expressed in CHO cells [41], drd8|
OH-DPAT to label cloned human 5-HJreceptors expressed in HelLa cells [42].

Functional characterization of the most active aeléctive compoundd,(13-15, and BMY-
7378) at the 5-HIWR was performed according to methods of Stanton Beelr [43] using
[**S]GTH/S binding, in cell membranes from HeLa cells transfd with the human cloned 5-
HT1aR. Stimulation of 1°S]JGTR/S binding was expressed as the percent increabiting
above basal value; maximal stimulation observed gérotonin was established as 100%.
Cytotoxicity assays were carried out against humearoblastoma cell line SH-SY5Y. Cells
were cultured at 37 °C in a humidified incubatonteaning 5% CQ and feed with DMEM
(Lonza) nutrient supplemented with 10% heat inatéd FBS, 2 mM L-glutamine, 100 U/mL
penicillin and 100 pg/mL streptomycin. Cytotoxiciy compounds is expressed agolalues,
the concentrations that cause 50% growth inhibitidme results were determined using the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazoliubmomide [44].

The neuroprotective capacity of the compounds watedl, as reported by Benchekroun et al.

[45] Briefly, the ability of the compounds to presethe human neuroblastoma cell line SH-



SY5Y from death was evaluated by using three toxionodels: 1) HO,, as a producer of
exogenous free radicals, 2) oligomycin A, a mitout@al respiratory chain blocker which
produces mitochondrial ROS by inhibiting the mitootrial electron-transport chain complex
V, and 3) rotenone, showing the same effect ofoofigcin A by inhibiting the mitochondrial
electron-transport chain complex.

For the assessment of inflammatory pain, mice salgected to the formalin test. Intraplantar
administration of formalin (5%, 1) produces a biphasic nocifensive behavioral respdi.e.,
licking or biting the injected hind paw). The acuteciceptive phase lasts for the first 10 min,
whereas the second inflammatory phase occurs betW®and 50 min and reflects the

development of nociceptive sensitization in thesdbhorns of the spinal cord [46].

Structure—affinity and structure-activity relations hips
All synthetized compounds were tested for bindifimidy/activity at 5-HT,4 anda, receptors.
Lead compound and BMY-7378 were used as reference compoundf@mdsis of structure

similarities and high affinity/activity for 5-HikR anda, receptors.

Table 1. Affinity constants (pKi} and selectiviti€sof test and reference compounds for the
human recombinant, adrenoceptor subtypes and the 5:kR.

Compound 015 a1p O1g 5-HT1A uldlula ald/ulb ulblula 5-HT1A/01

HsCQ

<:><°f ”CL@ 704 690 <6 829 <01 <01 07 18
o 1
0. /\/O
<:><OjﬂH TJ < 601 626 743 18 1.7 1 15
7

OCH;,

<:><°fH/V°\© 6.64 641 7.02 852 2.4 4 0.6 31
8



OCH5

<:><°f N <6 <6 575 <6 0.5 0.5 1 1

07 g HiO
HaCO

&
<:><°jﬁ”\\/w© 724 672 741 830 15 4.9 0.3 7.8
ST 10
0] N/\/O
O<Sf“ \© <6 6.36 6.67 7.64 4.7 2 2.3 9.3
11

OCH,

<:><°fu“/°\© 657 666 7.49  8.65 8.3 6.8 1.2 14.4
ST 12

HaCO

!
<:><SjﬁN\\/N 670 639 7.00 852 2 4 0.5 33
ST 13
S ANO
st” @ <6 626 691 881 8 4.5 18 79
14

OCHs

<:><Sfﬁ/\/o\© 6.73 6.71 7.46 9.03 5.4 56 1 37
T

BMY-7378 6.41 6.15 8.89 8.90 295 550 2 1

#K; values were derived from the Cheng—Prusoff eqndt@] at one or two concentrations and
agreed within 10%" Antilog of the difference between the ptalues fora, aip and aqqg
adrenoceptors. Antilog of the difference between the pialues fora; adrenoceptors (higher
value) and the 5-HkR.

As shown in Table 1, the substitution of the 2-mgtphenylpiperazine moiety df with the
more flexible phenoxyethylamine chains, as for coumus7-9, caused substantial changes in
binding affinity. In particular, the phenoxy dertixee 7 showed a significant decrease in affinity,
of about one order of magnitude, for both 5;kl@&nda, receptors, with the exception for thg,
subtype, leaving almost unchanged the 5A/1; selectivity. The 2-methoxy-phenoxy analogue
8, showed a 10-fold increased affinity for 5HHR, compared t@, thus restoring the affinity of
the lead compound and doubling its 5-Hia/a; selectivity, as the increase also seendpr
subtypes is to a lesser extent. These resultsatelibhe importance of the 2-methoxy group in
stabilizing the binding process (see molecular Mingesection). A similar trend was previously

observed for the series of the 2,2-diphenyl-1,3«diane derivatives [44]. On the contrary, the
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introduction of a second methoxy group, as¥otaused a drastic loss in affinity at both receptor
systems, indicating that a steric hindrance prevargood anchoring to the binding site.

To investigate the effect of the replacement of timg oxygen atom with a sulfur, 1,3-
oxathiolane derivatived0-12 were prepared. The binding data showed that at; gRiThis
substitution leaves unchanged the affinity, whilproduces some effect on adrenoceptors. A
significant increases of affinity was observed ofdya;p subtype in the 1,3-oxathiolane series
(10-12) compared to the corresponding 1,3-dioxolaries/(8), thus the 5-HTx/ay selectivity
ratio is halved. Again, the 2-methoxyphenoxy demeal?2 showed the highest 5-HA affinity
within this series{2> 10>> 11).

Surprisingly, when both oxygens atoms are repldogdsulfur, as for the 1,3-dithiolane
derivatives13-15, the affinity at 5-HTAR increased, while, atl subtypes, it is decreased or
unchanged. The enhancement at 5ARTis remarkable only fot4, whose affinity is 15- and
24-fold higher than the ones of the correspondiBgokathiolanell and 1,3-dioxolané. In this
case the role of the 2-methoxy group on the phestbyjamine chain is less relevant, as the
variations in affinity, especially at 5-HAR, is very limited and scarcely significant. Thss i
probably due to an additional interactions of thé-dithia-spiro[4.5]-decane moiety d# in
stabilizing the binding mode of the protein-ligaodmplex, by several contacts with a deep
receptor cavity, including V117, K191, Y195, T196199, T200, F361, F362, A365 (see
molecular modeling section). Among all4 is outstanding in terms of selectivity with a 5-
HT1a/04 ratio of 80. These findings support the previoyslplished data and seem to confirm
that moving from 1,3-dioxolanes or 1,3-oxathiolartes1,3-dithiolanes the affinity and/or

selectivity at/for 5-HTAR progressively increases [44]. With the exceptboompound¥ and
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11, the same improvement is observed by replacing theethoxyphenylpiperazine with the
more flexible 2-metoxy-phenoxethylamine.

Functional characterization at 5-khkR was performed for the most promising compounds
(13-15). The results are reported in Table 2. In stimofatexperiments, compounds3-15
increased the binding of°B]GTPgS with pb values of 8.61, 8.27 and 9.58, respectively. The
Emaxvalues were of 37, 85and 74, defining the threepmmds as partial agonists. Notably, the
most active compound5 exhibited an improved potency (10-fold ) and effigg1.5 fold)
compared to the lead compoubdwith a pQ» value higher (10-fold) than that of the reference
full agonist 8-OH-DPAT (pB= 8.49, Figure 3).

Table 2. Agonist potency (pb), relative effectiveness (Emax) in the
agonist-induced *fS]GTP/S-binding assay at the human 5-/T

receptor.
Compound pD, Emax
H3;CO
o] N/\\ ’
O 8.61 48
Ty
HyCO

<:><sz®“© 8.61 37
13
<:><§]A1f/\/o© 8.27 85

OCHj,

<:><zfﬂ/\/c’© 9.58 74
15

BMY-7378 9.27 26

8-OH DPAT 8.49 100

& Maximal stimulation expressed as a percentagheofitaximal 5-HT
response.
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Figure 3: Stimulation of f°S]JGTP/S binding in HelLa cells expressing human recomhifan
HT.1aR by compound5 and the reference full agonist 8-OH-DPAT.

Prediction of ADMET Properties

The computational prediction of descriptors relatedabsorption, distribution, metabolism,
excretion and toxicity properties (ADMET) represeatuseful in silico strategy accelerating the
lead compound discovery process [48]

In this work, for compounds, 7-15 extent of blood-brain barrier permeation (LogBBBjte of
passive diffusion-permeability (Log PS), human stiteal absorption (HIA), volume of
distribution (Vd), median lethal dose (k) related to oral administration and the logaritbmi
ratio of the octanol-water partitioning coefficigot.ogP) were calculated.

As shown in Table 5, all the compounds are charaetd by a favourable profile in terms of
lipophilicity, being the calculated LogP below 5iginski rules) and also display the ability to

fully be adsorbed at the human intestinal membrateably, compoundq, 10, 13-15 show
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higher blood-brain barrier permeation with resgedhe other compounds, being in any case all
of them able to pass at the central nervous systanally, all the compounds exhibit a
favourable toxicity profile, being the estimated dgin the range of 600-1200 mg/kg for mouse
after oral administration.

Table 3.Calculated ADMET properties for compounts/-15.

Comp. | LogBBP® LogPS | HIA (%) © | Vd (I/kg)® | LDso (mg/kg)® | cLogP
1 0.76 -1.2 100 4.1 640 3.24
7 0.26 -1.6 100 3.3 1200 2.88
8 0.21 -1.9 100 3 1200 2.52
9 0.26 -1.9 100 2.8 1200 2.83
10 0.82 -1.1 100 3.5 680 3.96
11 0.42 -1.3 100 6 1100 3.80
12 0.32 -1.6 100 5.6 1000 3.30
13 0.89 -1.1 100 3.4 600 4.58
14 0.75 -1.2 100 6.2 890 4.49
15 0.61 -1.3 100 5.7 870 4.15

@Extent of brairpenetration based on ratio of total drug conceptratin tissue and plasma at
steady-state conditioflsRate of brain penetration. PS represents PernityeBilrface area
product and is derived from the kinetic equationcapillary transport HIA represents the
human intestinal absorption, expressed as perocerdhghe molecule able to pass trough the
intestinal membrané’ prediction of Volume of Distribution (Vd) of thempound in the body:
Acute toxicity (LD50) for mouse after oral admimation (RI> 30)

Neuroprotective capacity of compoundl5
The neuroprotective capacity df5 was tested for its ability to prevent the human
neuroblastoma cell line SH-SY5Y from cell deathuoed by three toxicity models: 1) hydrogen

peroxide for the generation of exogenous free edslic2) oligomycin A, a mitochondrial
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respiratory chain blocker which produces mitoch@dROS by inhibiting the mitochondrial
electron-transport chain complex V, andr8)enone, showing the same effect of oligomycin A
by inhibiting the mitochondrial electron-transpohain complex | [45]. Before the assessment
of the neuroprotective capacity, the direct cytatibx of compoundl5 was investigated and cell
viability after 24 h of exposure was measured byTMiEsay across a wide concentration range
(0.12-100uM). The IG values were 195 + 1.7, 29 + 3.4, 74.1 + 4.5 ant 51uM for H,0,,
oligomycin A, rotenone and compoud®, respectively. Therefore, in the neuroprotectiest,t
compoundl5 was used at a concentration of 0.1 andvll In particular, as reported in Table 3,
compoundl5 showed good neuroprotective effect against thdticaused by oligomycin A and
H.O; (only at concentration of 0AM) whereas it exhibited a minimum neuroprotectioaiast

rotenone, at the two tested concentrations.

Table 4. Protective effect of compourikb on SH-SY5Y cell death induced by
H,O, or oligomycin A or rotenone. Data are expressed pascent
neuroprotection = SD of three independent experisaen

Compd pM]  H20, (195uM) Oligomycin A(30uM) Rotenone (75M)
15 (1pM) 66 +4 86+5 66 + 2

15 (0.1pM) 83 +£6 8l1+4 62 +2

Bi-directional transport studies on MDCKII-MDR1 mon olayers

Many cell-basedn-vitro methods have been developed to determine the BBBgation of
compounds under investigation. Among them, MDCK-MDRell line represents a well-
establishedn-vitro method mimicking the BBB [49, 50, 51]. It is wé&hown that MDCKII-
MDR1 cells form tight monolayers and express P-gyotein (P-gp), which is specifically

involved in the efflux transport of drugs from tB8B. In particular, we were interested in

15



assessing whether compoub8lis able to permeate MDCK-MDR1 monolayers and teract
with P-gp. Thus, transport studies were conduct#d im AP-to-BL and BL-to-AP direction and
the results are reported in Table 4. Compo@bdshowed not significant differences Rypp
values between AP-to-BL and BL-to-AP direction ghé efflux ratio (ER) calculated by the
equation ER =Py, BL-AP / Py, AP-BL was found to be less than 2, indicatingt tthas
compound is not likely to be considered substratePfgp transport. These results suggest that
15 is able to permeate the monolayer by passive gdfuwith permeability values comparable

to diazepam. The results for the controls wereiwithe expected values.

Table 5. Bi-directional Transport Across MDCKII-MDR1 cellsf o
compoundl5.

Compd  Papp AP(cm/sec) Pap,BL(cm/sec) ER? PaypBL/PapAP

15 1.11*10° 1.09*10° 0.98
diazepam 1.46*10° 1.23*10° 0.84
FD-4 1.03*10° 2.08*10’ 0.20

@Efflux ratio (ER) was calculated using the follogiequation: ER =
Papp BL-AP [ Papp AP-BL, where Py, BL-AP is the apparent
permeability of basal-to-apical transport, aRg,, AP-BL is the
apparent permeability of apical-to-basal transpéu. efflux ratio
greater than 2 indicates that a test compoundesylto be a substrate
for P-gp transport.

Antinociceptive activity

Compoundl5, endowed with high affinity and high agonist patgnwas chosen for determining
potential analgesic activitin-vivo. For the assessment of which, mice were subjeiteitie

formalin test. As shown in Figure 4, compoutlwas administered 15 min before formalin at
the dose of 3, 5 and 10 mg/kg i.p. The dose of HYkgrwas able to induce a significant

analgesic effect in the second phase of formatih(tp<0.05). Pretreatment with the selective 5-

16



HT1aR antagonist WAY-100635 (3 mg/kg i.p.), 30 min befof compound5 (10 mg/kg i.p.),
prevented its analgesic effe¢fp(<0.05). WAY-100635 (3 mg/kg i.p.per seat least at the used

dose, did not modify the licking response aftenfalin injection (Figuré).

1 vehicle

B compound 15 (3mg/kg ip)

1 compound 15 (5mg/kg ip)

mEm compound 15 (10mg/kg ip)
200
175+
150-
125-
100+

licking (s)

75- T
501 T
25- .

0 i~ . .

phase | (0-10 min) phase Il (10-60 min)

Figure 4. Effect of intraperitoneal (i.p.) injection 4b (3, 5 or 10 mg/kg) on the first (0-10 min)
and second (10-60 min) phase of the formalin fBsst compound or vehicle were injected 15
min prior to the intraplantar injection of formaliData are means + S.E.M. of 8-10 mice per
group. *p <0.05 vs. the respective groups of migedted with vehicle.
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1 vehicle

Em compound 15 (10mg/kg ip)

1 WAY-100635 (3mg/kg i.p.) + vehicle

B WAY-100635 (3mg/kg i.p.) + compound 15 (10mg/kg ip)

200
175+

150+
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100+ !

75 #
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1 Lok Tl | |

licking (s)

phase | (0-10 min) phase Il (10-60 min)

Figure 5 Effect of WAY-100635 (3 mg/kg i.p.) on analgesialuced byl5 (10 mg/kg i.p.)
during the first (0-10 min) and second (10-60 nphase of the formalin test. Test compound or
vehicle were injected 15 min prior to the intrapéaninjection of formalin. WAY-100635 was
injected 30 min prior td5 or vehicle. Data are means + S.E.M. of 8-10 m&egpoup. *p <0.05
vs. the respective groups of mice injected withieleh #p <0.05 vs mice treated wiflb (10

mg/kg i.p.).

Molecular Modeling

Molecular modelling studies have been undertakeorder to better elucidate the affinity and
selectivity profiles of the newly synthesized amgies of compound. To gain a perspective of
the most relevant patterns of key contacts involvethe ligand binding mode, we performed
our work based on 5-HIR ando;pR homology models. In the first case, we reliedtioa
previously built 5-HTAR theoretical model employed in docking studiesse¥eralin-house
series of 5-HTx ligands [39,52,53]

For the humarm, 4 receptor, a specific model has been built anctie Wiscussed, focusing our

attention onu;pR subtype, because of the high affinity values shbwall compounds.
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a1p Homology Modeling

The 3D structure of the humangy receptor has been generated following the ligeaskt
homology modeling strategy proposed by Moro [54jisTcomputational option is very useful to
build an homology model in the presence of a ligdadked into the primary template and has
been widely and fruitfully used to build GPCR soeazyme models [55,56,57]. In this case we
selected a structurally-related analogue of com@duicompoundA, as shown in Figure 6),
exhibiting high degree of affinity and selectiviward the alphg receptor (pKi alphg = 9.09,

alphap/5-HT14 = 28) [38].

pKi Aq= 9.09
PK; 5-HT,,= 7.64

Figure 6. Structure of compouné

Accordingly, A was docked into th@,-adrenoreceptor X-ray coordinates (pdb: 2RH1) and
employed in the building and refinement of the el alphay model. This kind of approach
allowed us to set up a much more suitable receptatel, to be used for efficiently exploring the
putative binding mode of analogu&sl5 The sequence alignment of the alpheeceptor
(P25100) with respect to the humBBa-adrenoreceptor (pdb: 2RH1) coordinates is shawn i
Figure 7. The reliability of the alignment was vVied by the high value of the pairwise
percentage residue identity (PPRI = 42%). Accorging consistent number of;p residues

resulted to be conserved in comparison with thdsbey3,-adrenoreceptor TM helices) ¥97,
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G98, L108, V111, G113, N114, L116, V117, 1118, AI8ZTM1, (i) V130, T131, N132, Y133,
F134, 1135, L138, A139, A141, D142, L143, V149, P1%152, A154 in TM2, i) G165,
C168, W172, D176, V177, L178, C179, T181, A182, $1B184, L187, C188, 1190, V192,
D193, R194, Y195 in TM3 (the DRY motif; 193-195 ichses), {v) K212, A213, 1216, W221,
V223, S228 P231 in TM4y) Y254, A255, S258, S259, S262, F263, Y264, P22B9 270,
V272, Y274, R276, V277 in TM5y() E343, K345, A346, K348, T349, L350, 1352, G355,
F357, L359, C360, W361, P363, F364, F365, V367 MBTTCWXP motif; 360-363 residues);

(vii) E381, V383, W389, G391, Y392, N394, S395, N39BIP L400, 1401, Y402, C404 in

TM7 (NPXIY motif; 398-402 residues).

1 1" fal bl 41
2RH1 NDEVWVVOMGI VHMBLIVLAIV FGNVLVITAI AKFERLQTVT NYFITS8LAGA
AlphalD ®R|VEAQEVYOVEY FLAAFILMAY AGNLLVILSEY ACNRHLAQTVT NYFIVNLAVA
£ L] ™ L4 L]

FOAAHILMKN WTF

JRHI MDLYWGLAVY NFWCEF WTGIDYLGYT ABIETLCYIA

AlphalD 1€ DL L LSATVL FSATMEVLOF WAFORAFCDV WAAVDVLCCT ASILSLECTIS
101 1 121 131 141

JRH1 126VDRYFAITE FKYQBLLTKN KARVIILMVW IVBGLTBFL IOHAH

AlphalDﬂ!VDRYV VRHES LKY AINTER KAAA I LALLW VVALVVSYV Ll. L&), K.
161 181 17 184 161

1 1IMQEAINCYAIEE

TCCODFFTNQA

YAILAS8SIVSF

. vl LYy

JRH rveiLvin. . .ENVF

Alpha 1D 2%7 . A YAYFB8S8YCBF YLPMA . .VIY Y .MY.CR...
20 m 221 21 241

2RH1 2B4 . . . ¢ ¢ ¢ ¢ s s o o s o s s o a8 ss o s sessssss ssssssssss osossacs A.

AlphalDZﬂVYVVARBTTR BELEACYKRER KAGEVYYLRI HCRCAATCAD AHCNRIEAl.K
251 281 201

2RH1 22¢ . . . . . . . . .. mLUFCLY EHKALKTL IMNGTFTLCOWL FFIVNIVHYV

Alphale HTFRE8LSEY L. K|.[FSR EKKAAKTLAI VVOVFVLCWF FFFVYLPLGS
™ k<l 341

2RH1 200 |l QDNL I RKE ¥YYLLLNWIGY YNE FN ey JCRSBPDFRILA FaELLl.leL

AlphalD smLF raQ LKV 9 E VFKVIFWLGY FNBSCVNPLIY CH8BREFKRA FLRLLRZC

Figure 7. Sequence alignment of the alpkhaon the humarf2-adrenoreceptor (pdb: 2RH1)
coordinates. Any conserved region is displayed fiey dpistograms. All the residues included in
a-helix and loop domains are highlighted in lightlger and pink, respectively.
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The derived backbone conformation was inspectelddpachandran plot (showing absence of
outliers) and superimposed to the coordinates eftémplate structure (RMSD = 0.747 A;

Figure 8). See Materials and Methods Section fah&r computational details.

Figure 8. The superimposition of the final;p model (backbone in cyan) on the hunfi2:
adrenoreceptor 2RH1 coordinates (backbone in khakijepicted. Ligandd structure is also
depicted in stick@ atom: light green)

Molecular docking of compound A

In a second computational step, ligahdvas docked into the two in-house GPCRs models in
order to examine and compare the correspondingifgnohodes at the alphaand 5-HTa

receptors. According to our calculatiof, (the R enantiomer proved to be the most probable)
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was highly stabilized into the;p binding site through a salt-bridge interactionwestn the
piperazine protonated nitrogen atom and the corgePA76, and by two H-bonds betweei: (
one oxygen atom of the 1,3-dioxolane core and Y&84&-chain; i{) the methoxy group and
K385 g-amino group. Furthermore, the 2-methoxyphenyl and the diphenyl substituents were

also engaged in-n stacking with W172, F388 and Y254, F364 and F365pectively (Figure

9).
F257 L ’\\‘ Y254 (N ) \
\ > E250 \
A255 \
4 T™4
TMS X
N
s25 1248
\ V260
. S259 AN \ T™3
A173
L368 \ 2% . V177
\ N\
™7
— F3
| ” / 4 [ \\‘
y, y ; \ ,‘ !N 246

£ S F384 : ,
/\\ / t\\ D176 ' l w172

T™2

Figure 9. The ligandA docking pose into the final;p binding site is reported. The ligand is
coloured by atom-type( atom: yellow). Salt-bridge and H-bond contacts displayed by line
and coloured in red and light blue, respectively.

Differently, at 5SHTaR, ligandA (the R enantiomer proved to be the most probable; 3K

HTia = 7.64) displayed a salt-bridge between the pipeeaprotonated nitrogen atom and the
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key residue D116, while only one H-bond was detkdietween the oxygen atom of the
dioxolane ring and Y390. The lack of an additiodabond interaction of the methoxy group into
the 5HT; 4 binding site turned around the docking pos@ efith respect to alphaadrenoceptor.

In this case, the methoxyphenyl ring and the dighpartion were oriented towards Y195, F362

and Y96, F112, Y390 respectively, determining stacking interactions (Figure 10).

~ ™

Y96

Figure 10. The ligandA docking pose into the 5HAX binding site is reported. The ligand is
coloured by atom-typeQ atom: khaki). Salt-bridge and H-bond contactsdisplayed by line
and coloured in red and light green, respectively.
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However, this orientation was detrimental for theding with the 5-HTAR, as confirmed by
the biological data showing a lower affinity at 3-H (pKi = 7.64) with respect taip (pKi =
9.09) (Figure 6).

Notably, these results highlighted a number of an@oids interacting with the ligands which
are conserved within 5-HIR anda;p, in particular a key aspartic acid residue, shgwirat the
two protein binding sites share a quite common déytobic/hydrophilic trend. In particular, the
amino acids contributing to the ligand binding welassified by us into two sets:

» a first set consisting of specific residues presernoth receptors and implicated in
strong interactions. For example the acidic D176;3R or D116 in 5-HTAR, which
represents the common anchoring peints through fthmation of a salt-bridge
interaction plus some polar residues like Y254df@R and Y195 for 5-HTAR, which
further stabilize the ligand binding through an &kt interaction;

* a second set referring to specific amino acids gmesnly in 5-HEAR or aipR,
allowing the formation of H-bonds responsible loé fligand specificity towards the
receptor. For example K385 inpR and N386 in 5-HT.R seem to be fundamental in
conferring specificity. Thus, any focused H-bondhMK385 or N386 residue, might

allow the discovery of more selective ligands ta¥garlD or 5-HT4R, respectively.

5-HT 4R Docking-studies

In our previous works we deeply investigated thiowpcking studies 1,3-dioxolane-, 1,3-
oxathiolane-,  1,3-dithiolane-,  spiro-dioxolane-&#tydrofuran-,  cyclopentanone- and
cyclopentanol-based derivatives as 5:klligands, whose affinity profile proved to be doghe

presence of a proper basic feature interacting thighaspartic acid D116. Moreover, agonists

24



and antagonists could also exhibit additional odstavith N386 and Y390, and with K191,
respectively [52,53].

Notably, a number of following docking studies rdpd in literature described a unique
receptor cavity involved in the 5-HA full agonists, partial agonists and antagonistslinig [58-
60], giving a further validation to our previous ngoutational findings. Indeed, H-bond
interactions between agonists and D116 and N386 vegorted in literature, falling in a crevice
delimited by F112, 1113, D116, K191, while partegonists as well as antagonists were H-
bonded at least with D116.

Docking studies on compoundsl15 here performed within the previously built 5-HR
homology model [39,52,53] allowed us to further lexg their structure-activity relationships
(SAR) and to gain more insight about the patterrsabstitutions involved in their affinity.
According to our calculations, the 1,4-dioxaspircalee derivative§¥ and 8 shared the same
docking mode of the previously described compotri@9]. Indeed, both compounds (tike
enantiomers proved to be the most probable; 5K T4 = 7.43, 8.53), were properly stabilized
into the 5-HT binding site through the key salt-bridge betwewss protonated nitrogen atom
and D116. Moreover, one H-bond interaction betwhensecondary amine and Y390 side chain
was detected, as fdr, while the 1,4-dioxaspirodecane moiety occupieaydrophobic cavity
delimited by A93, Y96, Q97, F112, A383, 1384 and903 Notably, unlikel, compound was
able to establish aadditional H-bond between the 2-methoxy oxygen asom Y195 (Figure

11).

25



Figure 11 . The 8 docking pose into the 5HA binding site is reported. The ligand is coloured
by atom-type € atom: magenta). Salt-bridge and H-bond contaasdasplayed by line and
coloured in red and light green, respectively.

This kind of positioning could be due to the preseaf a flexible linker, as observed within all
the members of the series (dioxa-, oxathia- diiitasdecane derivatives), being in agreement
with the higher affinity values 08, 12 and 15 with respect tol, 10 and 13. Conversely,
compound9, bearing a slightly bulkier amine chain, was ueatad occupy the ligand binding
site.

Interestingly, the members of the oxathid®,(and11, 12 the S and theR enantiomers proved

to be the most probable) and dithiaspiro-decanéesdt3, and 14, 15the S and theR

26



enantiomers proved to be the most probable) display switched ligand binding mode,
maintaining in any case a salt-bridge with D116jlevthe methoxy-analogued( 12 and13,
15) also exhibited H-bonds with Y390 (in Figure 12 tthocking mode o012 and 15, taken as

reference compounds for the two series, are def)icte

Figure 12. The compound2and15docking poses into the SHA binding site are reported. The
ligands are coloured by atom-tyde2(C atom: cyanl5 C atom: purple). Salt-bridge and H-bond
contacts are displayed by line and coloured inaredllight green, respectively.

The replacement of the dioxaspiro-decane of theéopmee 1 with the much more bulkier
oxathia- and dithiaspiro-decane moved the ligandotyexyl ring towards a deeper cavity
including residues V117, K191, Y195, T196, S199,00,2 W358, F362, A365, partially

constraining the phenoxyethylamine chain flexigiliConsequentiallythe dithiaspiro decane
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derivatives14 and 15 resulted highly stabilized into the 5-khR binding site also by H-bonds
with N386, which proved to be a key residue for BrkR agonism and selectivity. Accordingly,
among all the compounds studied in this wotk, and 15 showed the highessHT;a/a1p

selectivity ratio (79 and 37, respectively).

a1pR docking-studies

In order to rationalize the low affinity values epged ataipR, the compounds were docked
into the corresponding homology model. Briefly, #@fle ligands displayed a salt-bridge
interaction between the protonated nitrogen atoch@h76 anchoring residue. Moreover, when
a methoxy group is present, as for compouB)ds0, 12, 13 and15, an H-bond interaction with

Y254 side-chain is detected (in Figure 13 the dogknode ofLl2 and15 are depicted).

28



Figure 13. The compound.2 and 15 docking pose into the final;p binding site are reported.
The ligand is coloured by atom-typ&2(C atom: light purple;15 C atom: light green). Salt-
bridge and H-bond contacts are displayed by lircearoured in red and light blue, respectively.

Again, as reported for 5-H1R, the introduction of a flexible linker betweerethpiro-cyclic
portion and the phenyl ring allow ligands to bettecupy the receptor binding site. Thus,
compounds which combine these two features disglélye higher affinity values of the series
(8, 12 and15). However, a drastic drop af affinity is observedpK;oip <7.5 ) compared to the
reference ligandA (pKiaip = 9.09). According to our results, this is probabdjated to the
introduction of the spiro-decane moiety in placéhaf diphenyl-substituted ring. In particular, all
these compounds oriented the spiro-cyclic portawards a deep hydrophobic cavity including
M156, W172, C246, F384, K385, F388, by detecting \dar Waals contacts. Thus, the phenyl
or 2-methoxyphenyl group of the amine chain pdytiatcupies the receptor region delimited by
V177,Y254, F364, F365, L368. On this basis, theeabs of an aromatic substituent on the
spiro-cyclic moiety could cause a reversed ligamtling mode with respect t4, guiding the
phenyl or methoxy-phenyl group towards Y254, F3B365 residues. In this way, although a
number ofr-n stacking contacts were conserved, asAfpthe relevant H-bond interaction with

K385 is lost, resulting in lower affinity values.

Conclusion

In the present work a series of derivatived afere synthesized and tested for binding affinity
and activity at 5-HTaR andal adrenoceptors and SAR studies were drawn (Figidje In
particular we observed that:

» isosteric substitution of the ring oxygen atomshwsulphur favours 5-HRR affinity,

potency and efficacy especially in the presencemére flexible amine chain;
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e compoundsl4 and 15 emerged as novel 5-HAR partial agonists, the first being

outstanding for selectivity (5-H} aig = 80), the latter for potency (pB> 9.58) and

efficacy ( Bnax = 74%). Compared to the lead compouhdl15 exhibited a 10-fold

improved potency and about 50% enhanced efficacy.

* compoundl5 demonstrated to permeate the BBB by passive wffiuand showed a

promising neuroprotective activitg vitro.

* In formalin test compound5 reduces significatively the linking time in Phaset a

dose of 10mg/Kg i.p. indicating a potent analgesitivity and suggesting an additional

and new strategy for pain control.

Any substitution

decreases affinity/activity|
values

O

O

o

H3CQ

N N
M/
1

NS NS Ny
KA > KA > KA

Dithiolane showed the best

activity/affinity values

o

8l

H
N

'

21

HsCO

O

/

pKi 5-HT1A 9.03
pD2 5-HT1A 9.58

Figure 14. SAR milestones of compourid

R

Ry
R=-OCH3Rs=-H > R=-HRy=-H >> R=-OCH; R= -OCH3

Monomethoxy derivatives showed the best results

30



Experimental Section

Materials and methods

All reagents, solvents and other chemicals wered us® purchased from Sigma-Aldrich
without further purification unless otherwise sgied. Air- or moisture-sensitive reactants and
solvents were employed in reactions carried outeumdtrogen atmosphere unless otherwise
noted. Flash column chromatography purificationgdimm pressure liquid chromatography)
were carried out using Merck silica gel 60 (230-408sh, ASTM). The purity of compounds
was determined by elemental analysis (C,H,N) on aloCErba 1106 Analyzer in the
Microanalysis Laboratory of the Life Sciences Déqpant of Universita degli Studi di Modena e
Reggio Emilia and the results are within +0.4% lué theoretical values. Melting points were
determined with a Stuart SMP3 in open capillaried they are uncorrected. The structures of all
isolated compounds were confirmed by Nuclear magnetsonance (NMR) and Mass
spectrometry’H and **C NMR (1D and 2D experiments) spectra were recomteds DPX-
200/400 Avance (Bruker) spectrometer at 200 MHz 400 MHz respectively and on AVANCE
Il (Bruker Biospin) at 600 MHz. Chemical shiftseaexpressed if (ppm).*H NMR chemical
shifts are relative to tetramethylsilane (TMS) @i®inal standard*C NMR chemical shifts are
relative to TMS a® 0.0 or to the™C signal of the solvent: CDEb 77.04, CROD & 49.8,
DMSO-d; 6 39.5. NMR data are reported as follows: chemib#t,snumber of protons/carbons,
multiplicity (s, singlet; d, doublet; t, triplet;, qquartet; m, multiplet; br, broadened), coupling
constants (Hz) and assignment (Dosd= 1,4-dioxg¢phlnlecane; Ph= phenyl; Otsd= 1-oxa-4-
thiaspiro[4.5]decane, Ts= tosyl; Arom= aromatic; pdtaz= piperazine; Dtsd= 1,4-
dithiaspiro[4.5]decane)H-'H correlation spectroscopy (COSYH-'*C heteronuclear multiple

guantum coherence (HMQC) and heteronuclear multipend connectivity (HMBC)
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experiments were recorded for determination‘tef"H and 'H-'*C correlations respectively.
Mass spectra were obtained on a hybrid QTOF masstrgmeter (PE SCIEX-QSTAR) using
electrospray ionization mode (HR-ESI-MS, ion voéiagf 4800 V). The HPLC experimental
conditions of the HPLC-MS system are: flow rate I5mm, sample solution (10 pmol/ml) of the
selected compound with 0.1% acetic acid, mobilespl@nsisting of methanol (50%) and water
(50%). The vyields reported are based on a singber@xent and are not optimized. The oxalate
salts of all tested compounds were used for thenpdieological evaluations.

The compoundd and7 were obtained as previously reported [40].

1-oxa-4-thiaspiro[4.5]decan-2-yImethanol (2)

A round-bottom flask was charged with cyclohexan¢e, 20.0 mmol), 3-mercaptopropane-
1,2-diol (2.60 g, 24.0 mmol) and (0,5 mmol/g) HGI®IO, (0.4 g). The reaction mixture was
stirred at room temperature, under nitrogen, ftio@rs. Then the reaction mixture was diluited
with EtOAc and than filtered and evaporated undstuced pressure. Purification by flash
chromatography (85/15 Cy/EtAc) afforded the tittenpound as brown oil [47].

Yield 3.05 g (16.0 mmol, 81%jH NMR (400 MHz, CDC}): 6 1.18-1.33 (m, 1H, CHa-8 Otsd),
1.36-1.57 (m, 3H, CHb-8, CHa-7, CHa-9 Otsd), 1.6881m, 6H, CHb-7, CHb-9, Cb5, CH.-

10 Otsd), 2.92 (ddJ= 9.1, 10.3 Hz, 1H, CHa-3 Otsd ), 2.98 (dd¢,5.4, 10.3 Hz, 1H, CHb-3
Otsd), 3.68 (ddJ= 5.3, 11.6 Hz, 1H, CHaOH), 3.81 (d# 3.5, 11.6 Hz, 1H, CHbOH), 4.28-
4.39 (m, 1H, CH-2 Otsd}*C NMR (100 MHz, CDGJ): 6 23.9 (CH, C-8 Otsd), 24.7 (Ck C-
7/C-9 Otsd), 25.0 (CH C-7/C-9 Otsd), 33.1 (CH C-3 Otsd), 39.7 (Ck C-6/C-10 Otsd), 40.1

(CHy, C-6/C-10 Otsd), 63.3 (GHCH;OH), 81.3 (CH, C-2 Otsd), 96.4 (C, C-5 Otsd).
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1,4-dithiaspiro[4.5]decan-2-ylmethanol (3)

The title compound [47] was obtained from cyclohexzge and 2,3-dimercaptopropan-1-ol
following the procedure described far

Yield 2.90 g (14.0 mmol, 71%JH NMR (400 MHz, CDC}) § 1.22-1.39 (m, 2H, CH8 Dtsd),
1.33-1.79 (m, 4H, CH7, CHy-9 Dtsd), 1.81-2.14 (m, 4H, GF6, CH-10 Dtsd), 3.26-3.41 (m,
2H, CH-3 Dtsd), 3.62 (ddJ= 5.1, 11.7 Hz, 1H, CHaOH), 3.77 (d& 3.6, 11.7 Hz, 1H,
CHbOH), 3.84-3.96 (m, 1H, CH-2 DtsdfC NMR (100 MHz, CDGJ): § 22.6 (CH, C-8 Dtsd),
25.3 (CH, C-7/C-9 Dtsd), 25.9 (CK C-7/C-9 Dtsd), 35.3 (CHC-3 Dtsd), 37.2 (CkH C-6/C-10

Dtsd), 37.6 (CH, C-6/C-10 Dtsd), 52.3 (CH, C-2 Dtsd), 58.6 (C, ©5d), 61.9 (Cl, CH,OH).

1-oxa-4-thiaspiro[4.5]decan-2-ylmethyl 4-methylbernenesulfonate (5)

To a solution of2 (1.5 g, 7.98 mmol) and & (1.11 ml, 7.98 mmol) in C}Cl, (10 mL) tosyl
chloride (2.43 g, 18.0 mmol) was added at 0°C. Tmulting mixture was stirred at room
temperature, under nitrogen for 6 h and then tiheesbwas evaporated. The residue was taken
up with EtOAc and washed with saturated solutiodiwm bicarbonate and brine. The organic
layer was dried over anhydrous sodium sulfateergil and concentrated in vacuum. Purification
by flash chromatography (gradient from 99/1 to DOZ3/EtAc) afforded the title compound as
yellow oil.

Yield 2.25 g, (6.57 mmol, 82%)H NMR (400 MHz, CDC)): ¢ 1.22-1.36 (m, 1H, CHa-8 Otsd),
1.36-1.57 (m, 3H, CHb-8, CHa-7, CHa-9 Otsd), 1.6841(m, 6H,CHb-7, CHb-9, C#6, CH.-

10 Otsd), 2.49 (s, 3H, GH's) 2.83 (dd,J= 8.0, 10.7 Hz, 1H,CHa-3 Otsd ), 3.09 (dd,5.3, 10.7
Hz, 1H, CHb-3 Otsd), 4.09-4.22 (m, 2H, &bH), 4.39-4.51 (m, 1H, CH-2 Otsd), 7.39 {&,8.1

Hz, 2H, CH-3, CH-5 Ts), 7.84 (d= 8.1 Hz, 2H, CH-2, CH-6 Ts)*C NMR (100 MHz, CDGJ):
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o 21.4 (CH, CHs Ts), 24.0 (CH, C-8 Otsd), 24.7 (Ck C-7/C-9 Otsd), 25.0 (CH C-7/C-9
Otsd), 33.9 (Ch} C-3 Otsd), 39.7 (CH C-6/C-10 Otsd), 40.1 (GHC-6/C-10 Otsd), 69.6 (CH
CH,OH), 78.0 (CH, C-2 Otsd), 96.9 (C, C-5 Otsd), 1A2.CH, C-2, C-6 Ts), 129.6 (2 CH, C-3,
C-5Ts), 132.5 (C, C-1 Ts), 147.7 (C, C-4 Ts). HRIMBCI m/z [M+H] " calcd for GeH2304S,"

343.1032; found 343.1032.

2-(chloromethyl)-1,4-dithiaspiro[4.5]decane (6)

To a solution of3 (2.9 g, 14.2 mmol), in toluene (15 mL) thionyl ahitle (1.35 mL, 18.5 mmol)
was added at 0°C. The resulting mixture was stiate80 °C for 12 h and then the solvent was
evaporated. The residue solubilized in EtOAc washed with saturated solution of sodium
bicarbonate and brine. The organic phase was dried anhydrous sodium sulfate, filtered and
evaporated. Purification by flash chromatograp8/19Cy/EtAc) afforded the title compound as
dark oil.

Yield 0.93 g (4.19 mmol, 30%JH NMR (400 MHz, CDCY): 6 1.31-1.52 (m, 2H, CH8 Dtsd),
1.57-1.84 (m, 4H, CKH7, CHy-9 Dtsd), 1.94-2.07 (m, 4H, G+6, CH-10 Dtsd), 3.39 (ddJ=
4.6, 12.5 Hz, 1H, CHa-3 Dtsd), 3.47 (d&; 2.6, 12.5 Hz, 1H, CHDb-3 Dtsd), 3.54 (di, 3.7,
10.3 Hz, 1H, CHaCl), 3.84 (dd= 10.3, 10.9 Hz, 1H, CHbCI), 3.88-3.97 (m, 1H, CHB®d).
13C NMR (100 MHz, CDGJ): 6 24.6 (CH, C-8 Dtsd), 25.2 (CH C-7/C-9 Dtsd), 26.5 (CH C-
7/C-9 Dtsd), 38.9 (Chl C-3 Dtsd), 42.0 (CH C-6/C-10 Dtsd), 43.0 (CHC-6/C-10 Dtsd), 45.1
(CH,, CHCI), 55.0 (CH, C-2 Dtsd), 69.1 (C, C-5 Dtsd). HRMECI m/z [M+H]" calcd for

CoH16CIS;": 223,0376; found 223,0378.
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General procedure for the synthesis of the ammine$-15.

A 10 mL microwave vial was charged wihor 5 or 6 (1.0 mmol), a small excess (1.2 mmol) of
2-phenoxy- or (2-methoxyphenoxy)- or (2,6-dimethalxgnoxy)-ethanamine and a catalitic
amount of potassium iodide in 1 mL of 2-methoxyetila The reaction was stirred under
microwave irradiation at 160 °C (pressure 100 P8Wwer 50 W) for 30 min. Then the solvent
was evaporated under reduced pressure. The regaiitaken up with EtOAc, basified with 5%
NaOH. The organic layer was dried over anhydrowtiupo sulfate, filtered and evaporated

under reduced pressure. The residue was purifighly column chromatography.

N-(1,4-dioxaspiro[4.5]decan-2-ylmethyl)-2-(2-methogphenoxy)ethanamine (8)

The title compound was purified by flash chromaaminy on silica gel cartridge (80/20/5
Cy/EtAc/MeOH + 2 NHOH) to afford 0.111 g (0.34 mmol, 54%) ®h&s yellow oil.

H NMR (400 MHz, CDCJ): 6 1.31-1.52 (m, 2H, CH8 Dosd), 1.49-1.79 (m, 8H, GH, CH-

9, CH-6, CH-10 Dosd), 2.66-2.95 (m, 2H, GN), 3.07 (t,J= 5.5 Hz, 2H, CHCH,0), 3.69 (dd,
J= 7.4, 7.9 Hz, 1H, CHa-3 Dosd), 3.86 (s, 3H, QH.01-4.19 (m, 3H, CHb-3 Dosd, G,
4.19-4.36 (m, 1H, CH-2 Dosd), 6.73-7.08 (m, 4H, BHEH-4, CH-5, CH-6 Ph}3C NMR (100
MHz, CDCk): ¢ 23.6 (CH, C-8 Dosd), 24.1 (CHl C-7/C-9 Dosd), 25.2 (CK C-7/C-9 Dosd),
34.3 (CH, C-6/C-10 Dosd), 36.4 (GHC-6/C-10 Dosd), 48.1 (CGH CH,CH,0), 51.7 (CH,
CHCH;N), 67.0 (CH, C-3 Dosd), 73.0 (CH CH0), 74.6 (CH, C-2 Dosd), 109.5 (C, C-5
Dosd), 111.9 (CH, C-3 Ph), 114.4 (CH, C-5 Ph), 64GH, C-6 Ph), 121.7 (CH, C-4 Ph), 148.1
(C, C-1 Ph), 149.7 (C, C-2 Ph).

The free amine (0.100 g, 0.31 mmol) was dissolve&#0O and treated with 1.2 eq. of oxalic

acid to give 0.083 g (0.20 mmol, 64% yield) of toeresponding oxalate salt.
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Mp: 201-203°CH NMR (600 MHz, DMSO#8): & 1.25-1.44 (m, 2H, Ck8), 1.45-1.68 (m, 8H,
CH,-7, CHr9 CH,-6, CHy-10 Dosd), 3,13 (ddl= 2.8, 4.2 Hz, 1H, CHCHaN) 3.18-3.29 (m, 3H,
CHCHbN, CHCH;0), 3.74 (ddJ= 1.8, 2.8 Hz, 1H, CHa-3 Dosd), 3.80 (s, 3H, QEH.05-
4.14 (m, 3H, CHO, CHb-3 Dosd), 4.37-4.44 (m, 1H, CH-2 Dosd), 67805 (m, 4H, CH-3, CH-
4, CH-5, CH-6 Ph). HRMS-ESHz [M+H]* calcd for GgHosNO,™: 322.2013; found 322.2016.

Anal. calcd for GgH,gNOg: C 58.38, H 7.10, N 3.40; found: C 58.62, H 7/973.49.

N-(1,4-dioxaspiro[4.5]decan-2-ylmethyl)-2-(2,6-dim#oxyphenoxy)ethanamine (9)

The title compound was purified by flash columnarhatography on silica gel (gradient from
30/70 to 100 Cy/EtAc) to afford 0.165 g (0.47 mni1%) of9 as oil.

H NMR (400 MHz, CDCY): 6 1.34-1.50 (m, 2H, CH8 Dosd), 1.52-1.82 (m, 8H, GH, CH-

9, CH,-6, CH-10 Dosd), 2.91 (d= 5.9 Hz, 2H, CHCBN), 3.02 (t,J= 5.4 Hz, 2H, CHCH,0),
3.74 (dd,J= 6.3, 8.1 Hz, CHa-3 Dosd), 3.90 (s, 6H, 2 x Q;H4.06-4.19 (m, 3H, CHb-3 Dosd,
CH,0), 4.35-4.47 (m, 1H, CH-2 Dosd), 6.61 (&, 7.4 Hz, 2H, CH-3, CH-5 Ph), 7.04 {& 7.4
Hz, CH-4 Ph).»*C NMR (100 MHz, CDGCJ): § = 23.5 (CH, C-8 Dosd), 23.7 (Ck C-7/C-9
Dosd), 24.9 (Ch C-7/C-9 Dosd), 34.7 (CHC-6/C-10 Dosd), 36.4 (GHC-6/C-10 Dosd), 49.3
(CH,, CH,CH,0), 52.1 (CH, CHCH:N), 55.8 (2 CH, OCHs), 67.0 (CH, C-3 Dosd), 71.4 (CH
CH,0), 74.3 (CH, C-2 Dosd), 104.9 (2 CH, C-3, C-5 RIf)9.7 (C, C-5 Dosd), 123.7 (CH, C-4
Ph), 136.3 (C, C-1 Ph), 153.3 (2 C, C-2, C-6 Ph).

The free amine (0.150 g, 0.42 mmol) was dissolve&#0O and treated with 1.2 eq. of oxalic
acid to give 0.108 g (0.24 mmol, 58% yield) of toeresponding oxalate salt.

Mp: 182-184°C*H NMR (600 MHz, DMSOs): 6 1.29-1.42 (m, 2H, CH8), 1.47-1.63 (m, 8H,

CH,-7, CH+9 CH,-6, CHy-10 Dosd), 3,10 (ddl= 2.9, 4.3 Hz, 1H, CHCHaN) 3.20-3.30 (m, 3H,
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CHCHbN, CHCH,0), 3.74 (ddJ= 1.9, 2.9 Hz, 1H, CHa-3 Dosd), 3.79 (s, 6H, QEH.06-
4.13 (m, 3H, CHO, CHb-3 Dosd), 4.41 (m, 1H, CH-2 Dosd), 6.71 (d, 2= 8.5 Hz, CH-3, CH-

5 Ph), 7.06 (tJ= 8.3 Hz, 1H, CH-4Ph). HRMS-EStVz [M+H]" calcd for GoHzoNOs™:
352.2118; found 352.2126. Anal. calcd fonls:NOgy: C 57.13, H 7.08, N 3.17; found: C 57.42,

H 7.31, N 3.44.

1-(1-oxa-4-thiaspiro[4.5]decan-2-yImethyl)-4-(2-mdtoxyphenyl)piperazine (10)

The title compound was purified by flash chromasmiryy on silica gel cartridge (80/20
Cy/EtAc) to afford 0.178 g (0.49 mmol, 676610 as oil.

H NMR (400 MHz, CDCJ): § 1.23-1.41 (m, 1H, CHa-8 Otsd), 1.42-1.60 (m, 3HipeB, CHa-
7, CHa-9 Otsd), 1.67-2.04 (m, 6H, CHb-7, CHb-9,,@H CH-10 Otsd), 2.67-2.97 (m, 7H,
CH>-N, CH,-2, CH,-6 Piperaz, CHa-3 Otsd), 3.08-3.27 (m, 5H, 31 CH-5 piperaz, CHb-3
Otsd), 3.90 (s, 3H, OCH} 4.43-4.56 (m, 1H, CH-2 Otsd), 6.90 (& 7.9 Hz, 1H,CH-3 Arom),
6.93-7.02 (m, 2H, CH-5, CH-6 Arom), 7.04-7.16 (nj,ICH-4 Arom).”*C NMR (100 MHz,
CDCl): § 24.1 (CH, C-8 Otsd), 24.8 (CH C-7/C-9 Otsd), 25.1 (CH C-7/C-9 Otsd), 36.4
(CH,, C-3 Otsd), 39.9 (Cil C-6/C-10 Otsd), 40.5 (GHC-6/C-10 Otsd), 50.2 (2 GHC-3, C-5
Piperaz), 53.8 (2 CH C-2, C-6 Piperaz), 55.1 (GHOCH), 61.4 (CH, CH:N), 79.2 (CH, C-2
Otsd), 96.4 (C, C-5 Otsd), 110.9 (CH, C-3 Arom),7/®B1(CH, C-5 Arom), 120.7 (CH, C-6
Arom), 122.7 (CH, C-4 Arom), 141.0 (C, C-1 Aromp210 (C, C-2 Arom).

The free amine (0.178 g, 0.49 mmol) was dissolve&#0O and treated with 1.2 eq. of oxalic
acid to give 0.174 g (0.38 mmol, 79% yield) of toeresponding oxalate salt.

Mp: 217-218°CXH NMR (600 MHz, DMSO€k): 6 1.25-1.48 (m, 4H, CH8, CHa-7, CHa-9

Otsd), 1.62-1.94 (m, 6H,CHb-7, CHb-9, €6, CH-10 Otsd), 2.81 (dd)= 9.4, 10.3 Hz, 1H,
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CHa-3 Otsd), 3.11-3.32 (m, 11H, &8, CH-3, CH-5, CH-6 Piperaz, CHb-3 Otsd , GN),
3.79 (s, 3H, OCH), 4.55-4.62 (m, 1H, CH-2), 6.87-7.02 (m, 4H, ArontjRMS-ESI m/z
[M+H]™ calcd for GoHz1N20,S™: 363.2106; found 363.2103. Anal. calcd fogldsN,OS: C

58.39, H 7.13, N 6.19; found: C 58.44, H 7.27, R46.

{1-oxa-4-thiaspiro[4.5]decan-2-yImethyl}(2-phenoxytyl)amine (11)

The title compound was purified by flash chromasmiyy on silica gel cartridge (80/20
Cy/EtAc) to afford 0.056 g (0.18 mmol, 25%) 1t as yellow oil.

'H NMR (400 MHz, CDCY): 6 1.21-1.39 (m, 1H, CHa-8 Otsd), 1.43-1.61 (m, 3HpeB, CHa-
7, CHa-9 Otsd), 1.73-2.01 (m, 6H,CHb-7, CHb-9,,@H CH-10 Otsd), 2.85 (dd}= 9.2, 10.0
Hz, 1H, CHa-3 Otsd), 2.91-3.06 (m, 2H, CH®HH), 3.09 (dd,J= 5.0, 10.0 Hz, 1H, CHb-3
Otsd), 3.14 (dJ= 5.3 Hz, 2H, NHCHCH,), 4.09 (t,J= 5.3 Hz, 2H, CHO), 4.42-4.51 (m, 1H,
CH-2 Otsd), 6.82-7.12 (m, 3H, CH-2, CH-4, CH-6 PhR1-7.48 (m, 2H, CH-3, CH-5 PH}C
NMR (100 MHz, CDCY): 6 24.0 (CH, C-8 Otsd), 24.8 (Chi C-7/C-9 Otsd), 25.1 (CHC-7/C-

9 Otsd), 35.3 (Ch C-3 Otsd), 39.9 (Ckl C-6/C-10 Otsd), 40.4 (GH C-6/C-10 Otsd), 48.7
(CH,, NCH,CHy), 52.6 (CH, CHCHN), 66.8 (CH, CH0O), 80.4 (CH, C-2 Otsd), 96.3 (C, C-5
Otsd), 114.3 (2 CH, C-2, C-6 Ph), 120.6 (CH, C-3 RB9.2 (2 CH, C-3, C-5 Ph), 158.5 (C, C-1
Ph).

The free amine (0.057 g, 0.186 mmol) was dissolnedt,O and treated with 1.2 eq. of oxalic
acid to give 0.067 g (0.169 mmol, 91% yield) of doeresponding oxalate salt.

Mp: 210-211°C*H NMR (600 MHz, DMSOds) § 1.20-1.52 (m, 4H, CH8, CHa-7, CHa-9
Otsd), 1.64-1.93 (m, 6H, CHb-7, CHb-9, €6 CH-10 Otsd), 2.83 (ddJ= 8.5, 10.6 Hz, 1H,

CHa-3 Otsd), 3.14-3.22 (m, 2H, CHb-3 Otsd, CHCHaR)31-3.42 (m, 3H, CHCHDN,
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NCH,CHy), 4.25 (t,J= 4.9 Hz, 2H, CHO), 4.52 (m, 1H, CH-2 Otsd), 6.99 (m, 3H, CH-2, @H-
CH-6 Ph), 7.32 (m, 2H, CH-3, CH-5 Ph). HRMS-E8/z [M+H]" calcd for G7H,6NO,S'™
308.1679; found 308.1675. Anal. calcd forgd,sNOsS: C 57.41, H 6.85, N 3.52, found: C

57.62, H 6.94, N 3.66.

N-(1-oxa-4-thiaspiro[4.5]decan-2-yImethyl)-2-(2-métoxyphenoxy)ethanamine (12)

The title compound was purified by flash chromasmiry on silica gel cartridge (70/30/10
Cy/EtAc/MeOH + 1 NHOH) to afford 0.046 g (0.14 mmol, 19%) B2 as yellow oil.

'H NMR (400 MHz, CDCY): 6 1.23-1.38 (m, 1H, CHa-8 Otsd), 1.41-1.58 (m, 3HpeB, CHa-

7, CHa-9 Otsd), 1.69-2.00 (m, 6H,CHb-7, CHDb-9, &1 CH>-10 Otsd), 2.86 (dd)= 9.1, 9.9
Hz, 1H, CHa-3 Otsd), 3.01 (d= 5.4 Hz, 2H, CHCEN), 3.09 (ddJ= 5.0, 9.9 Hz, 1H, CHb-3),
3.15 (dt,J= 1.3, 5.2 Hz, 2H, NCBCH,), 3.90 (s, 3H, OCH), 4.19 (t,J= 5.2 Hz, 2H, CHO),
4.39-4.50 (m, 1H, CH-2 Otsd), 6.72-7.04 (m, 4H,.Pf¢ NMR (100 MHz, CDG)): § 24.0
(CH,, C-8 Otsd), 24.8 (Ck C-7/C-9 Otsd), 25.1 (CH C-7/C-9 Otsd), 35.3 (CHC-3 Otsd),
39.9 (CH, C-6/C-10 Otsd), 40.4 (GH C-6/C-10 Otsd), 48.5 (GH NCH,CH,), 52.5 (CH,
CHCH,N), 55.6 (CH, OCHs), 68.4 (CH, CH,0), 80.2 (CH, C-2 Otsd), 96.3 (C, C-5 Otsd),
111.8 (CH, C-3 Ph), 114.3 (CH, C-5 Ph), 120.7 (CH Ph), 121.5 (CH, C-4 Ph), 148.0 (C, C-1
Ph), 149.6 (C, C-2 Ph).

The free amine (0.046 g, 0.137 mmol) was dissolnedt,O and treated with 1.2 eq. of oxalic
acid to give 0.048 g (0.159 mmol, 83% yield) of doeresponding oxalate salt.

Mp: 202-203°CH NMR (600 MHz, DMSOsds) 5 1.23-1.48 (m, 4H, C8, CHa-7, CHa-9
Otsd), 1.66-1.89 (m, 6H, CHb-7, CHb-9, €6 CH-10 Otsd), 2.82 (ddJ= 9.2, 10.0 Hz, 1H,

CHa-3 Otsd), 3.17 (ddj= 4.5, 10.0 Hz, 1H, CHb-3 Otsd), 3.24 (di; 8.1, 12.4 Hz, 1H,
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CHCHaN), 3.31-3.40 (m, 3H, CHCHbN, NGEH,), 3.78 (s, 3H, OC}J, 4.23 (t,J= 5.2 Hz, 2H,
CH,0), 4.52 (m, 1H, CH-2 Otsd), 6.88-7.05 (m, 4H, PHRMS-ESIm/z [M+H]" calcd for
CigH2gNOsS': 338.1784; found 338, 1797. Anal. calcd fosldyNO;S: C 56.19, H 6.84, N

3.28; found: C 56.28, H 6.99, N 3.37.

1-{1,4-dithiaspiro[4.5]decan-2-yImethyl}-4-(2-methayphenyl)piperazine (13)

The title compound was purified by flash chromasmiry on silica gel cartridge (90/10
Cy/EtAc) to afford 0.136 g (0.36 mmol, 53%)13 as dark oil.

'H NMR (400 MHz, CDC}) 6 = 1.33-1.51 (m, 2H, CH8 Dtsd), 1.53-1.81 (m, 4H, GH/, CH-

9 Dtsd), 1.92-2.09 (m, 4H, GF6, CH,-10 Dtsd), 2.47-2.77 (m, 7H, GHN, CH,-2, CH;-6
Piperaz, CHa-3 Dtsd), 3.01-3.25 (m, 5H, £} CHx-5 Piperaz, CHb-3 Dtsd), 3.25-3.47 (m, 2H,
CH,-3 Dtsd), 3.85 (m, 3H, OC#} 3.87-3.99 (m, 1H, CH-2 Dtsd), 6.90 (@ 8.0 Hz, 1H, CH-3
Arom), 6.91-7.05 (m, 2H, CH-5, CH-6 Arom), 7.065.(m, 1H, CH-4 Arom)**C NMR (100
MHz, CDCh): ¢ 24.1 (CH, C-8 Dtsd), 25.0 (Ch C-7/C-9 Dtsd), 26.3 (CH C-7/C-9 Dtsd),
38.1 (CH, C-3 Dtsd), 41.9 (Chj C-6/C-10 Dtsd), 42.5 (CHC-6/C-10 Dtsd), 50.1 (2 GHC-3,
C-5 Piperaz), 53.7 (2 GHC-2, C-6 Piperaz), 55.1 (GHOCH), 55.2 (CH, C-2 Dtsd), 61.2
(CH,, CH:N), 69.3 (C, C-5 Dtsd), 111.0 (CH, C-3 Arom), 117CH, C-5 Arom), 120.6 (CH, C-
6 Arom), 122.6 (CH, C-4 Arom), 141.0 (C, C-1 Arort}1.9 (C, C-2 Arom).

The free amine (0.136 g, 0.36 mmol) was dissolve&#0O and treated with 1.2 eq. of oxalic
acid to give 0.128 g (0.27 mmol, 76% yield) of toeresponding oxalate salt.

Mp: 170-172°C*H NMR (600 MHz, DMSO¢s) § 1.31-1.43 (m, 2H,CH8 Dtsd), 1.48-1.66 (m,
4H, CH-7, CH-9 Dtsd), 1.86-2.07 (m, 4H, GH6, CH-10 Dtsd), 2.64-3.42 (m, 12H, GH2,

CH2-3, CHx-5, CH-6 Piperaz, CbN, CH,-3 Dtsd), 3.78 (s, 3H, OG}) 4.09 (m, 1H, CH-2
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Dtsd), 6.83-7.03 (m, 4H, Arom). HRMS-E&¥z [M+H]" calcd for GoH3:N.0S": 379.1872;
found 379.1872. Anal. calcd forgH3.N.OsS,: C 56.38, H 6.88, N 5.98; found: C 56.48, H 7.02,

N 6.11.

{1,4-dithiaspiro[4.5]decan-2-yImethyl}(2-phenoxyetlgl)amine (14)

The title compound was purified by flash chromasmiry on silica gel cartridge (70/30
Cy/EtAc) to afford 0.032 g (0.1 mmol, 15%) bt as yellow oil.

'H NMR (400 MHz, CDC}) § 1.18-1.49 (m, 6H, CH7, CH-8, CH-9 Dtsd), 1.64 (m, 4H, CH

6, CH-10 Dtsd), 2.95 (ddJ= 7.4, 12.2 Hz, 1H, CHaNH), 3.02 (dd= 6.9, 12.2 Hz, 1H,
CHDbNH), 3.05 (tJ= 5.2 Hz, 2H, NHCHCH,), 3.19 (ddJ= 5.6, 12.0 Hz, 1H, CHa-3 Dtsd), 3.35
(dd, J=12.0, 5.1 Hz, 1H, CHb-3 Dtsd), 3.83-3.95 (m, 1H{-£ Dtsd), 4.08 (tJ= 5.3 Hz, 2H,
CH,0), 6.81-7.08 (m, 3H, CH-2, CH-4, CH-6 Ph), 7.2397(m, 2H, CH-3, CH-5 Ph}*C NMR
(100 MHz, CDC}): 6 24.3 (CH, C-8 Dtsd), 24.9 (Ck} C-7/C-9 Dtsd), 25.1 (CH C-7/C-9
Dtsd), 38.4 (Ch, C-3 Dtsd), 40.9 (CH C-6/C-10 Dtsd), 41.6 (CHC-6/C-10 Dtsd), 48.4 (CH
NCH,CH;), 50.5 (CH, C-2 Dtsd), 52.4 (GHCHCH:N), 68.2 (CH, CH;0), 69.0 (C, C-5 Dtsd),
114.2 (2 CH, C-2, C-6 Ph), 120.7 (CH, C-4 Ph), 229.CH, C-3, C-5 Ph), 158.6 (C, C-1 Ph).
The free amine (0.032 g, 0.099 mmol) was dissoimextetone and treated with 1.2 eq. of oxalic
acid to give 0.038 g (0.092 mmol, 92% yield) of doeresponding oxalate salt.

Mp: 211-214°CH NMR (600 MHz, DMSO¢s) § 1.34-1.41 (m, 2H,CH8 Dtsd), 1.50-1.65 (m,
4H, CH-7, CH-9 Dtsd), 1.89-2.02 (m, 4H, GH6, CH,-10 Dtsd), 3.16 (ddJ= 5.3, 12.3 Hz, 1H,
CHa-3 Dtsd), 3.27-3.45 (m, 5H, GN, CH,CH,O, CHb-3 Dtsd), 4.07 (m, 1H, CH-2 Dtsd), 4.20

(t, J= 5.2 Hz, 2H, CHO), 6.93-7.01 (m, 3H, CH-2, CH-4, CH-6 Ph), 7.2337(m, 2H, CH-3,
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CH-5 Ph). HRMS-EShvz [M+H]" calcd for G/HeNOS™: 324.1449; found 324.1450. Anal.

calcd for GgH,7NOsS,: C 55.18, H 6.58, N 3.39; found: C 55.33, H 6 M13.57.

{1,4-dithiaspiro[4.5]decan-2-yImethyl}[2-(2-methoxyphenoxy)ethyllamine (15)

The title compound was purified by flash chromasmiry on silica gel cartridge (50/50
Cy/EtAc) to afford 0.183g (0.52 mmol, 47%) 16 as dark oil.

H NMR (400 MHz, CDC}) 6 1.21-1.40 (m, 2H,CH8 Dtsd), 1.49-1.69 (m, 4H, GH, CH-9
Dtsd), 1.83-2.14 (m, 4H, G+b, CH-10 Dtsd), 2.89 (ddJ)= 7.0, 12.1 Hz, 1H, CHaNH), 2.93-
3.16 (m, 3H, CHaNH, NHCKCH;,), 3.19 (dd,J= 5.7, 12.0 Hz, 1H, CHa-3 Dtsd), 3.35 (d¢,
5.1, 12.0 Hz, 1H, CHb-3 Dtsd), 3.81-3.92 (m, 4H,HQCCH-2 Dtsd), 4.16 (tJ= 5.3 Hz, 2H,
CH,0), 6.73-7.06 (m, 4H, PHYC NMR (100 MHz, CDGJ): 6 24.2 (CH, C-8 Dtsd), 24.8 (CH
C-7/C-9 Dtsd), 25.4 (CH C-7/C-9 Dtsd), 37.9 (Ckl C-3 Dtsd), 40.8 (Ch C-6/C-10 Dtsd),
41.4 (CH, C-6/C-10 Dtsd), 48.5 (CHINCH,CH,), 50.3 (CH, C-2 Dtsd), 52.5 (GHCHCH:N),
55.8 (CH, OCH;), 68.6 (CH, CH;0), 69.0 (C, C-5 Dtsd), 111.9 (CH, C-3 Ph), 1148 C-5
Ph), 120.8 (CH, C-6 Ph), 121.5 (CH, C-4 Ph), 14T.9C-1 Ph), 149.7 (C, C-2 Ph).

The free amine (0.183 g, 0.52 mmol) was dissolve&#O and treated with 1.2 eq. of oxalic
acid to give 0.216 g (0.486 mmol, 94% yield) of doeresponding oxalate salt.

Mp: 206-207°C*H NMR (600 MHz, DMSO¢s) & 1.34-1.44 (m, 2H,CH8 Dtsd), 1.48-1.65 (m,
4H, CH-7, CH-9 Dtsd), 1.86-2.01 (m, 4H, GH6, CH,-10 Dtsd), 3.18 (ddJ= 5.1, 12.5 Hz, 1H,
CHa-3 Dtsd), 3.30-3.44 (m, 5H, GN, CH,CH,0, CHb-3 Dtsd), 3.78 (s, 3H, OGH 4.11 (m,
1H, CH-2 Dtsd), 4.21 ()= 5.4 Hz, 2H, CHO), 6.86-7.04 (m, 4H, Ph). HRMS-E8iz [M+H]"
calcd for GgH2gNO,S,": 354.116; found 354.1556. Anal. calcd fos@dNOeS,: C 54.15, H

6.59, N 3.16; found: C 54.17, H 6.762, N 3.19.
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Biological assays
Radioligand Binding Assay at Human Recombinant 5-HTAR and a; Adrenoceptor
Subtypes.

A human cell line (HelLa) stably transfected witmgmiic clone G-21 coding for the human 5-
HT,a serotoninergic receptor was used. Cells were g@svmonolayers in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calfiseand gentamycin (10®/mL) under 5%
CO; at 37 °C. Cells were detached from the growthkfEs95% confluence by a cell scraper and
were lysed in ice-cold Tris (5 mM) and EDTA bufféd mM, pH 7.4). Homogenates were
centrifuged for 20 min at 40000g, and pellets wesispended in a small volume of ice-cold
Tris/EDTA buffer (above) and immediately frozen astdred at 70 °C until use. On the day of
experiment, cell membranes (80-90 ug of proteimewesuspended in binding buffer (50 mM
Tris, 2.5 mM MgC}, and 10 mM pargiline, pH 7.4). Membranes were lrated in a final
volume of 0.32 mL for 30 min at 30 °C with 1 n¥H]|8-OH-DPAT, in the absence or presence
of various concentrations of the competing drugpNLto 1 uM); each experimental condition
was performed in triplicate. Nonspecific bindingsadetermined in the presence of @l 5-HT
[42]. Binding to recombinant human<alpha>1 adrenoceptor subtypes was performed in
membranes from Chinese hamster ovary (CHO) callsstected by electroporation with DNA
expressing the gene encoding eathadrenoceptor subtype. Cloning and stable exumessi
the humarul adrenoceptor genes were performed as descridgdG#O cell membranes (70
g of protein) were incubated in 50 mM Tris (pH)A&vth 0.1 — 0.4 nM {H]prazosin, in a final
volume of 0.32 mL for 30 min at 25 °C, in the alise=or presence of competing drugs (1 pM to
1 uM). Nonspecific binding was determined in the prese of 10 uM Tamsulosin. The

incubation was stopped by addition of ice-cold Trdfer and rapid filtration through Unifilter B
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filters (Perkin-Elmer) using a Filtermate cell haster (Packard), and the radioactivity retained
on the filters was determined by TopCount, Perkméf liquid scintillation counting at 90%

efficiency.

[**S]GTPyS Binding Assay.

The effects of the various compounds tested*t8|GETP/S binding in HelLa cells expressing
the recombinant human 5-klreceptor were evaluated according to the methdstarfiton and
Beer [43] with minor modifications [44,52]. Stimtilan experiments: Cell membranes (50-70 pg
of protein) were resuspended in buffer containiagy®™M HEPES, 3 mM MgS§) and 120 mM
NaCl (pH 7.4). The membranes were incubated withuWlBOGDP, and various concentrations
(from 0.01 nM to 1QuM) of test drugs or 8-OH-DPAT (reference curve)26rmin at 30 °C in a
final volume of 0.5 mL. Samples were transferredcey F>S]GTP/S (200 pM) was added, and
samples were incubated for another 30 min at 30THe. pre-incubation with both agonist and
antagonist, before initiating th&§]GTR/S binding, ensures that agonist and antagonisatare
equilibrium. Nonspecific binding was determinedtie presence of 1M GTPyS. Incubation
was stopped by the addition of ice-cold HEPES budfed rapid filtration on Unifilter B filters
(Perkin Elmer) using a Filtermate cell harvestexcfard). The filters were washed with ice-cold
Hepes buffer, and the radioactivity retained onfthers was determined by TopCount, Perkin

Elmer liquid scintillation counting at 90% efficiey
Data Analysis

Binding data were analyzed using the nonlinear editting program GraphPad (Prism for

windows, version 5.04). Scatchard plots were lirfenall preparations. None of the pseudo-Hill

44



coefficients (nH) were significantly different frommnity (p > 0.05). Equilibrium dissociation
constants (K were derived from the Cheng—- Prusoff equatios KCs¢/(L/Kd), where L and Kd
are the concentration and the equilibrium dissamatonstant of the radioligand. p¥alues are
the mean of 2-3 separate experiments performedipficate [61]. Stimulation of*fS]|GTP/S
binding induced by the compounds tested was exgdess the percent increase in binding above
basal value, with the maximal stimulation observeth 8-OH-DPAT taken as 100%. The
concentration—response curves of the agonistizigctvere analyzed by GraphPad as reported
above [62]. The maximum percentage of stimulatibfP¥]GTP/S binding (B achieved for
each drug, and the concentration required to ol88% of E.x (pD2 = —-logl0 [EGy]), were

evaluated.

Cytotoxicity Assays

Cytotoxicity assays were carried out against humeuroblastoma cell line SH-SY5Y. Cells
were cultured at 37 °C in a humidified incubatontaaning 5% CQ and feed with DMEM
(Lonza) nutrient supplemented with 10% heat inatéd FBS, 2 mM L-glutamine, 100 U/mL
penicillin and 100 pg/mL streptomycin. Cytotoxicity compounds is expressed asgolalues,
the concentrations that cause 50% growth inhibitidme results were determined using the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazoliubromide [51]. Cells were dispensed into 96-
well microtiter plates at a density of 10,000 delksl. Following overnight incubation, cells
were treated with the tested compounds, oligomycend rotenone in the range concentration
0.1-100 pM, and with the range 1-500 uM faiGd Then the plates were incubated at 37 °C for
24 h. An amount of 10 pL of 0.5% w/v MTT was funtlalded to each well and the plates were

incubated for an additional 3 h at 37 °C. Finallg tells were lysed by addition of 100 pL of
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DMSO/EtOH 1:1 (v/v) solution. The absorbance at BifOwas determined using a Perkin Elmer

2030 multilabel reader Victor TM X3.

Neuroprotective capacity

The neuroprotective capacity of the compounds wsted, as reported by Benchekroun et al.
[45] Briefly, the ability of the compounds to presethe human neuroblastoma cell line SH-
SY5Y from death was evaluated by using three toxionodels: 1) HO,, as a producer of
exogenous free radicals, 2) oligomycin A, a mitout@al respiratory chain blocker which
produces mitochondrial ROS by inhibiting the mitostrial electron-transport chain complex
V, and 3) rotenone, showing the same effect ofoofigcin A by inhibiting the mitochondrial
electron-transport chain complex I. In this expemty the toxic insults were used at the
concentrations equal to their JCafter 24 h of incubation: 1930and 75 uM for H,0O,,
oligomycin A and rotenoneespectively. The tested compounds were used afcytotoxic
concentrations after 24h of incubation. Compourdg &re able of inhibiting the effect of the
toxic insults may be considered neuroprotectar8§ feor the assay, SH-SY5Y cells were plated
in 96-well plates at a seeding density of 10,00 ¢evell. After 24 h of incubation at 37 °C in a
humidified incubator containing 5% GQcells were co-incubated with,8, (195 uM), or
oligomycin A (30uM), or rotenone (7uM) and tested compound at several concentration for
further 24 h. In particular, compourid was tested at concentrations 0.1 angdVL. The cell

viability was determined by MTT assay and analyse@reviously described.

Bi-directional Transport Studies on MDCKII-MDR1 Mon olayers
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Apical to basolateral (Papp, AP) and basolateralpioal (Papp, BL) permeability of the tested
compounds was measured using Madin-Darby Caninedyidi.e., MDCK) cells, retrovirally
transfected with the human MDR1 cDNA (MDCKII-MDR13s previously reported [49,50].
The cells were cultured in DMEM medium and seeded density of 100,000 cell/énonto
polyester 12 well Transwell inserts (pore size 04, 12 mm diameter, apical volume 0.5 mL,
basolateral volume 1.5 mL). At first, MDCKII-MDR1elt barrier function was verified by
means of trans-epithelial electrical resistanceHRE using an EVOM apparatus and by the
measurement of the flux of the paracellular stashdlrorescein isothiocyanate-dextran (FD4,
Sigma) (200 pg/mL) and the transcellular stand#depham (7M). The TEER was measured
in growth media at room temperature and calculaedhe measured resistance minus the
resistance of an empty Transwell (blank withoutsgelCell monolayers with TEER values 800
Ohm cnf were used for the successive transport experimdims cells were equilibrated in
transport medium in both the apical and basolatenaimbers for 30 minutes at 37 °C. The
composition of transport medium was: 0.4 myHRO,, 25 mM NaHCQ, 3 mM KCI, 122 mM
NaCl, 10 mM glucose with final pH of 7.4, and trenwlarity was 300 mOsm as determined by
a freeze point based osmometer. At time O, cultoeeium was aspirated from both the apical
(AP) and basolateral (BL) chambers of each insed, cell monolayers were washed three times
(10 min per wash) with Dulbecco's Phosphate Buffegaline (DPBS) pH = 7.4. Finally, a
solution of compounds diluted in transport mediuraswadded to the apical or basolateral
chamber. For AP-to-BL or BL-to-AP flux studies, tlieug solution was added in the AP
chamber or in the BL chamber, respectively. ExéepfFD4, which was solubilized directly in
the assay medium at a concentration of 200 pg/hdpther compounds were first dissolved in

DMSO and then diluted with the assay medium tonalfconcentration of 75 pM. Next, the
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tested solutions were added to the donor sidenfl.%or the AP chamber and 1.5 mL for the BL
chamber) and fresh assay medium was placed inettedver compartment. The percentage of
DMSO never exceeded 1% (v/v) in the samples. Taesport experiments were carried out
under cell culture conditions (37 °C, 5% £05% humidity). After incubation time of 120 min,
samples were removed from the apical and basolaela of the monolayer and then stored
until further analysis. Quantitative analysis ofe thested compounds and diazepam, was
performed through UV-visible (Vis) spectroscopyngsa PerkinElmer double-beam UV-visible
spectrophotometer Lambda Bio 20 (Milan, Italy), ipped with 10 mm path-length-matched
quartz cells. Standard calibration curves were gmegh at maximum absorption wavelength of
each compound using PBS as solvent and were liréar 0.999) over the range of tested
concentration (from 5 to 100 uM). The FD4 samplesenanalyzed with a Victor3 fluorometer
(Wallac Victor3, 1420 Multilabel Counter, Perkinrgr) at excitation and emission wavelengths
of 485 and 535 nm, respectively. Each compound tested in triplicate, and the experiments
were repeated three times.

The apparent permeability, in units of cm/sec, ealsulated using the following equation:

v

app area x time/

v (ldrugl )

\ Idnlgl:m:..ll /

where “VA” is the volume in the acceptor well, “afels the surface area of the membrane,
‘time” is the total transport time, “[drugleptor iS the concentration of the drug measured by
UV-spectroscopy and “[drug}ia” is the initial drug concentration in the AP or Blhamber.
Efflux ratio (ER) was calculated using the follogiequation: ER = Papp, BL-AP / Papp, AP-

BL, where Papp, BL-AP is the apparent permeabilftpasal-to-apical transport, and Papp, AP-
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BL is the apparent permeability of apical-to-basahsport. An efflux ratio greater than 2

indicates that a test compound is likely to bel@ssate for P-gp transport.

Antinociceptive activity in in-vivo model

For the assessment of antinociceptive activitynimmatory pain, mice were subjected to the
formalin test. Male Swiss CB1 mice (Envigo, S.Rial Natisone (UD)) weighing 25-30 g were
used. Animals were kept at a constant room temperd®5 + 1 °C) under a 12:12 h light and
dark cycle with free access to food and water. Haolise was used for only one experiment.
Experimental procedures were approved by the Ldedlical Committee (JACUC) and
conducted in accordance with international guigsdias well as European Communities Council
Directive and National Regulations (CEE Council 8® and DL 116/92). All tests were
performed blind to treatment.

Formalin (5%, 10ul; Sigma-Aldrich) was injected subcutaneously itite plantar side of the
right hind paw [64]. After the injection, mice wemramediately placed in a plexiglas box: the
total time (in seconds) spent on licking or bitthg injected hind paw was recorded for each five
minute in selected intervals, 0-10 (phase ) and6@0(phase II) min, in the different
experimental group as indicator of nociceptive l&ra Formalin scores were separated in two
phases: phase | (0—10 min) and phase Il (10-60. rAimyean response was then calculated for
each phase. Compourd and WAY-100635 (Sigma-Aldrich) were dissolved iormal saline
solution containing 10% dimethyl sulfoxide (DMSOjg®a-Aldrich). A vehicle solution
containing 10 % DMSO was given as control. Compolficand vehicle were intraplantar (i.p.)
administered (5ml/kg) 15 minutes before formalinAW100635 (3mg/kg i.p.) was injected 30
minutes before test compound or vehicle. Data &peessed as mean values (SEM). Analysis of

variance (two-way repeated measures ANOVA followsdpost hoc Bonferroni test) were
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performed to assess significance using the Ins@as@ftware (GraphPad Software, San Diego,

CA). p < 0.05 was considered significant.

Molecular Modeling
Ligand preparation

CompoundsA and9-11, 14-16, 19-21 were built, parameterised (Gasteiger-Huckel méthod
and energy minimised within MOE using MMFF94 forteld [65]. For all compounds, the
protonated form was considered for thesilico analyses.
Alpha;p homology modeling

The alphag theoretical model has been built starting from ¥xeay structure of the32-
adrenoreceptor (PDB code: 2RH1; resolution = 2.40[6%], by applying the ligand-based
homology modeling strategy. In particular, compoéndas docked into thp,-adrenoreceptor
binding site and employed in the alpbaiodel building and refinement, by taking into aaaou
the ligand specific steric and chemical featurdge @mino acid sequence @mfb-adrenoreceptor
(P25100) was retrieved from the SWISSPROT dataljge while the three-dimensional
structure co-ordinates file of the GPCR templats whtained from the Protein Data Bank [68].
The amino acid sequencesaf; TM helices were aligned with the correspondingdss of
2RH1, on the basis of the Blosum62 matrix (MOE wafe). The connecting loops were
constructed by the loop search method implememdd®E. The MOE output file included a
series of ten models which were independently hwiltthe basis of a Boltzmann-weighted
randomized procedure [69], combined with specidlitegic for the handling of sequence
insertions and deletions [70]. Among the deriveddals, there were no significant main chain

deviations. The model with the best packing quafitpction was selected for full energy
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minimization. The retained structure was minimizgth MOE using the AMBER94 force field
[71]. The energy minimization was carried out by 000 steps of steepest descent followed by
conjugate gradient minimization until the rms geadiof the potential energy was less than 0.1
kcal mol* A™. The assessment of the final obtained model wesmeed using Ramachandran
plots, generated within MOE.

Docking studies

Docking studies were performed according to théofahg protocol. The binding site of the
ligand in the 5HTA receptor model (previously built by us) was detiaed starting from the fact
that, for the ligand activity, formation of the s&ridge between the protonated piperazine
nitrogen on the ligand and Aspl116 is necessary’/f]2-

On the other hand, tlee y-adrenoreceptor binding site has been determinaigtanto account
the conserved residues highlighted by superimpmositin the 2RH1 X-ray32-adrenoreceptor
binding site. For all compounds, each isomer wakeld into the putative ligand binding site by
means of the Surflex docking module implementeS8yihyl-X1.0 [75].

Surflex-Dock uses an empirically derived scoringdiion based on the binding affinities of X-
ray protein-ligand complexes. The Surflex-Dock saprfunction is a weighted sum of non-
linear functions involving van der Waals surfacstaliices between the appropriate pairs of
exposed protein and ligand atoms, including hydobyd) polar, repulsive, entropic and
solvation and crash terms represented in terms tftad score conferred to any calculated
conformer.

Then, for all compounds, the best docking geoneffselected on the basis of the SurFlex
scoring functions) were refined by ligand/recemomplex energy minimization (CHARMM27)

by means of the MOE software. To verify the relispiof the derived docking poses, the
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obtained ligand/receptor complexes were furtheestigated by docking calculations (10 run),
using MOE-Dock (Genetic algorithm; applied on thesgs already located into the putative 5-
HT1a and alphad receptors). The conformers showing lower energyisgdunctions and rmsd
values (respect to the starting poses) were sedlectéhe most stable and allowed us to identify

the most probable conformers interacting with the GPCRs.

Prediction of ADMET Properties

The prediction of ADMET properties were performeding the Advanced Chemistry
Developmente (ACD) Percepta platform. The aforemestl descriptors blood-brain barrier
permeation (LogBBB), rate of passive diffusion-peanility (Log PS), human intestinal
absorption (HIA), volume of distribution (Vd), medi lethal dose (LE) related to oral
administration and the logarithmic ratio of the avail-water partitioning coefficient (cLogP)
were calculated. All of them were derived and eatdd by Percepta on the basis of training
libraries, implemente in the software, which in@ua consistent number of molecules whose

pharmacokinetic and toxicity profile are known.
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Highlights
» 1,4-dioxaspiro[4,5]dec-2-ylmethyl-amines were synthesized and tested.
*  Oxygen/Sulphur substitution favors 5-HT 4R affinity, potency and efficacy.
* 14 and 15 behave as selective and potent 5-HT 4R partial agonists.
» 15 shows a promising neuroprotective activity in-vitro.

» 15 reduces significantly the linking timein Phase Il at a dose of 10mg/Kg i.p.



