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ARTICLE INFO ABSTRACT

Keywords: Tetrahydroquinoline (THQ) derivatives bearing an N-acylaminoethyl side chain were investigated as a new class
Glioblastoma of potent melatonergic ligands offering opportunities for a versatile modulation of binding and pharmacological
Melatonin

properties. These compounds were designed from N-anilinoethylamide ligands by formal closure of the N-sub-
stituent into an additional fused ring. Molecular modelling studies, including alchemical simulations, allowed to
rationalize configurational and conformational aspects of ligand activity and supported the role of the THQ
nucleus in the MTy receptor selectivity observed for these compounds when compared to N-anilinoethylamide
counterparts. The moderate stereoselectivity generated by substituents in position 2 of the THQ ring or at the
p-position of the ethylamide chain could be ascribed to the conformational enrichment of ligand poses fitting the
receptor binding site observed for the eutomer.

Replacement of the methoxy group with bulkier substituents was investigated to differentially modulate
intrinsic activity at the MT; and MT> receptor subtypes. Mixed activity, with MT; agonist and MT; antagonist
profile, could be achieved by insertion of a 7-(2-hydroxyethoxy) group, as already observed for compound 5-
HEAT. UCM1400 (4d) was more potent than 5-HEAT and emerged as a promising pharmacological tool for
targeting glioblastoma. The compound exhibited in vitro antiproliferative activity on human glioma cell lines
and was effective in vivo, reducing tumor growth in a U87MG orthotopic xenograft mouse model. These findings
support the development of subtype-selective modulators of melatonin receptors as a promising new avenue for
cancer therapy.

Subtype-selective receptor modulator
Molecular modelling
Structure-activity relationships

1. Introduction cerebrospinal fluid during the dark phase when the inhibitory effect
exerted by light is not present. Melatonin produced in other organs and

The neurohormone melatonin (1, N-acetyl-5-methoxytryptamine, tissues, such as the retina according to a circadian rhythm, or the skin,
Fig. 1) is primarily synthesized by the pineal gland following a circadian gut and bone marrow in a noncircadian manner, essentially acts locally,
rhythm, with peak production and release in the plasma and with paracrine or autocrine effects. Melatonin exerts most of its
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activities through the activation of MT; and MTy G protein-coupled
receptors (GPCRs) [1,2]. MT; and MT3 receptors mainly couple to Gj
protein, reducing cAMP levels, even if other signaling systems have been
identified for both receptors. The activity of melatonin receptors is also
regulated by their ability to homo- and heterodimerize between each
other and with other GPCRs, further modulating intracellular signaling
activity and functional properties, by the presynaptic localization
affecting neurotransmitter release [3,4], and by possible biased
signaling of synthetic ligands [5]. Melatonin receptors signal photope-
riodic information and control daily rhythms, such as the sleep-wake
cycle, which makes melatonin a widely used dietary supplement to
alleviate the symptoms of jet-lag. Controlled-release formulations of
melatonin are also prescribed for the treatment of insomnia. Besides
these and other central nervous system-related activities, melatonin
modulates the physiological functions of several peripheral systems and
organs, such as the immune and cardiovascular systems, affects glucose
and lipid homeostasis and has been proposed for the prevention and
treatment of diverse conditions, spanning from neurodegenerative dis-
eases to cancer [3,6].

In the last decades, several melatonin receptor ligands have been
described and the MT;/MT, nonselective agonists ramelteon, agome-
latine and tasimelteon have reached the market to treat insomnia,
depression and non-24-h sleep-wake disorder in blind individuals,
respectively. Additionally, melatonin receptor ligands with different
pharmacological profiles were also synthesized and MTj-or MTa-sub-
type selective compounds have been obtained, as well as ligands with
partial agonist, antagonist or inverse agonist activity [7-9]. These
pharmacological tools, coupled with the identification of receptor dis-
tribution and the availability of MT;/MT; knockout animals have
allowed the characterization of the role of the two receptor subtypes.
Even if we are still far from a complete understanding of the peculiarities
and differences between MT; and MTy, it is clear that they do not share
the same tissue distribution [10] and mediate different activities, both in
physiological contexts and in disease conditions. The MT; receptor has
been described to be able to inhibit neuronal firing in mouse hypotha-
lamic suprachiasmatic nucleus and prolactin secretion in photoperiodic
species, to regulate rapid eye movement sleep [11] and enhance body
temperature [12]. Vasoconstriction in rat caudal artery [13], modula-
tion of visual function, and lymphocyte differentiation are also mediated
by MT; receptor activation. The M T, receptor produces phase-shifting of
circadian rhythms in the hypothalamic suprachiasmatic nucleus and
promotes non-REM sleep in rodents [14] and rat caudal artery vasodi-
lation. In some cases, as observed in brain tumor progression, MT; and
MT, receptors exert opposite effects, with MT; receptors impairing and
MT3 receptors promoting cancer cell proliferation [15].

The search for novel classes of melatonin receptor ligands led us to
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design the versatile class of N-anilinoethylamides (Fig. 1) endowed with
pharmacological properties that could be finely tuned according to
specific substitutions in select positions [16]. Structure-activity rela-
tionship investigation brought to N-anilinoethylamides with agonist,
partial agonist or antagonist behavior, as well as derivatives with
improved physicochemical properties and metabolic stability [17,18].
To further characterize the structural requirements for melatonergic
activity, the flexible N-anilinoethylamides were conformationally con-
strained by inscribing the ethylamide chain into a tetrahydroquinoline
(THQ) nucleus, leading to 2-acylaminomethyl-THQ and 3-acylami-
no-THQ series which include some of the most potent MTs-selective
agonists [19,20]. We expected that the selection of active conformations
through conformational constraints would lead to an increase of binding
affinity. Additionally, the tetrahydropyridine ring thus obtained pro-
vided new positions amenable to insertion of substituents that could
further modulate the pharmacological profile. We herein report a new
class of melatonergic ligands derived from ring closure of the N-sub-
stituted-aniline portion of N-anilinoethylamides into a THQ nucleus,
maintaining the flexible acylaminoethyl side chain (Fig. 1). Binding
affinity and intrinsic activity of new compounds were modulated
through select substitutions on the THQ nucleus and the amide side
chain. These compounds were exploited to rationalize configurational
and conformational aspects of ligand activity through molecular models
that investigated dynamic properties of ligand-receptor interactions.
Notably, replacement of the methoxy group with suitable polar sub-
stituents afforded new subtype-selective modulators with MT; agonist
and MT, antagonist activity and antitumor activity in vitro and in vivo in
a glioblastoma orthotopic xenograft model.

2. Chemistry

The (7-substituted-N-ethylamido)tetrahydroquinoline derivatives
3a-g were prepared by reductive N-alkylation of the suitable 7-
substituted-1,2,3,4-tetrahydroquinoline 2a-d with N-(2,2-dimethox-
yethyl)propionamide [21], [N-(2,2-dimethoxyethyl)-2,2-difluor-
oacetamide for 3f or N-(2,2-dimethoxyethyl)acetamide for 3e and 3g
[22] in the presence of triethylsilane (TES)/trifluoroacetic acid (TFA)
(Scheme 1). The key starting 7-substituted-tetrahydroquinolines are
commercially available (2a) or have been synthesized by O-alkylation of
the commercially available 7-hydroxy-1,2,3,4-tetrahydroquinoline with
1-bromo-2-methoxyethane (for 2b), 1-fluoro-3-iodopropane (for 2¢) or
methyl chloroacetate (for 2d), in the presence of NaH (Scheme 1).

The methyl ester derivatives 3d-f were converted into the corre-
sponding alcohols 4d-f by reduction with LiAlH,4. On the other hand, the
treatment of the ester derivative 3d with a 2 N solution of ammonia in
EtOH at room temperature gave the corresponding amido derivative 5
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Fig. 1. Structure of melatonin and schematic representation of N-anilinoethylamide melatonin receptors ligands and derived conformationally constrained

tetrahydroquinolines.
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Scheme 1. Synthesis of (7-substituted-N-ethylamido)THQ derivatives 3a-c, 3g, 4d-f, 5 and 7. Reagents and conditions: a) 1-bromo-2-methoxyethane (for 2b), 1-flu-
oro-3-iodopropane (for 2¢) or methyl chloroacetate (for 2d), NaH 60 %, DMF, —10 °C to rt, 6 h, 62-70 %; b) N-(2,2-dimethoxyethyl)propionamide (for 3a-d), N-(2,2-
dimethoxyethyl)acetamide (for 3e and 3g) or N-(2,2-dimethoxyethyl)-2,2-difluoroacetamide (for 3f), TES, TFA, DCM, rt, 2 h, 39-62 %; c) LiAlH,4, THF, 0 °C, 1h,
54-88 %; d) 2 N NHj in EtOH, rt, 24 h, 64 %; e) 1 M BBr3, DCM, rt, 20 h, 74 %; f) NaH 80 %, 1-bromo-4-phenylbutane, DMF, rt, 6 h, 92 %.

(Scheme 1).

O-demethylation of 3a with boron tribromide and subsequent O-
alkylation of the intermediate phenol 6 with 1-bromo-4-phenylbutane in
the presence of NaH, gave the desired 7-(4-phenylbutoxy) analog 7
(Scheme 1).

The 3,4-dihydro-2H-benzo[b][1,4]oxazine target compounds 8 and
11 were prepared using synthetic protocols similar to that above
described and depicted in Scheme 2. In particular, 8 was obtained by
reductive N-alkylation of commercially available 6-methoxy-3,4-dihy-
dro-2H-benzo[b][1,4]oxazine with N-(2,2-dimethoxyethyl)propiona-
mide in the presence of TES/TFA, whereas 11 was prepared by LiAlH,4
reduction of the intermediate methyl ester derivative 10 that, in turn,
was prepared by O-alkylation of commercially available 3,4-dihydro-
2H-benzo[b][1,4]oxazin-6-ol with methyl chloroacetate and subsequent
reductive N-alkylation of methyl 2-[(3,4-dihydro-2H-benzo[b][1,4]
oxazin-6-yl)oxy]acetate 9 with N-(2,2-dimethoxyethyl)propionamide in
the presence of TES/TFA.

Similarly, the agomelatine analogue 13 was prepared by O-alkyl-
ation of N-[2-(7-hydroxynaphtalen-1-yl)ethyl]acetamide [23] with
methyl chloroacetate in the presence of NaH and subsequent reduction
of the ester intermediate 12 with LiAlH4 (Scheme 3).

The synthetic approach shown in Scheme 4 was used for the prepa-
ration of the 2-mercaptoethoxy derivative 16. In particular, the alcohol
4d was subjected to the Mitsunobu reaction with thioacetic acid (AcSH)
to give the thioester 14, that was then converted into the disulfide in-
termediate 15 by treatment with sodium methoxide. The final reduction
of the disulfide bond by treatment with tris(2-carboxyethyl)phosphine
hydrochloride (TCEP) gave the desired 2-mercaptoethoxy target
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compound 16.

The 2-substituted tetrahydroquinoline target derivatives 24a-b were
synthesized by N-cyanomethylation of the suitable 2-substituted-tetra-
hydroquinoline 22a-b with bromoacetonitrile, followed by Raney
nickel hydrogenation of the intermediate nitriles 23a-b and concomitant
N-acylation of the crude primary amines with propionic anhydride
(Scheme 5). Since these synthetic steps do not involve chiral centers, the
obtained products (S)- and (R)-24a retain the absolute configuration of
the 2-substituted-tetrahydroquinolines (S)- and (R)-22a.

The key 2-methyl-7-methoxy-1,2,3,4-tetrahydroquinolines, in their
racemic [(R,S)-22a] and optically active form [(R)-22a or (S)-22al,
were in turn prepared through several steps starting from 4-iodo-3-nitro-
anisole (Scheme 5). Briefly, a Sonogashira cross-coupling between
commercially available (R,S), (R)- or (S)-3-butyn-2-ol and 4-iodo-3-
nitroanisole, followed by reduction of both nitro group and triple
bond (Hy, 5 atm, Pd/C 10 %) of the derived nitroalkynes (R,S)-, (R)- or
(S)-17a, and subsequent trifluoroacetylation of the resulting amino al-
cohols (R,S)-, (R)- or (S)-18a, gave a mixture of N,O-bis-(tri-
fluoroacetylated) (19a) and N-trifluoroacetylated (20a) derivatives.
Intermediates 19a could be traced back to the corresponding alcohols
(20a) by treatment with NaH at room temperature. Mesylation of the
derived alcohols (R,S)-, (R)- and (S)-20a under classic conditions (MsCl,
Py, DCM), and final cyclization through an intramolecular nucleophilic
substitution in the presence of NaH (the latter reaction step takes place
with Walden inversion at the chiral carbon atom), gave the 7-methoxy-
2-methyl-tetrahydroquinolines (R,S)-, (R)- or (S)-22a. Instead, the
racemic intermediate 7-methoxy-2-phenyl-1,2,3,4-tetrahydroquinoline
(R,9)-22b was obtained by hydrogenation (5 atm, Raney-Ni) of 7-

NHCOC,Hs

|\|

" NHCOC,Hs

NHCOC,Hs

Scheme 2. Synthesis of benzo[b][1,4]oxazine target compounds 8 and 11. Reagents and conditions: a) methyl chloroacetate, NaH 60 %, DMF, —10 °Cto rt, 6 h, 73
%; b) N-(2,2-dimethoxyethyl)propionamide, TES, TFA, DCM, rt, 2 h, 29-52 %; c) LiAlH4, THF, 0 °C, 1 h, 64 %.
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Scheme 3. Synthesis of naphthalene derivative 13. Reagents and conditions: a) methyl chloroacetate, NaH 60 %, DMF, —10 °C to rt, 6 h, 76 %; b) LiAlH,, THF, 0 °C,
1h, 77 %.
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Scheme 4. Synthesis of 7-(2-mercaptoethoxy)THQ derivative 16. Reagents and conditions: a) P(Ph)s, diisopropyl azodicarboxylate (DIAD), AcSH, THF, 0 °C to rt,
18 h, 83 %; b) CH30Na, MeOH, rt, 16 h, 65 %; c) TCEP, acetate buffer, MeOH, 45 °C, 4 h, 81 %.
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Scheme 5. Synthesis of 2-methy- and 2-phenyl-substituted THQ derivatives 24a-b. Reagents and conditions: a) (R,S), (R) or (S)-but-3-yn-2-ol, PdCly(PPhg),, Cul,
Et3N, 60 °C, 40 min, 70-88 %; b) H, (5 atm), Pd/C 10 %, EtOH, rt, 24 h, 66-92 %; c) trifluoroacetic anhydride, Et;N, DCM, 0 °C, 15 min, 55 %; d) NaH 60 %, DMF, rt,
3 h, 85-90 %; e) MsCl, Py, DCM, rt, 16 h, 47-84 %; f) NaH 60 %, DMF, rt, 8 h, 65-90 %; g) H, (5 atm), Raney-Ni, THF, 60 °C, 6 h, 67 %; h) BrCH,CN, DMF, 100 °C, 7
h for 23a and BrCH,CN, KI, K,CO3, DMF, 80 °C, 16 h for 23b, 42-58 %); i) H, (4 atm), Raney-Ni, propionic anhydride, THF, 60 °C, 6 h, 65-96 %.

methoxy-2-phenylquinoline [24]. N-alkylation of 7-methoxy tetrahydroquinoline with methyl (R,S)-
The two enantiomeric compounds (S)-29 and (R)-29 were prepared (S)- or (R)-2-(trifluoromethylsulfonyloxy)propanoate (25) [25,26] (the
according to the synthetic sequence illustrated in Scheme 6. reaction takes place with Walden inversion at the chiral carbon atom),
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Scheme 6. Synthesis of THQ derivatives a- or f-methyl-substituted on the ethylamide side chain 31 and 29. Reagents and conditions: a) 2,6-lutidine, CH3CN, 70 °C,
16 h, 78-82 %; b) LiAlH4, THF, rt, 1 h, 93-97 %; c) DCAD, phthalimide, PPhs, THF, rt, 24 h, 47-52 %; d) N,H3H,0, CH3COOH, CH3OH, reflux, 4 h; e) propionic
anhydride, Et3N, THF, rt, 1 h, two-step yield 76-81 %; f) MsCl, Et3N, DCM, rt, 20 h, 37 %; g) NaN3, DMF, 110 °C; 4 h; h) H, (4 atm), Pd/C 10 %, propionic anhydride,

i-PrOH, rt, 6 h, two-step yield 55 %.

followed by LiAlH,4 reduction of the derived aminoesters (R,S)-, (R)- or
(S)-26, gave the corresponding alcohols (R,S)-, (R)- or (S)-27. The two
enantiomeric alcohols (R)- or (S)-27 were made to couple with phtha-
limide by Mitsunobu reaction in the presence of triphenyl phosphine and
di-p-chlorobenzyl-azodicarboxylate (DCAD) to form the corresponding
phthalimido derivatives (R)-28 or (S)-28. Hydrazinolysis of these
phthalimido intermediates and subsequent N-acylation of the corre-
sponding crude amine with propionic anhydride afforded the desired

Table 1

melatonin ligands (R)-29 or (S)-29 (enantiomeric purity 84 % and 95 %
respectively, determined by chiral HPLC).

The target compound (R,S)-31 was synthesized through a synthetic
sequence involving the reaction of alcohol (R,S)-27 with mesyl chloride
to give (with the intermediation of an aziridinium species [27]) the
secondary chloride (R,$)-30 as the major regioisomer; subsequent
treatment of (R,S)-30 with NaNg provided an azido intermediate that
was converted into the desired final compound (R,S)-31 by catalytic

Binding affinity and intrinsic activity of N-acylaminoethyl-tetrahydroquinolines at human melatonin receptors MT; and MTs.

& 0 J@[O] SN
_CH
/ﬂj\/,\lj\R1 g N H,CO N H,CO N“T3
R® H
2

H,CO
R
NHCOR* NHCOC,Hs5 NHCOC,Hs5 NHCOCH;
3a,g, 24a, 24b, 29, 31 7 8 ucMm793
Compd. R[1] R [2] R [3] R [4] hMT, hMT,
pK;+SD* 1A, +SD" PKi+SD* 1A, +SD"

1,melatonin 9.60 + 0.18 1.00 + 0.09 9.44 +0.12 1.00 + 0.07
UCM793¢ 8.76 0.95 8.65 1.06
3a H H H CoHs 8.88 + 0.02 0.96 + 0.04 9.59 + 0.18 0.99 + 0.04
3g H H H CH3 9.02 + 0.10 1.03 +0.10 9.51 +0.12 1.01 +0.10
7 7.38 + 0.08 nd 6.80 + 0.05 nd
8 8.74 + 0.12 0.96 + 0.15 9.16 + 0.26 1.04 + 0.07
(R,S)-24a CH3 H H CoHs 8.06 + 0.03 0.98 + 0.04 8.71 + 0.05 0.95 + 0.09
(R)-24a CH; H H CoHs 8.22 + 0.05 0.95 + 0.14 8.50 + 0.17 0.83 + 0.10
(8)-24a CH; H H CoHs 7.74 + 0.04 0.93 + 0.08 8.82 + 0.21 1.12 +0.15
(R,S)-24b Ph H H CoHs 6.63 + 0.07 0.60 + 0.20 7.43 + 0.07 0.81 + 0.06
(R)-29 H CH3 H CoHs 8.23 + 0.01 0.95 +0.10 8.53 +0.14 0.94 + 1.00
(5)-29 H CHs H CoHs 8.91 + 0.20 0.71 + 0.06 9.13 + 0.26 0.88 + 0.03
(R,S)-31 H H CH3 CoHs 6.99 + 0.01 nd 7.16 + 0.09 nd

@ pK; values were calculated from ICs, values, obtained from competition curves by the method of Cheng and Prusoff [34], and are the mean of at least three

determinations performed in duplicate.

b The relative intrinsic activity values were obtained by dividing the maximum analogue-induced G protein activation by that of melatonin. Measurements were

performed in triplicate. nd: not determined.
¢ Binding affinity and intrinsic activity values taken from ref. 28.



A. Bedini et al.

hydrogenation (4 atm, Pd/C 10 %) and concomitant acylation of the
crude alkylamine with propionic anhydride (Scheme 6). The observed
NH-CH,-CHj3 correlation in the COSY spectrum is in agreement with the
proposed structure of compound (R,S)-31 (Supplementary Material
Fig. S1).

3. Results and discussion
3.1. Structure-activity relationships

N-Acylaminoethyl-THQs were decorated with substituents on the
THQ nucleus and on the amide side chain to evaluate their ability to
behave according to structure-activity relationships established for
melatonergic ligands. Therefore, acetyl and propionyl amides were
synthesized, as well as methylated derivatives on carbon atoms of the
side chain. Substituents favoring subtype selectivity were also consid-
ered, such as a phenylbutoxy replacing the methoxy group and a methyl
or phenyl ring in position 2. These structural modifications should, in
principle, enhance MT; or MT, binding affinity, respectively. The
methoxy derivatives 3g and 3a showed nanomolar binding affinities
(Table 1), similar to that of the N-anilinoethylamide UCM793 at the MT;
receptor and with a moderate increase at the MT; receptor. Compared to
melatonin, 3g and 3a maintained binding affinity at the MT5, receptor
but were less potent at the MT; receptor and behaved as full agonists at
both receptors. Insertion of an oxygen atom in the benzo-oxazine de-
rivative 8 slightly reduced potency and MT, selectivity. Binding affinity
was modulated by applying substitution patterns derived from other
ligands. As observed for N-anilinoethylamides [28], insertion of a
methyl group on carbon p of the ethylamide side chain led to the (S)-29
having higher binding affinity than (R)-29 enantiomer at both receptor
subtypes. Methylation of carbon o of the ethylamide side chain in (R,
S)-31 was not tolerated and produced a pronounced decrease in binding
affinity. Replacement of the methoxy substituent with a 4-phenylbutoxy
group (7) inverted receptor subtype selectivity, as seen for several
MT;-selective ligands reported in literature in which a bulky, lipophilic
substituent was introduced in the position corresponding to that of the
methoxy group [29-31]. Looking for compounds with greater MT,-se-
lectivity, we also investigated 2-substituted THQs that could occupy the
“out-of-plane” region associated with MT; selectivity [32]. Limited in-
formation is available on the effect of substituents on the atom close to
the amide chain of ligands with a benzo-fused six-membered cycle,
essentially coming from tetralin derivatives [33]. A methyl group pro-
duced a drop in binding affinity of similar entity (ApK; ~ 0.8) at MT; and
MT; receptors which displayed different tolerance, with the MT; re-
ceptor better accommodating (R)-24a and the MT; receptor (S)-24a.
2-Phenyl derivatives (R,S)-24b showed a more pronounced decrease of
binding affinity, with limited MTs-selectivity.

3.2. Molecular modelling

Molecular models were used to investigate structure-activity re-
lationships observed for THQ derivatives. In particular, the role of the
THQ scaffold in the interaction with binding site residues in comparison
with the N-anilinoethylamide counterpart was investigated through
thermodynamic integration simulations. Molecular dynamics was
applied to study the effect on conformational equilibria and receptor
recognition of the insertion of a methyl group on the THQ nucleus and
on the ethylamide side chain.

3.2.1. Free energy estimation of tetrahydroquinoline selectivity for the MT,
receptor

Compared with the nonselective UCM793, compound 3g showed a
moderate selectivity for the MT, receptor deriving from better
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accommodation at the MT, receptor. To investigate the ability of mo-
lecular models of ligand-receptor complexes to account for differences in
experimental MT; and MT, receptor binding affinities, single-step
thermodynamic integration (TI) simulations [35] were performed to
alchemically transform the THQ derivative 3g into the nonselective
UCM?793. To this end, the THQ ring of 3g bound within the MT; or MTy
receptor binding site was transformed into the N-methylaniline of
UCM793 and the difference in free-energy changes at the two receptors
was calculated. To account for the effect of the starting configuration on
the result of TI calculations, four independent simulations were carried
out for each receptor complex, starting from different snapshots ob-
tained from a preliminary molecular dynamics simulation of the MT; or
MT,-3g complex. In TI simulations, Coulomb and van der Waals po-
tentials of unique atoms in 3g and UCM793 (Fig. S2) were replaced with
A-dependent softcore potentials [36]. The coupling parameter 4, which
varies from O to 1, accounts for the transformation of the THQ ring of 3g
(corresponding to 4 = 0) into the N-methylaniline of UCM793 (1 = 1).
Fig. 2 represents compound 3g at the beginning of the transformation (1
~ 0.0092, a value at which softcore atom potentials mostly approximate
the ones of 3g) and UCM793 obtained at the end of the transformation
(4 =~ 0.9978, a value at which softcore atom potentials mostly approxi-
mate the ones of UCM793) in the MT; and MT; binding site. The sim-
ulations were arranged in a thermodynamic cycle (Fig. S3) that provided
a AAG value related to the selectivity of 3g for the MT, receptor. The
same alchemical transformations were not performed in solvent since it
would be the same for both receptors and irrelevant for free-energy
difference calculations related to receptor subtype selectivity. For each
simulation, the integration of (dV/dl), i.e., the expectation of the de-
rivative of the potential energy over the coupling parameter A, gave
free-energy difference profiles (Fig. S4) that were averaged for each
receptor. At the end of the alchemical transformation, (A = 1, corre-
sponding to the presence of UCM793 in the binding site), positive AG
values of 0.45 kcal/mol at the MT; receptor and a greater one of 1.10
kcal/mol at the MT, receptor were recorded. The overall
AAGea(MT2-MT;) = 0.65 £ 0.22 kcal/mol agrees with the experi-
mental AAGex, = 0.82 kcal/mol and supports the better accommodation
of THQ 3g at the MT> receptor, albeit with a moderate selectivity. The
higher MT; binding affinity of compound 3g is likely related to the
larger MT5 binding pocket as revealed by crystal structures analysis
[37]. A similar moderate MT5 selectivity has been reported for [2-(1,2,3,
4-tetrahydronaphthalen-1-yl)ethyl]acetamide having a tetralin scaffold
[38]. Analysis of amino acids surrounding the co-crystallized agonist in
MT; and MT; receptors reveals elevated sequence identity (Fig. S5),
with conserved ligand-interacting residues. The larger MT, binding site
is mainly due to conformational differences in residue side chains. In
particular, a major cause for the larger volume in front of the pyrrole
portion of melatonin is the presence of a different amino acid in position
7.40. The bulky MT; tyrosine (Tyr282”-4%), compared with Leu295”4? in
the MTy receptor, prompts a more pronounced entrance of adjacent
Tyr7.39 (MT; Tyr281, MTy Tyr294) and Tyr7.43 (MT; Tyr285, MT,
Tyr298) within the binding site than in the MT, receptor [39]. This
larger MT, subpocket likely allows better accommodation of the tetra-
hydropyridine portion of N-acylaminoethyl-THQs, leading to the
observed moderate MTj selectivity.

3.2.2. Arrangement of 2-methyl group affects receptor binding affinity
The substituent in position 2 of the THQ scaffold was expected to
occupy a region of the receptor where bulky substituents (e.g., phenyl,
naphthyl, benzyl) are tolerated, potentially leading to an increase in
binding affinity and MT; selectivity. However, both the methyl (24a)
and the phenyl (24b) substituents showed reduced potency. To ratio-
nalize the decreased affinity, the enantiomers of 24a were docked into
MT; and MT; binding site. (R)-24a and (S)-24a established polar
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Fig. 2. A, B) Representative snapshots of thermodynamic integration simulations showing 3g (green, 4 = 0.0092) and UCM793 (pink, 4 = 0.9978) within the binding
site of MT; (orange, panel A) and MT, (purple, panel B) receptors. C) Free-energy profiles calculated from thermodynamic integration simulations: AG values were
retrieved at different A values during the alchemical transformation of 3g into UCM793 within the MT; (orange line and dots) and MT, (purple line and dots) re-
ceptors. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

interactions with binding site residues, i.e., hydrogen bonds between the
methoxy oxygen and Asn162/175%% in transmembrane helix (TM) 4
and between the side chain carbonyl and GIn181/194 in extracellular
loop 2 (ECL2). Additionally, the phenyl ring of the THQ scaffold formed
a n-stacking interaction with Phe179/192 in ECL2. The binding mode is
consistent with that observed for agonists co-crystallized with MT; and
MT5 receptors [2].

The favorite poses obtained for (R)-24a and (S)-24a were charac-
terized by the methyl group in an axial arrangement at both receptors
(Fig. S6). The stability of the binding poses was confirmed by molecular
dynamics (MD) simulations. During 200 ns-long MD, the orientation of
the methyl group selected by the docking procedure remained largely
preferred (Fig. 3). In the case of (R)-24a-MTj, (S)-24a-MT; and (S)-24a-
MT; complexes, for which no conformational changes of the THQ nu-
cleus were observed, MD simulations were repeated starting from con-
formations with equatorial methyl group. After a short time, ligand
conformation shifted to the axial methyl arrangement which was
maintained till the end of the simulation (Fig. S7).

To investigate the axial/equatorial preference of the substituent in

position 2, NMR experiments were performed for compounds 24a and
24b dissolved in chloroform. 'H NMR spectra supported a large preva-
lence of the methyl axial arrangement (Fig. S8). This conformational
preference was properly reproduced by our computational protocol. 2-
ps-long MD simulation of (S)-24a in a box of explicit chloroform resulted
in a largely preferred axial arrangement. A similar axial conformational
abundance was predicted in water (Fig. S9).

Given the preferred axial arrangement, the methyl group does not
occupy the region of the binding site reached by substituents in position
2 of indole ligands which show an increased potency. Investigation of
ligand-receptor complexes allowed us to identify the close proximity of
the axial methyl group of (R)-24a with the side chain of Tyr281,/2947-38,
and of the axial methyl group of (S)-24a with Val111,/124%36 in the MT,
receptor as the likely reason for the observed reduction of binding af-
finity brought by insertion of a substituent in position 2 of the THQ
nucleus (Fig. S6). In fact, melatonergic ligands are characterized by a
core scaffold with a reduced transverse cross-section, smaller than the
one generated by the axial methyl group which is oriented roughly
perpendicular to the THQ ring.
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3.2.3. Conformational enrichment explains receptor chiral recognition of
(5)-29 and (R)-29

Introduction of a methyl group on carbon § of the ethylamide side
chain, close to the THQ scaffold, differently affected binding affinity,
depending on the stereochemistry of the chiral carbon. (S)-29 was more
potent than (R)-29 at both receptors. We investigated if the difference in
binding affinity between the two enantiomers could be ascribed to a
higher abundance in solution of the binding conformations assumed by
the eutomer (S)-29. A similar behavior had already been observed for
B-methyl-substituted-N-anilinoethylamides. In this case, the methyl
group altered the conformational equilibria of the unsubstituted side
chain and induced an enrichment of the conformations observed in
docking poses for the eutomer, while conformations assumed by the
distomer bound to the receptor were disfavored [28]. To this end, (S)-29
and (R)-29 were docked into the MT; receptor binding site. The methyl
group of both enantiomers occupies the lipophilic pocket located at the
bottom of the ligand binding site, surrounded by residues Trp264%4%,
Va12045'42, Va11243'36, and Tle125%3%7 (Fig. S10). Distinct conformations
of the ethylamide side chain allow accommodation of the methyl group.
(5)-29 side chain assumes dihedral angles 11 (C8a-N-Cp-Ca) = —159°
and 12 (N-CB-Ca-Namide) = 156°, and (R)-29 11 = —61° and 12 =
—159° (see Fig. 4 for angle definitions). To access the available
conformational space of (S)-29 and (R)-29 in solution, a 2-ps-long MD
simulation of (S)-29 in a box of explicit water molecules was conducted.
The free energy surface (FES) obtained for (S)-29 as a function of
torsional angles 7; and T3, and the specular one corresponding to the FES
of (R)-29 are depicted in Fig. 4. The side chain conformation of the
eutomer (S)-29 docked into the MT3 receptor corresponds to a free en-
ergy minimum, indicated by the green star in Fig. 4; on the contrary, the
docked conformation of (R)-29 does not correspond to any energy
minimum. This result supports the conformational enrichment of the
ligand conformations able to bind the receptor as the reason for the
moderate stereoselectivity observed for p-methyl-THQ derivatives. To
investigate if the results obtained from molecular dynamics simulations
could be affected by the nature of the solvent (i.e., water) not consid-
ering the physiological ionic strength, we performed another 2-ps-long
MD simulation of (S)-29 in a box of solvent reproducing the same ionic
strength as the extracellular compartment [40]. No change in (S)-29
energy minima operated by the presence of ions was observed (Fig. S11).
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3.3. Subtype-selective modulators of melatonin receptors

Binding affinities of N-acylaminoethyl-THQs could be modulated
according to structure-activity relationships for melatonergic ligands
and rationalized with theoretical models of receptor-ligand interaction.
The new series provided compounds with limited MT5 selectivity. On the
other hand, a ligand with similar MT; and MT5 binding affinities could
be a suitable starting point for the preparation of compounds with
different behavior at the two receptors, i.e., agonist at one subtype and
antagonist at the other one. We therefore exploited the THQ nucleus and
known structure-activity relationships to investigate mixed agonist-
antagonist behavior.

5-HEAT (Table 2) is a 5-(2-hydroxyethoxy)indole derivative with the
ability to selectively activate the MT; receptor while acting as an
antagonist at the M T, subtype. Compared to melatonin, the hydrophilic
side chain, replacing the methoxy group, reduces binding affinity by
about one hundred times [41]. The peculiar behavior makes 5-HEAT a
useful pharmacological tool to dissect the distinct effects of MT; and
MT; activation and can represent a starting point for the development of
novel treatments for pathologies in which MT; and MT5 receptors play
an opposite role (see Introduction). Attempts to obtain 5-HEAT analogs
with improved potency were unsuccessful as introduction of different
groups in position 5 of the indole ring could improve binding affinity but
failed to replicate the MT;/MTj differential intrinsic activity of 5-HEAT
[42]. We therefore used the versatile THQ nucleus as a new scaffold to
obtain more potent MT; agonist/MT, antagonist compounds by insert-
ing a hydroxyethoxy chain in position 7, as well as a series of strict
structural analogs of the hydroxyethoxy chain. We selected polar sub-
stituents with similar size as potential bioisosteres to maintain, or
enhance, the different intrinsic activity and provide information about
interactions and role of the substituent. Additionally, a difluor-
oacetamide side chain was also evaluated as it was shown to increase
binding affinity on naphthalenic ligands [43,44]. Compounds 4e and 4d
showed different intrinsic activities at MT; and MT, receptors, with
higher binding affinity observed for the propionyl derivative compared
to the acetyl one. Compound 4d is characterized by the same intrinsic
activity profile as 5-HEAT and higher binding affinity at both receptor
subtypes. The benzo-oxazine scaffold was not as good, as compound 11
showed both lower binding affinity and difference in MT; and MTy
intrinsic activity. Compound 4f carrying the difluoroacetamide side
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Fig. 4. Top: definition of t; and 1, angles used for free energy calculation. Bottom left: free energy surface obtained for (S)-29 after 2 ps of molecular dynamics
simulation in a box of explicit water molecules. Bottom right: representation of the FES of (R)-29, obtained from that of (S)-29 with opposite values of 7, and 75
angles. The marker (star) indicates t; and 7, values associated with docking poses of (S)-29 and (R)-29.
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Table 2
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Binding affinity and intrinsic activity of 7-substituted N-acylaminoethyl-tetrahydroquinolines and analogs.

b A0 e L) e
HOV\O/GEQ R N HOL~o N HO_~o

NHCOCH;Z NHCOR? NHCOC,Hs NHCOCH;
5-HEAT 3b,c, 4d-f, 5, 11, 16 1 13
Compd. R[1] R[2] hMT; hMT,
pK;+SD* IA,+SD” pK;£SD* 1A£SD”

5-HEAT 7.46 + 0.11 0.57 + 0.062 7.34 +0.07 0.11 + 0.08
3b 0O(CHy),0Me CoHs 7.63 + 0.13 0.77 + 0.10 7.99 + 0.07 0.70 + 0.07
3c O(CHy)sF CoHs 8.05 + 0.15 0.78 + 0.05 8.27 + 0.06 0.82 + 0.05
4d,UCM1400 O(CH,),0H CoHs 7.94 + 0.07 0.42 + 0.05 8.11 + 0.06 0.06 + 0.10
4e O(CHy),0H CHs 7.06 + 0.08 0.44 + 0.08 7.18 + 0.05 0.25 + 0.07
af O(CH,),0H CHF, 7.62 + 0.14 0.46 + 0.06 8.11 + 0.05 0.09 + 0.08
5 OCH,CONH, CoHs 6.65 + 0.19 0.34 + 0.05 7.03 + 0.09 0.18 + 0.05
11 7.06 + 0.08 0.44 + 0.08 7.18 + 0.05 0.25 + 0.07
13 8.33 +0.08 0.48 + 0.06 8.47 + 0.07 0.15 + 0.13
16 O(CH,),SH CoHs 7.65 + 0.14 0.58 + 0.08 7.97 + 0.24 0.69 + 0.07

4 pK; values were calculated from ICsq values, obtained from competition curves by the method of Cheng and Prusoff [34] and are the mean of at least three de-
terminations performed in duplicate.
b The relative intrinsic activity values were obtained by dividing the maximum analogue-induced G protein activation by that of melatonin. Measurements were

performed in triplicate.

chain showed no increase in binding affinity and no change in the
intrinsic activity profile compared to 4d. Methylation of the hydroxyl
group in position 7 (3b) or replacement with a thiol (16) or CHyF group
(3c) produced a significant increase in intrinsic activity at both re-
ceptors, abolishing the differential behavior at the two receptor sub-
types. Amide derivatization (5) gave the greatest reduction of binding
affinity. Interestingly, the differential modulation of intrinsic activity
exerted by the hydroxyethoxy substituent does not appear to depend on
the specific scaffold of the melatonergic ligand, as a result consistent
with what observed for compound 4d and 5-HEAT was obtained through
decoration of the naphthalene nucleus of agomelatine (13).

Based on these results, we then investigated whether the hydrox-
yethoxy derivatives, i.e., the indole 5-HEAT and the THQ 4d, also
showed different functional behaviors at MT; and MT; receptors on
cAMP assays, in comparison with the methoxy derivatives melatonin
and 3g. In forskolin-stimulated MT;-and MTs-expressing cells, all tested
ligands modulated cAMP levels with distinct potency and efficacy pro-
files. Melatonin behaved as a full agonist at both receptors and was used
as the reference for intrinsic activity (Table 3). 3g showed a full
agonistic profile and very high potency at both MT; and MTj; receptors.
Both 4d and 5-HEAT showed near-full agonism at MT; with efficacy
slightly below that of melatonin, but, interestingly, only minimal ac-
tivity at MTo. Consistent with its very low intrinsic activity, the

Table 3
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Fig. 5. Dose-response curve of compound 4d (UCM1400) on melatonin-
induced inhibition of forskolin-stimulated cAMP accumulation in hMT, cells.
cAMP levels were normalized to the forskolin (1 pM) response (100 %), with 0
% representing the melatonin (1 nM)-induced inhibition. Data represent mean
+ SEM of n = 3 independent experiments.

Relative intrinsic activity (IA,)" and potency (pICso)” and of ligands at human melatonin receptors MT; and MT, in cAMP assays.

Compd. Intrinsic activity Agonist potency Antagonist potency
hMT; hMT, hMT; hMT, hMT,
1A,+SD 1A, +£SD pICs0+SD pICs0+SD pICs0+SD
1,melatonin 1.00 + 0.05 1.00 + 0.06 9.53 + 0.07 9.02 + 0.08
5-HEAT 0.83 + 0.07 0.13 + 0.04 7.62 + 0.05 7.43 £ 0.10
3g 0.97 + 0.06 1.04 £+ 0.04 9.20 + 0.04 9.75 + 0.07
4d,UCM1400 0.73 + 0.05 0.18 + 0.05 8.22 + 0.06 7.87 £ 0.12

? Intrinsic activity values were calculated relative to the maximal effect of melatonin (set as 1.00), with all compounds tested in the presence of 1 pM forskolin. Data

represent mean + SD from n = 3 independent experiments.

b pICs, values refer to the negative logarithm of the concentration producing 50 % of the maximal effect on the reduction of forskolin (1 pM)-stimulated cAMP levels,
except for 5-HEAT and 4d on MT, where pICs, values refer to the negative logarithm of the concentration producing 50 % restoration of forskolin (1 pM)-stimulated

cAMP from melatonin (1 nM)-induced inhibition.
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antagonistic behavior of 4d at MTj is further demonstrated by the dose-
response curve showing the inhibition of melatonin-induced cAMP
reduction (Fig. 5).

3.4. 3a and 4d (UCM1400) differently affect the MT5, but not MTj,
receptor conformation

To investigate the dynamic behavior of MT; and MT3 receptors in
complex with the subtype-selective mixed agonist-antagonist 4d, 2 ps-
long MD simulations were performed. The effect produced by 4d was
compared with that of the agonist 3a, which bears an analogous ethyl-
amide side chain but a methoxy group instead of the hydroxyethoxy
chain. Principal component analysis (PCA) [45] of the Ca atomic co-
ordinates from the last 1.5 ps of the four MD trajectories revealed clearly
distinct distributions of frames along the first principal component (PC1)
for MD simulations of 4d and 3a bound to the MT; receptor and an
overall overlapping distribution of conformational states for MT; com-
plexes with the two ligands (Fig. 6A). Analysis of the sum of squared
loadings for PC1 from a PCA conducted on trajectories of the MT> re-
ceptor complexes enabled the evaluation of the residue-wise contribu-
tion to the protein motions (Fig. 6B). The receptor region close to the
terminal CHOH group of the 2-hydroxyethoxy  sub-
stituent—encompassing portions of TM4 and TM5—exhibited relatively

A
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high values of the sum of squared loadings, especially in the case of TM5
residues (Fig. 6B and C). Additional regions of the protein also showed
elevated contributions. Notably, domains not in direct contact with the
ligand but located near the receptor-G protein interface, such as the
central portion of TM5, intracellular loop 3 (IL3), and the initial segment
of TM6, highly contributed to the motions captured by PC1, indicating
that these regions play a major role in defining the conformational dif-
ferences between the MT2-3a and MTy-4d complexes along PC1
(Fig. 6C). Taken together, these results suggest that binding of the
subtype-selective modulator 4d induces perturbations in regions of the
MT;, receptor not limited to the orthosteric binding site, but also in close
proximity to the G-protein interaction interface, promoting conforma-
tional changes distinct from those elicited by the agonist 3a.

3.5. MTj agonist-MT antagonist 4d (UCM1400) exerts anti-tumor effect

We investigated the effects of 4d (UCM1400), a compound that
selectively activates MT; and inhibits MT, receptors, a mechanism
previously shown to exert anti-tumor effects in vitro and in vivo [15].
Our results demonstrate that UCM1400 treatment dose-dependently
reduced the proliferation of HOG (Fig. 7A) and U87MG (Fig. 7B)
human glioma cell lines. Furthermore, continuous infusion of UCM1400
for 14 days

inhibited orthotopic U87MG tumor growth by
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Fig. 6. (A) PCA score plot showing the distribution of frames of MD simulations of MT; and MT, receptors in complex with 3a and 4d (sampled every 2 ns from the
final 1.5 ps of each simulation) projected onto PC1 and PC2. Colored dots correspond to different ligand-protein complexes (cyan: 4d—MT;; orange: 3a-MTj; violet:
4d-MTj; green: 3a-MT5). (B) Model of 4d (green carbon atoms) docked within M T, receptor (PDB ID: 7VHO); blue spheres indicate Ca of residues within 3.5 A of the
terminal CH,OH group of the 2-hydroxyethoxy substituent. Protein residues are colored by their contribution to the motions described by PC1, calculated as the sum
of squared loadings of Co atoms, with white and red indicating minimal and maximal contribution, respectively. (C) Residue-wise contribution to PC1 for MT,
receptor MD simulations (cyan trace), calculated as the sum of squared loadings of Ca atoms. Colored bars indicate the position of transmembrane helices; blue dots
indicate residues within 3.5 A of the ligand, and red-circled dots indicate residues within 3.5 A of the terminal CH,OH group of the 2-hydroxyethoxy substituent. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. UCM1400-induced simultaneous activation of MT; and inhibition of MT, receptors impairs glioma growth in vitro and in vivo. (A and B) High (HOG) and
Low (U87MG) melatonin glioma cell lines were cultured for 48 h with UCM1400 (107° - 3.107° M) or the respective vehicle (2 x 107 -2 x 1072 % DMSO). Cell
number was estimated by MTT assay, and values were normalized by the mean absorbance detected in the respective vehicle group. Data are shown as mean + SEM
of four independent experiments in quadruplicate, *P < 0.05 vs vehicle group. (C) Nude mice with pre-established U87MG orthotopic tumors received continuous
brain infusions of vehicle (0.2 % DMSO), 0.1 mM of 5-HEAT, UCM799 or UCM1400. Mice were euthanized 14 days after treatment initiation for tumor volume
evaluation. Values were normalized by the average tumor volume of all groups obtained on each of the five experimental days. Data are shown as mean + SEM, **P

< 0.001, ***P < 0.0001 according to independent “t” Student test.

approximately 70 %, a robust therapeutic effect comparable to that
observed with 5-HEAT and UCM799 (N-(2-(benzyl(3-methoxyphenyl)
amino)ethyl)acetamide, a N-anilinoethylamide derivative characterized
by the same subtype-selective mixed agonist-antagonist behavior [16])
(Fig. 7C).

4. Conclusions

N-Acylaminoethyl-THQs proved to be a versatile class of melato-
nergic ligands, amenable to modulation of binding affinity and intrinsic
activity and characterized by structure-activity relationships consistent
with those observed for other series of ligands [8,46]. Formal closure of
the N-anilinoethylamide structure into a THQ nucleus afforded com-
pounds endowed with nanomolar binding affinity and moderate MT»
receptor selectivity. Molecular modelling simulations allowed to char-
acterize the role of the THQ scaffold and of substituents, with investi-
gation of conformational and configurational aspects responsible for
modulation of binding affinity.

Replacement of the methoxy group with a 2-hydroxyethoxy sub-
stituent afforded compound 4d (UCM1400) having an MT; agonist-MT,
antagonist profile and higher MT; and MT, binding affinities than those
recorded for 5-HEAT. UCM1400 exhibited significant in vitro anti-
proliferative effects on glioma cell lines and reduced in vivo tumor
growth, highlighting the clinical potential of subtype-selective modu-
lators of melatonin receptors in brain cancer therapy.

5. Experimental section
5.1. Chemistry

5.1.1. General procedures

Melting points were determined on a Buchi B-540 capillary melting
point apparatus and are uncorrected. 'H NMR and '3C NMR spectra
were recorded on a Bruker AVANCE 200, 400, or Bruker Avance Neo
Ascend 600, using CDCl3 as solvent unless stated otherwise. Chemical
shifts (6 scale) are reported in parts per million (ppm) relative to the
central peak of the solvent; coupling constants (J) are given in hertz
(Hz). ESI MS spectra were taken on a Waters Micromass ZQ instrument;
molecular ions [M+H]" are given. High-resolution mass spectrometry
(HRMS) analysis was performed on Orbitrap Exploris 240 Mass
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Spectrometer (Thermo Fisher Scientific), molecular ions [M+H]" are
given. Optical rotation analysis was performed using a Perkin-Elmer 241
polarimeter using a sodium lamp (4 589 nm, p-line), a values were
determined at 20 °C and are reported in 10! deg cm? g ~1; concentration
(c) is in g per 100 mL. Enantiomeric purity was determined by HPLC on
the following apparatus: Shimadzu LC-10AT (liquid chromatograph),
Shimadzu SPD-10A (UV detector), Shimadzu C-R6A Chromatopac
(integrator). The purity of tested compounds, determined by HPLC, was
greater than 95 %. These analyses were performed on a Waters HPLC/
DAD/MS system (separation module Alliance HT2795, Photo Diode
Array Detector 2996, mass detector Micromass ZQ; software: MassLynx
4.1) using Gemini® C6-Phenyl column (1500 mm x 4.6 mm i.d., 5-pm
particle size). Linear gradient of 0.1 % formic acid aqueous solution and
acetonitrile 40/60 to 100 % acetonitrile for 8 min then 100 % acetoni-
trile for 2 min. HPLC settings were as follows: flow rate, 1.0 mL/min;
injection volume, 10.0 pL; detector wavelength, 254 nm. Column
chromatography purifications were performed under “flash” conditions
using Merck 230-400 mesh silica gel. Analytical thin-layer chromatog-
raphy (TLC) was carried out on Merck silica gel 60 Fas4 plates. All
commercially available starting materials and solvents are reagent grade
and used without further purification.

5.1.1.1. General procedure for O-alkylation of 7-hydroxy-1,2,3,4-tet-
rahydroquinoline. NaH (60 % in mineral oil, 0.04 g, 1 mmol) was added
to a stirred solution of 7-hydroxy-1,2,3,4-tetrahydroquinoline (163 mg,
1 mmol) in dry DMF (1.8 mL) at —10 °C under N, atmosphere. After 30
min the opportune alkyl halide (1 mmol) was added to the reaction
mixture and the stirring continued at room temperature for a further 6 h.
The mixture was poured into ice-cooled water and extracted with EtOAc.
The combined organic phases were washed with brine, dried (Na3SO4),
and evaporated to give a crude residue that was purified by flash
chromatography.

5.1.1.2. General procedure for reductive N-alkylation of derivatives 2a-g.

TFA (1 mL) and TES (0.4 mL, 2.5 mmol) were added to a solution of the
opportune tetrahydroquinoline intermediate 2a-g (1 mmol) and
appropriate acetal (1.4 mmol) in DCM (2 mL), and the resulting mixture
was stirred at room temperature for 2 h under a nitrogen atmosphere.
After cooling to 0 °C, the reaction mixture was carefully neutralized with
an aqueous saturated solution of NaHCO3 and diluted with DCM. The
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aqueous phase was extracted with DCM and the combined organic
phases were washed with brine and dried over Na3SO4. The solvent was
removed by distillation, and the crude residue was purified by column
chromatography.

5.1.1.3. General procedure for the reduction of the carboxymethyl group of
3d-f. LiAlH4 (0.08 g, 2.10 mmol) was added in small portions to an ice-
cooled stirred solution of the opportune carboxymethyl derivative 3d-f
(1 mmol) in dry THF (12 mL) under N3. Upon completion of the addi-
tion, the mixture was stirred at 0 °C for 1 h, then HyO was carefully
added to destroy the unreacted LiAlHy4, and the resulting mixture was
filtered through a celite pad. The filtrate was concentrated in vacuo, and
the residue was partitioned between H,O and EtOAc. The combined
organic phases were washed with brine, dried (Na;SO4), and evaporated
to yield the crude desired product that was purified by flash
chromatography.

5.1.1.4. General procedure for hydrogenation of nitriles and concomitant
N-acylation of 23a-b. A solution of the opportune nitrile derivative
(0.23 mmol), in THF (12 mL) and propionic anhydride (0.28 mL, 2.2
mmol) was hydrogenated (4 atm) over Raney Nickel for 6 h at 60 °C. The
catalyst was filtered on Celite, the filtrate was concentrated in vacuo, and
the residue was partitioned between EtOAc and 2 N NaOH. The organic
layer was washed with brine, dried (Na;SO4) and evaporated under
reduced pressure to give a crude material of the desired product.

5.1.2. Compound synthesis and characterization

5.1.2.1. 7-(2-Methoxyethoxy)-1,2,3,4-tetrahydroquinoline (2b). This
product was prepared according to the above-described general pro-
cedure using 1-bromo-2-methoxyethane as alkylating agent. Flash
chromatography: silica gel, DCM/EtOAc 9:1 as eluent. Oil, 70 % yield.
'H NMR (400 MHz, CDCly) 6: 6.84 (d, 1H, J = 8.0 Hz), 6.22 (dd, 1H, J =
2.5 and 8.0 Hz), 6.08 (d, 1H, J = 2.5 Hz), 4.07-4.07 (m, 2H), 3.81 (brs,
1H), 3.73-3.71 (m, 2H), 3.44 (s, 3H), 3.29-3.26 (m, 2H), 2.70 (t, 2H, J =
6.5 Hz), 1.95-1.89 (m, 2H). ESI MS (m/z): 208 [M+H] .

5.1.2.2. 7-(3-Fluoropropoxy)-1,2,3,4-tetrahydroquinoline (2¢). This
product was prepared according to the above-described general pro-
cedure using 1-fluoro-3-iodopropane as alkylating agent. Flash chro-
matography: silica gel, cyclohexane/EtOAc 7:3 as eluent. Oil, 63 %
yield. 'H NMR (400 MHz, CDCls) &: 6.84 (d, 1H, J = 8.0 Hz), 6.20 (dd,
1H, J = 2.5 and 8.0 Hz), 6.05 (d, 1H, J = 2.5 Hz), 4.63 (dt, 2H, J = 6.0
and 47.0 Hz), 4.03 (t, 2H, J = 6.0 Hz), 3.83 (brs, 1H), 3.30-3.27 (m, 2H),
2.70 (t, 2H, J = 6.5 Hz), 2.20-2.07 (m, 2H), 1.95-1.89 (m, 2H). ESI MS
(m/z): 210 [M+H]".

5.1.2.3. Methyl 2-[(1,2,3,4-tetrahydroquinolin-7-yl)oxy]lacetate (2d).
This product was prepared according to the above-described general
procedure using methyl chloroacetate as alkylating agent. Flash chro-
matography: silica gel, cyclohexane/EtOAc 7:3 as eluent. Oil, 62 %
yield. 'H NMR (400 MHz, CDCls) &: 6.84 (d, 1H, J = 8.0 Hz), 6.17 (dd,
1H, J = 2.5 and 8.0 Hz), 6.06 (d, 1H, J = 2.5 Hz), 4.57 (s, 2H), 3.80 (s,
3H), 3.65 (brs, 1H), 3.28-3.25 (m, 2H), 2.69 (t, 2H, J = 6.5 Hz), 1.94-
1.88 (m, 2H). ESI MS (m/2): 222 [M+H]".

5.1.2.4. N-{2-[7-methoxy-3,4-dihydroquinolin-1(2H)-yl]ethyl}propiona-

mide (3a). This product was prepared according to the above-described
general procedure starting from 2a and using N-(2,2-dimethoxyethyl)
propionamide [21] as acetal. Flash chromatography: silica gel, cyclo-
hexane/EtOAc 4:6 as eluent. White solid, mp 67-8 °C (diethyl ether-
petroleum ether); 55 % yield. H NMR (400 MHz, CDCls3) &: 6.86 (d,
1H, J = 8.0 Hz), 6.25 (d, 2H, J = 2.0 Hz), 6.19 (dd, 1H, J = 2.0 and 8.0
Hz), 5.65 (brs, 1H), 3.77 (s, 3H), 3.51-3.47 (m, 2H), 3.42-3.39 (m,2H),
3.28 (t, 2H, J = 5.5 Hz), 2.71 (t, 2H, J = 6.5 Hz), 2.19 (q, 2H, J = 7.5 Hz),
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1.96-1.90 (m, 2H), 1.14 (t, 3H, J = 7.5 Hz). *C NMR (100 MHz, CDCl3)
6:174.0,159.3, 146.1, 129.7,115.2, 100.6, 97.4, 55.2, 50.6, 49.7, 36.7,
29.7,27.3, 22.4,9.7. ESIMS (m/z) 263 [M+H]*. HPLC purity 100 % (tg
3.03).

5.1.2.5. N-{2-[7-(2-methoxyethoxy)-3,4-dihydroquinolin-1(2H)-yl]ethyl}
propionamide (3b). This product was prepared according to the above-
described general procedure starting from 2b and using N-(2,2-dime-
thoxyethyl)propionamide [21] as acetal. Flash chromatography: silica
gel, cyclohexane/EtOAc 3:7 as eluent. Beige solid, 40 % yield. 'H NMR
(400 MHz, CDCl3) é: 6.82 (d, 1H, J = 8.0 Hz), 6.25 (d, 1H, J = 2.5 Hz),
6.16 (dd, 1H, J = 2.5 and 8.0 Hz), 6.03 (brt, 1H), 4.08-4.06 (m, 2H),
3.72-3.70 (m, 2H), 3.47-3.41 (m, 2H), 3.42 (s, 3H), 3.38-3.34 (m, 2H),
3.25(t, 2H, J = 5.5 Hz), 2.67 (t, 2H, J = 6.5 Hz), 2.19 (q, 2H, J = 7.5 Hz),
1.92-1.86 (m, 2H), 1.11 (t, 3H, J = 7.5 Hz). 13C NMR (100 MHz, CDCl3)
6:174.6,158.4,145.8,129.7,115.7, 101.5, 98.5, 71.2, 67.1, 59.1, 50.6,
49.6, 36.7, 29.6, 27.2, 22.1, 9.7. ESI MS (m/2): 307 [M+H]*. HPLC
purity 100 % (tg 2.93).

5.1.2.6. N-{2-[7-(3-fluoropropoxy)-3,4-dihydroquinolin-1(2H)-yl]ethyl}
propionamide (3c). This product was prepared according to the above-
described general procedure starting from 2c and using N-(2,2-dime-
thoxyethyl)propionamide [21] as acetal. Flash chromatography: silica
gel, EtOAc/cyclohexane 7:3 as eluent. White solid, mp 87-8 °C (diethyl
ether/petroleum ether); 39 % yield. 'H NMR (400 MHz, CDCl3) 6: 6.85
(d, 1H, J = 8.0 Hz), 6.23 (d, 1H, J = 2.5 Hz), 6.17 (dd, 1H, J = 2.5 and
8.0 Hz), 5.66 (brt, 1H), 4.64 (dt, 2H, J = 6.0 and 47.0 Hz), 4.07 (t, 2H, J
= 6.0 Hz), 3.51-3.46 (m, 2H), 3.42-3.38 (m, 2H), 3.30-3.27 (m, 2H),
2.70 (t, 2H, J = 6.5 Hz), 2.22-2.09 (m, 4H), 1.96-1.90 (m, 2H), 1.14 (t,
3H, J = 7.5 Hz). 3C NMR (100 MHz, CDCl3) 6: 174.0, 158.5, 146.2,
129.8, 115.4, 101.2, 98.0, 81.0 (J = 163.0 Hz), 63.4, 50.6, 49.7, 36.8,
30.5 (J = 20 Hz), 29.7, 27.3, 22.4, 9.7. ESI MS (m/z): 309 [M+H]".
HPLC purity 98.5 % (tg 3.40).

5.1.2.7. Methyl 2-{[1-(2-propionamidoethyl)-1,2,3,4-tetrahydroquinolin-
7-ylloxy}acetate (3d). This product was prepared according to the
above-described general procedure starting from 2d and using N-(2,2-
dimethoxyethyl)propionamide [21] as acetal. Flash chromatography:
silica gel, gradient from cyclohexane/EtOAc 3:7 to EtOAc. Oil, 62 %
yield. 'H NMR (400 MHz, CDClg) 6: 6.82 (d, 1H, J = 8.0 Hz), 6.25 (d, 1H,
J = 2.5 Hz), 6.09 (brt, 1H), 6.06 (dd, 1H, J = 2.5 and 8.0 Hz), 4.58 (s,
2H), 3.79 (s, 3H), 3.45-3.40 (m, 2H), 3.37-3.34 (m, 2H), 3.27 (t, 2H, J =
5.5 Hz), 2.66 (t, 2H, J = 6.5 Hz), 2.19 (q, 2H, J = 7.5 Hz), 1.92-1.86 (m,
2H), 1.13 (t, 3H, J = 7.5 Hz). ESI MS (m/2): 321 [M+H]".

5.1.2.8. Methyl 2-{[1-(2-acetamidoethyl)-1,2,3,4-tetrahydroquinolin-7-
ylloxy}acetate (3e). This product was prepared according to the above-
described general procedure starting from 2d and using N-(2,2-dime-
thoxyethyl)acetamide [22] as acetal. Flash chromatography: silica gel,
cyclohexane/EtOAc 3:7 as eluent. Oil, 57 % yield. 'H NMR (400 MHz,
CDCly) 6: 6.84 (d, 1H, J = 8.0 Hz), 6.29 (d, 1H, J = 2.5 Hz), 6.10 (dd, 1H,
J = 2.5 and 8.0 Hz), 5.74 (brs, 1H), 4.61 (s, 2H), 3.80 (s, 3H), 3.48-3.43
(m, 2H), 3.40-3.37 (m, 2H), 3.28 (t, 2H, J = 5.5 Hz), 2.69 (t, 2H, J = 6.5
Hz), 1.97 (s, 3H), 1.96-1.88 (m, 2H). ESI MS (m/2): 307 [M+H]".

5.1.2.9. Methyl 2-{[1-(2-(2,2-difluoroacetamido)ethyl)-1,2,3,4-tetrahy-
droquinolin-7-ylJoxy}acetate (3f). Methyl difluoroacetate (0.38 mL,
4.32 mmol) was added to a solution of 2,2-dimethoxyethanamine (0.52
mL, 4.8 mmol) in acetonitrile (4.8 mL) and the mixture was stirred at
room temperature for 48 h. After evaporation of volatiles under vacuum
the crude residue was purified by flash chromatography (DCM/MeOH
99:1 as eluent) to afford pure N-(2,2-dimethoxyethyl)-2,2-difluor-
oacetamide as an oil; yield 85 %. 1H NMR (400 MHz, CDCl3) §: 6.70 (brs,
1H), 5.89 (t, 1H, J = 53.0 Hz), 4.40 (t, 1H, J = 5.5 Hz), 3.42 (m, 2H),
3.37 (s, 6H). This acetal was used for the synthesis of 3f that was
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accomplished according to the general procedure of reductive N-alkyl-
ation above-described starting from 2d. Flash chromatography: silica
gel, cyclohexane/EtOAc 7:3 as eluent. Oil, 43 % yield. 'H NMR (400
MHz, CDCls) &: 6.87 (d, 1H, J = 8.0 Hz), 6.54 (brs, 1H), 6.28 (d, 1H, J =
2.5Hz),6.14 (dd, 1H, J = 2.5 and 8.0 Hz), 5.89 (t, 1H, J = 54.0 Hz), 4.61
(s, 2H), 3.80 (s, 3H), 3.60-3.55 (m, 2H), 3.48-3.43 (m, 2H), 3.29 (t, 2H, J
=5.5Hz), 2.70 (t, 2H, J = 6.5 Hz), 1.96-1.90 (m, 2H). ESI MS (m/2): 343
[M+H]™.

5.1.2.10. N-[2-(7-methoxy-3,4-dihydroquinolin-1(2H)-yDethyl]acet-
amide (3g). This product was prepared according to the above-
described general procedure starting from 2a and using N-(2,2-dime-
thoxyethyl)acetamide [22] as acetal. Flash chromatography: silica gel,
EtOAc/cyclohexane 7:3 as eluent. Beige solid, mp 80-1 °C (diethyl
ether/petroleum ether); 48 % yield. H NMR (400 MHz, CDCl3) é: 6.87
(d, 1H, J = 8.0 Hz), 6.25 (d, 1H, J = 2.5 Hz), 6.18 (dd, 1H, J = 2.5 and
8.0 Hz), 5.65 (brs, 1H), 3.78 (s, 3H), 3.49-3.45 (m, 2H), 3.42-3.38 (m,
2H), 3.29 (t, 2H, J = 5.5 Hz), 2.70 (t, 2H, J = 6.5 Hz), 1.97 (s, 3H), 1.96-
1.90 (m, 2H). '3C NMR (150 MHz, CDCl3) 5: 170.4, 159.3, 145.9, 129.8,
115.5,101.0, 97.7, 55.3, 50.9, 49.6, 36.8, 27.2, 23.3, 22.2. ESI MS (m/
2): 249 [M+H]*. HPLC purity 100 % (tg 2.72). HRMS (ESI): m/z
calculated for C14H21N2O9, [M-+H]" 249.1603; found 249.1598.

5.1.2.11. N-{2-[7-(2-hydroxyethoxy)-3,4-dihydroquinolin-1(2H)-yl]
ethyl}propionamide (4d). This product was prepared following the
above-described general procedure starting from 3d. Flash chromatog-
raphy: silica gel, EtOAc as eluent. Amorphous solid, 88 % yield. 'H NMR
(400 MHz, CDCl3) é: 6.85 (d, 1H, J = 8.0 Hz), 6.38 (d, 1H, J = 2.5 Hz),
6.17 (dd, 1H, J = 2.5 and 8.0 Hz), 5.69 (brs, 1H), 4.12-4.09 (m, 2H),
3.95-3.91 (m, 2H), 3.49-3.44 (m, 2H), 3.41-3.37 (m, 2H), 3.30-3.27 (m,
2H), 2.70 (t, 2H, J = 6.5 Hz), 2.55 (brt, 1H), 2.21 (q, 2H, J = 7.5 Hz),
1.96-1.90 (m, 2H), 1.15 (t, 3H, J = 7.5 Hz). 13C NMR (100 MHz, CDCl3)
6:174.3,158.4,146.1,129.7,115.4,101.8, 97.8, 69.1, 61.3, 50.6, 49.7,
36.6, 29.6, 27.3, 22.4. ESI MS (m/2): 293 [M+H]". HPLC purity 100 %
(tg 2.37). HRMS (ESI): m/z calculated for CigHsNoOs, [M-+H]"
293.1865; found 293.1862.

5.1.2.12. N-{2-[7-(2-hydroxyethoxy-3,4-dihydroquinolin-1(2H)-yl]ethyl}
acetamide (4e). This product was prepared following the above-
described general procedure starting from 3e. Flash chromatography:
silica gel, EtOAc as eluent. Amorphous solid; 83 % yield. 'H NMR (400
MHz, CDCl5) &: 6.85 (d, 1H, J = 8.0 Hz), 6.39 (d, 1H, J = 2.5 Hz), 6.19
(dd, 1H, J = 2.5 and 8.0 Hz), 5.98 (brs, 1H), 4.10-4.08 (m, 2H), 3.94-
3.91 (m, 2H), 3.47-3.36 (m, 4H), 3.29 (t, 2H, J = 5.5 Hz), 2.70 (t, 2H,
J=6.5Hz),1.99 (s, 3H), 1.97-1.90 (m, 2H). 13C NMR (100 MHz, CDCl3)
5:170.8,158.4,145.7,129.8, 115.6, 102.4, 98.3, 69.2, 61.3, 50.9, 49.6,
36.6, 27.1, 23.2, 22.1. ESI MS (m/z): 279 [M+H]". HPLC purity 100 %
(tg 2.22).

5.1.2.13. 2,2-Difluoro-N-{2-[7-(2-hydroxyethoxy)-3,4-dihydroquinolin-1
(2H)-yl]ethyl}acetamide (4f). This product was prepared following the
above-described general procedure starting from 3f. Flash chromatog-
raphy: silica gel, cyclohexane/EtOAc 3:7 as eluent. Yellow solid, 54 %
yield. 'H NMR (400 MHz, CDCl3) é: 6.87 (d, 1H, J = 8.0 Hz), 6.56 (brs,
1H), 6.28 (d, 1H, J = 2.5 Hz), 6.20 (dd, 1H, J = 2.5 and 8.0 Hz), 5.89 (t,
1H, J = 54.0 Hz), 4.09-4.07 (m, 2H), 3.95-3.93 (m, 2H), 3.60-3.55 (m,
2H), 3.47-3.43 (m, 2H), 3.29 (t, 2H, J = 5.5 Hz), 2.71 (t, 2H, J = 6.5 Hz),
2.13 (brt, 1H), 1.97-1.91 (m, 2H). 3C NMR (100 MHz, CDCls) &: 163.1
(t, J = 24.5 Hz), 158.3, 145.7, 129.9, 115.8, 108.4 (t, J = 250.5 Hz),
101.8, 98.1, 69.2, 61.4, 50.1, 49.9, 36.4, 27.2, 22.3. ESI MS (m/2): 315
[M+H]*. HPLC purity 95.4 % (tg 2.72).

5.1.2.14. 2-{[1-(2-Acetamidoethyl)-1,2,3,4-tetrahydroquinolin-7-yl]oxy}
propionamide (5). A solution of methyl 2-{[1-(2-propionamidoethyl)-
1,2,3,4-tetrahydroquinolin-7-yl]oxy}acetate 3d (160 mg, 0.5 mmol) in
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2 M NHj3 in EtOH (12.8 mmol, 6.4 mL) was stirred at room temperature
for 24 h. The solvent was evaporated under reduced pressure and the
oily residue was purified by flash chromatography (EtOAc/MeOH 3 % as
eluent) and crystallization. White solid, mp 165-7 °C (EtOAc); 64 %
yield. H NMR (600 MHz, DMSO-dg) &: 7.88 (brt, 1H), 7.36 (brd, 2H),
6.75 (d, 1H, J = 8.0 Hz), 6.28 (d, 1H, J = 2.5 Hz), 6.06 (dd, 1H, J = 2.5
and 8.0 Hz), 4.33 (s, 2H), 3.27-3.19 (m, 6H), 2.59 (t, 2H, J = 6.5 Hz),
2.06 (q, 2H, J = 7.5 Hz), 1.82-1.78 (m, 2H), 0.98 (t, 3H, J = 7.5 Hz). 13¢
NMR (150 MHz, DMSO-dg): § 173.6, 170.8, 157.8, 146.1, 129.6, 115.4,
101.4,98.0, 67.3, 50.3, 49.4, 35.8, 29.0, 27.3, 22.3, 10.3. ESI MS (m/2):
306 [M+H]". HPLC purity 96.4 % (tg 2.23).

5.1.2.15. N-{2-[7-hydroxy-3,4-dihydroquinolin-1(2H)-yl]ethyl}propiona-
mide (6). A solution of 1 M BBr3 in DCM (0.9 mL, 0.9 mmol) in dry DCM
(3.5 mL) was added dropwise at 0 °C to a solution of N-{2-[7-methoxy-
3,4-dihydroquinolin-1(2H)-yl]ethyl}propionamide 3a (120 mg, 0.46
mmol) in dry DCM (3.5 mL) stirred under nitrogen atmosphere. The
resulting mixture was stirred 20 h at room temperature, quenched by
adding an aqueous saturated solution of NaHCO3 until neutral pH and
then extracted with DCM. The organic phases were combined, washed
with brine, dried (NazSO4) and concentrated under reduced pressure to
give a crude material which was purified by flash chromatography over
silica gel (cyclohexane/EtOAc 2:8 as eluent). Yellowish solid, mp 119-
20 °C (EtOAc-petroleum ether); 74 % yield. 1 NMR (200 MHz, CDCl3)
§:6.80(d, 1H,J=8.0Hz), 6.27 (d, 2H, J = 2.5Hz), 6.13 (dd, 1H,J=2.5
and 8.0 Hz), 5.78 (brs, 1H), 3.48-3.39 (m, 4H), 3.29-3.25 (m, 2H), 2.68
(t, 2H, J = 6.0 Hz), 2.23 (q, 2H, J = 7.5 Hz), 1.95-1.91 (m, 2H), 1.16 (t,
3H, J = 7.5 Hz). ESI MS (m/z) 249 [M+H] ™.

5.1.2.16. N-{2-[7-(4-phenylbuthoxy)-3,4-dihydroquinolin-1(2H)-yl]
ethyl}propionamide (7). NaH (80 % in mineral oil, 9 mg, 0.3 mmol) and
1-bromo-4-phenylbutane (98 mg, 81 pl, 0.46 mmol) were added at
—10 °C under nitrogen to a solution of N-{2-[7-hydroxy-3,4-dihy-
droquinolin-1(2H)-yl]ethyl}propionamide 6 (70 mg, 0.28 mmol) in dry
DMF (2 mL). The reaction mixture was stirred 6 h at room temperature,
quenched by adding water and then extracted with EtOAc. The organic
phases were combined, washed with brine, dried (NaySO4) and
concentrated under reduced pressure to give a crude material which was
purified by flash chromatography over silica gel (cyclohexane/EtOAc
2:8 as eluent). White solid, mp 82-3 °C (diethyl ether-petroleum ether);
92 % yield. 'H NMR (400 MHz, CDCl3) : 7.17-7.31 (m, 5H), 6.84 (d,
1H, J = 8.0 Hz), 6.21 (d, 2H, J = 2.5 Hz), 6.15 (dd, 1H, J = 2.5 and 8.0
Hz), 5.62 (brs, 1H), 3.95-3.92 (m, 2H), 3.50-3.45 (m, 2H), 3.41-3.38 (m,
2H), 3.29-3.26 (m, 2H), 2.71-2.67 (m, 4H), 2.18 (q, 2H, J = 7.5 Hz),
1.95-1.89 (m, 2H), 1.82-1.78 (m, 4H), 1.13 (t, 3H, J = 7.5 Hz). 3¢ NMR
(50 MHz, CDCl3) &: 173.9, 158.7, 146.1, 142.3, 129.7, 128.4, 128.3,
125.7,115.2,101.1, 98.1, 67.6, 50.6, 49.7, 36.8, 35.6, 29.7, 29.0, 27.9,
27.3, 22.4, 9.7. ESI MS (m/z) 381 [M+H]". HPLC purity 97.6 % (tg
5.54).

5.1.2.17. N-[2-(6-methoxy-2,3-dihydro-4H-benzo[b][1,4]oxazin-4-yl)
ethyl]propionamide (8). This product was prepared according to the
above-described general procedure for reductive N-alkylation starting
from commercially available 6-methoxy-3,4-dihydro-2H-benzo[b][1,4]
oxazine and using N-(2,2-dimethoxyethyl)propionamide [21] as acetal.
Flash chromatography: silica gel, cyclohexane/EtOAc 3:7 as eluent.
White solid, mp 104-5 °C (diethyl ether/petroleum ether); 29 % yield.
'H NMR (400 MHz, CDCl3) é: 6.71 (d, 1H, J = 8.5 Hz), 6.33 (d, 1H, J =
3.0 Hz), 6.18 (dd, 1H, J = 3.0 and 8.5 Hz), 5.74 (brs, 1H), 4.19-4.16 (m,
2H), 3.75 (s, 3H), 3.52-3.47 (m, 2H), 3.42-3.36 (m, 4H), 2.19 (q, 2H, J =
7.5 Hz), 1.14 (t, 3H, J = 7.5 Hz). '3C NMR (100 MHz, CDCl3) &: 174.1,
154.8, 138.3, 135.2, 116.6, 101.8, 99.2, 64.0, 55.6, 50.4, 47.5, 36.6,
29.7, 9.7. ESI MS (m/z): 265 [M+H]*. HPLC purity 100 % (tg 2.72).
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5.1.2.18. Methyl 2-[(3,4-dihydro-2H-benzo[b][1,4]oxazin-6-yl)oxy]ace-
tate (9). This product was prepared according to the above-described
general procedure of O-alkylation starting from commercially avail-
able 3,4-dihydro-2H-benzo[b][1,4]oxazin-6-ol and using methyl chlor-
oacetate as alkylating agent. Flash chromatography: silica gel,
cyclohexane/EtOAc 1:1 as eluent. Oil, 73 % yield. 'H NMR (400 MHz,
CDCls) &: 6.68 (d, 1H, J = 8.5 Hz), 6.21 (dd, 1H, J = 3.0 and 8.5 Hz),
6.18 (d, 1H, J = 3.0 Hz), 4.55 (s, 2H), 4.22-4.20 (m, 2H), 3.82 (brs, 1H),
3.80 (s, 3H), 3.42-3.40 (m, 2H). ESI MS (m/2): 224 [M+H] ™.

5.1.2.19. Methyl 2-{[4-(2-propionamidoethyl)-3,4-dihydro-2H-benzo[b]
[1,4]oxazin-6-yl]oxy}acetate (10). This product was prepared according
to the above-described general procedure for reductive N-alkylation
starting from 9 and using N-(2,2-dimethoxyethyl)propionamide [21] as
acetal. Flash chromatography: silica gel, EtOAc as eluent. Amorphous
solid, 52 % yield. 'H NMR (400 MHz, CDCl3) &: 6.68 (d, 1H, J = 8.5 Hz),
6.39 (d, 1H, J = 3.0 Hz), 6.10 (dd, 1H, J = 3.0 and 8.5 Hz), 5.74 (brt,
1H), 4.57 (s, 2H), 4.17-4.15 (m, 2H), 3.80 (s, 3H), 3.50-3.45 (m, 2H),
3.41-3.36 (m, 4H), 2.19 (q, 2H, J = 7.5 Hz), 1.14 (t, 3H, J = 7.5 Hz). ESI
MS (m/2): 323 [M+H] ™.

5.1.2.20. N-{2-[6-(2-hydroxyethoxy)-2,3-dihydro-4H-benzo[b][1,4]oxa-
zin-4-yl]ethyl}propionamide (11). This product was prepared following
the above-described general procedure of reduction of the carbox-
ymethyl group starting from 10. Flash chromatography: silica gel,
EtOAc as eluent. Oil; 64 % yield. H NMR (400 MHz, CDCl3) é: 6.69 (d,
1H, J = 8.5 Hz), 6.45 (d, 1H, J = 3.0 Hz), 6.18 (dd, 1H, J = 3.0 and 8.5
Hz), 5.69 (brs, 1H), 4.19-4.17 (m, 2H), 4.07-4.05 (m, 2H), 3.94-3.90 (m,
2H), 3.50-3.36 (m, 6H), 2.45 (brt, 1H), 2.21 (q, 2H, J = 7.5 Hz), 1.15 (t,
3H, J = 7.5 Hz). 3C NMR (100 MHz, CDCly) &: 174.4, 153.9, 138.4,
135.5, 116.5, 102.7, 99.6, 69.7, 64.2, 61.4, 50.1, 47.5, 36.6, 29.6, 9.7.
ESI MS (m/z): 295 [M+H]". HPLC purity 98.8 % (tg 2.29).

5.1.2.21. Methyl 2-{[8-(2-acetamidoethyl)naphthalen-2-yl]oxy}acetate
(12). This product was prepared following the above-described general
procedure of O-alkylation starting from N-[2-(7-hydroxynaphtalen-1-yl)
ethyllacetamide [23] and using methyl chloroacetate as alkylating
agent. Flash chromatography: silica gel, EtOAc as eluent. Amorphous
solid; 76 % yield. TH NMR (400 MHz, CDCl3) 6: 7.80 (d, 1H, J = 9.0 Hz),
7.72-7.69 (m, 1H), 7.46 (d, 1H, J = 2.5 Hz), 7.32-7.29 (m, 2H), 7.25 (dd,
1H, J = 2.5 and 9.0 Hz), 4.85 (s, 2H), 3.84 (s, 3H), 3.61-3.56 (m, 2H),
3.23 (t, 2H, J = 7.0 Hz), 1.98 (s, 3H). ESI MS (m/z): 302 [M+H]".

5.1.2.22. N-{2-[7-(2-hydroxyethoxy)naphthalen-1-yl]ethyl}acetamide
(13). This product was prepared following the above-described general
procedure of reduction of the carboxymethyl group starting from 12.
Flash chromatography: silica gel, EtOAc-5 % MeOH as eluent. Off-white
solid, 77 % yield. 'H NMR (400 MHz, CDClg) &: 7.76 (d, 1H, J = 9.0 Hz),
7.69-7.67 (m, 2H), 7.30-7.24 (m, 2H), 7.18 (dd, 1H, J = 2.5 and 9.0 Hz),
6.03 (brs, 1H), 4.36 (t, 2H, J = 5.5 Hz), 4.04 (t, 2H, J = 5.5 Hz), 3.60-
3.55 (m, 2H), 3.27-3.22 (m, 2H), 2.83 (brs, 1H), 2.02 (s, 3H). 1°C
NMR (100 MHz, CDCl3) &: 170.9, 157.1, 133.4, 133.2, 130.3, 129.4,
127.2,127.1, 123.2, 118.7, 103.5, 69.1, 60.8, 40.6, 33.7, 23.3. ESI MS
(m/2): 274 [M+H]". HPLC purity 100 % (tg 2.47).

5.1.2.23. S-(2-{[1-(2-propionamidoethyl)-1,2,3,4-tetrahydroquinolin-7-

ylloxy}ethyl) ethanethioate (14). A solution of P(Ph); (59 mg, 0.22
mmol) and DIAD (46 mg, 0.22 mmol) in dry THF (0.55 mL) was stirred
at 0 °C for 30 min. To this mixture, a solution of 4d (42 mg, 0.14 mmol)
and thioacetic acid (17 mg, 0.22 mmol) in dry THF (0.2 mL) was added
at 0 °C and the stirring continued at room temperature for 18 h. The
reaction was quenched by the addition of a saturated solution of NH4Cl
and then extracted with EtOAc. The combined organic phases were dried
over NaySOy, the solvent removed by distillation and the crude residue
purified by flash chromatography (cyclohexane/EtOAc 6:4 as eluent).
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Amorphous solid, 83 % yield. 'H NMR (400 MHz, CDCl3) 6: 6.83 (d, 1H,
J=8.0Hz), 6.29 (d, 1H, J = 2.5 Hz), 6.14 (dd, 1H, J = 2.5 and 8.0 Hz),
5.81 (brs, 1H), 4.08-4.05 (m, 2H), 3.49-3.47 (m, 2H), 3.45-3.42 (m, 2H),
3.40-3.28 (m, 2H), 3.23 (t, 2H, J = 7.0 Hz), 2.70-2.67 (m, 2H), 2.37 (s,
3H), 2.19(q, 2H, J=7.5Hz), 1.94-1.91 (m, 2H), 1.14 (t, 3H, J=7.5 Hz).

5.1.2.24. Bis(2-{[1-(2-propionamidoethyl)-1,2,3,4-tetrahydroquinolin-7-
ylJoxy}ethyldisulfide (15). Sodium methoxide (10 mg, 0.18 mmol) was
added to a solution of 14 (42 mg, 0.12 mmol) in dry MeOH (0.24 mL)
and the resulting mixture was stirred at room temperature for 16 h. The
reaction was quenched by addition of 2 N HCI and then extracted with
DCM. The combined organic phases were dried over Na,SO4 and the
solvent removed by distillation. The crude residue was purified by flash
chromatography (EtOAc as eluent). Amorphous solid, 65 % yield. 'H
NMR (400 MHz, CDCl3) &: 6.83 (d, 2H, J = 8.0 Hz), 6.22 (d, 2H, J = 2.5
Hz), 6.16 (dd, 2H, J = 2.5 and 8.0 Hz), 5.88 (brt, 2H), 4.23-4.20 (m, 4H),
3.47-3.43 (m, 4H), 3.42-3.35 (m, 4H), 3.29-3.27 (m, 4H), 3.09-3.06 (m,
4H), 2.69 (t, 4H, J = 6.5 Hz), 2.19 (q, 4H, J = 7.5 Hz), 1.94-1.91 (m, 4H),
1.13 (t, 6H, J = 7.5 Hz).

5.1.2.25. N-{2-[7-(2-mercaptoethoxy)-3,4-dihydroquinolin-1(2H)-yl]
ethyl}propionamide (16). To a solution of 15 (24 mg, 0.04 mmol) and
TCEP (12 mg, 0.041 mmol) in dry MeOH (0.3 mL) was added acetate
buffer (pH = 4.76, 70 pL) and the resulting mixture was stirred at 45 °C
for 4 h. The reaction was quenched with water and extracted with DCM
and EtOAc. The combined organic phases were dried over Na,SO4 and
the solvent removed by distillation. Orange solid, 81 % yield. 'H NMR
(400 MHz, CDCl3) é: 6.83 (d, 1H, J = 8.0 Hz), 6.24 (d, 1H, J = 2.5 Hz),
6.13 (dd, 1H, J = 2.5 and 8.0 Hz), 5.72 (brt, 1H), 4.09-4.06 (m, 2H),
3.48-3.43 (m, 2H), 3.40-3.36 (m, 2H), 3.28-3.25 (m, 2H), 2.88-2.83 (m,
2H), 2.68 (t, 2H, J = 6.5 Hz), 2.18 (q, 2H, J = 7.5 Hz), 1.94-1.88 (m, 2H),
1.71-1.67 (m, 1H, J = 8.5 Hz), 1.13 (t, 3H, J = 7.5 Hz). '3C NMR (100
MHz, CDCl3) &: 174.0, 158.1, 146.2, 129.7, 115.6, 101.3, 98.1, 69.5,
50.5, 49.6, 36.7, 29.7, 27.3, 24.0, 22.3, 9.8. ESI MS (m/z): 309 [M+H] .
HPLC purity 100 % (tg 3.67).

5.1.2.26. (R,S)-4-(4-methoxy-2-nitrophenylbut-3-yn-2-ol [(R,S)-17a].
Cul (20 mg, 0.1 mmol), PdCly(PPhg); (65 mg, 0.093 mmol) and (R,S)-
but-3-yn-2-ol (280 pl, 3.6 mmol) were added to a solution of 1-iodo-4-
methoxy-2-nitrobenzene (500 mg, 1.8 mmol) in dry EtsN (4.5 mL).
The resulting mixture was stirred under nitrogen atmosphere at 60 °C for
40 min, then it was quenched by adding water and extracted with
EtOAc. The organic phases were combined, washed with brine, dried
(NazSO4) and concentrated under reduced pressure to give a crude
material which was purified by flash chromatography over silica gel
(DCM/EtOAc 95:5 as eluent). Beige solid, 88 % yield. 'H NMR (200
MHz, CDCl3) &: 7.52 (d, 1H, J = 8.5 Hz), 7.55 (d, 1H, J = 2.5 Hz), 7.15
(dd, 1H, J = 2.5 and 8.5 Hz), 4.81 (q, 1H, J = 6.5 Hz), 3.90 (s, 3H), 1.90
(brs, 1H), 1.59 (d, 3H, J = 6.5 Hz). ESI MS (m/z) 239 [M + NH4]".

5.1.2.27. (R)-4-(4-methoxy-2-nitrophenyl)but-3-yn-2-ol [(R)-17a]. This
product was obtained starting from (R)-but-3-yn-2-ol according to the
procedure above described. Beige solid, mp 65-6 °C (diethyl ether-
petroleum ether); 87 % yield. 'H NMR and ESI MS data were in agree-
ment with those reported for the racemate (R,S)-17a.

5.1.2.28. (S)-4-(4-methoxy-2-nitrophenyDbut-3-yn-2-ol [(S)-17a]. This
product was obtained starting from (S)-but-3-yn-2-ol according to the
procedure above described. Beige solid, mp 66-7 °C (diethyl ether-
petroleum ether); 70 % yield. 'H NMR and ESI MS data were in agree-
ment with those reported for the racemate (R,S)-17a.

5.1.2.29. (R,S)-4-(2-amino-4-methoxyphenyl)butan-2-ol [(R,S)-18a]. A
solution of alcohol (R,S)-17a (485 mg, 2.2 mmol), in absolute EtOH (35
mL) was hydrogenated (5 atm) over Pd/C 10 % (110 mg) for 24 h at



A. Bedini et al.

room temperature. The catalyst was filtered on Celite, the filtrate was
concentrated in vacuo, and the residue was purified by flash chroma-
tography over silica gel (cyclohexane/EtOAc 6:4 as eluent). Yellow
solid, mp 56-7 °C (diethyl ether-petroleum ether); 93 % yield. 'H NMR
(200 MHz, CDCl3) &: 6.96 (d, 1H, J = 8.0 Hz), 6.33 (dd, 1H, J = 2.0 and
8.0 Hz), 6.28 (d, 1H, J = 2.0 Hz), 3.85-3.75 (m, 1H), 3.76 (s, 3H), 2.63-
2.55 (m, 2H), 1.76-1.66 (m, 2H), 1.23 (d, 3H, J = 6.0 Hz). ESI MS (m/z)
196 [M+H] ™.

5.1.2.30. (R)-4-(2-amino-4-methoxyphenyl)butan-2-ol [(R)-18a]. This
product was obtained starting from (R)-17a according to the procedure
above described. Beige solid, mp 70-1 °C (diethyl ether-petroleum
ether); 72 % yield. 'H NMR and ESI MS data were in agreement with
those reported for the racemate (R,S)-18a.

5.1.2.31. (S)-4-(2-amino-4-methoxyphenyl)butan-2-ol  [(S)-18a]. This
product was obtained starting from (S)-17a according to the procedure
above described. Beige solid, mp 69-70 °C (diethyl ether-petroleum
ether); 66 % yield. 'H NMR and ESI MS data were in agreement with
those reported for the racemate (R,S)-18a.

5.1.2.32. (R,S)-4-[4-methoxy-2-(2,2,2-trifluoroacetamido)phenyl]butan-
2-yl 2,2,2-trifluoroacetate [(R,S)-19a] and (R,S)-2,2,2-trifluoro-N-[2-(3-
hydroxybutyl)-5-methoxyphenyl]acetamide [(R,S)-20a]. EtsN (182 pl,
1.3 mmol) and trifluoroacetic anhydride (156 pl, 1.12 mmol) were
added under nitrogen at 0 °C to a solution of (R,S)-18a (220 mg, 1.13
mmol) in dry DCM (6.5 mL). The resulting mixture was stirred for 15
min, then it was quenched by adding water and extracted with EtOAc.
The organic phases were combined, washed with brine, dried (NaSO4)
and concentrated under reduced pressure to give a crude material which
was purified by flash chromatography over silica gel (DCM/EtOAc 98:2
as eluent).

(R,S)-19a: oil; 30 % yield. 'H NMR (200 MHz, CDCl3) 6: 7.75 (brs,
1H), 7.29 (d, 1H, J=2.5Hz), 7.14 (d, 1H, J = 8.5 Hz), 6.83 (dd, 1H, J =
2.5 and 8.5 Hz), 5.19-5.07 (m, 1H), 3.82 (s, 3H), 2.65-2.49 (m, 2H),
2.01-1.86 (m, 2H), 1.41 (d, 3H, J = 6.5 Hz). ESI MS (m/z) 405 [M +
NH,4]™.

(R,S)-20a: oil; 55 % yield. 'H NMR (200 MHz, CDCl3) &: 10.16 (brs,
1H), 7.46 (d, 1H,J=2.5Hz), 7.12(d, 1H, J = 8.5 Hz), 6.78 (dd, 1H, J =
2.5 and 8.5 Hz), 3.82 (s, 3H), 3.57 (brs, 1H), 2.90-2.59 (m, 2H), 1.79-
1.70 (m, 2H), 1.24 (d, 3H, J = 6.0 Hz). ESI MS (m/z) 292 [M+H]".

5.1.2.33. (R)-2,2,2-trifluoro-N-[2-(3-hydroxybutyl)-5-methoxyphenyl]
acetamide [(R)-20a] and (S)-2,2,2-trifluoro-N-[2-(3-hydroxybutyl)-5-
methoxyphenyl]acetamide [(S)-20a]. These products were obtained
starting from (R) or (S)-18a according to the procedure above described
for (R,S)-20a. H NMR and ESI MS data were in agreement with those
reported for the racemate.

5.1.2.34. Conversion of (R,S)-, (R)- or (S)-19a into (R,S)-, (R)- or (S)-
20a. NaH (60 % in mineral oil, 120 mg, 3 mmol) was added to a so-
lution of (R,S)-, (R)- or (S)-19a (580 mg, 1.5 mmol) in dry DMF (7 mL) at
0 °C under nitrogen. The reaction mixture was stirred at room temper-
ature for 3 h then it was quenched by adding water and extracted with
EtOAc. The organic phases were combined, washed with brine, dried
(NaySO4) and concentrated under reduced pressure to give a crude
material which was purified by flash chromatography over silica gel
(cyclohexane/EtOAc 8:2 as eluent). 'H NMR and ESI MS data of the
product were in agreement to those reported for the corresponding (R,
S)-, (R)- or (S)-alcohols 20a, 85-90 % yield.

5.1.2.35. (R,S)-4-[4-methoxy-2-(2,2,2-trifluoroacetamido)phenyl]butan-

2-yl-methanesulfonate [(R,S)-21a]. Mesyl chloride (233 pl, 3 mmol) and
pyridine (233 pl, 2.9 mmol) were added under nitrogen atmosphere at
0 °C to a solution of (R,S)-20a (220 mg, 0.76 mmol) in dry DCM (3.5
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mL). The resulting mixture was stirred at room temperature overnight,
then it was quenched by adding water and extracted with EtOAc. The
organic phases were combined, washed with brine, dried (NaSO4) and
concentrated under reduced pressure to give a crude material which was
purified by flash chromatography over silica gel (cyclohexane/EtOAc
6:4 as eluent). White solid, mp 70-1 °C (diethyl ether-petroleum ether);
79 % yield. TH NMR (200 MHz, CDCl3) 6: 8.23 (brs,1H), 7.20 (d, 1H, J =
2.5Hz),7.21 (d, 1H, J=8.5Hz), 6.85 (dd, 1H, J = 2.5 and 8.5 Hz), 4.87-
4.78 (m, 1H), 3.82 (s, 3H), 3.04 (s, 3H), 2.73-2.65 (m, 2H), 2.02-1.91 (m,
2H), 1.46 (d, 3H, J = 6.5 Hz). ESI MS (m/z) 387 [M + NH4]™.

5.1.2.36. (R)-4-[4-methoxy-2-(2,2,2-trifluoroacetamido)phenyl]butan-2-
yl-methanesulfonate [(R)-21a]. This product was obtained starting from
(R)-20a according to the procedure above described. White solid, mp
79-80 °C (diethyl ether-petroleum ether); 84 % yield. 'H NMR and ESI
MS data were in agreement with those reported for the racemate (R,S)-
2la.

5.1.2.37. (S)-4-[4-methoxy-2-(2,2,2-trifluoroacetamido)phenyl]butan-2-

yl-methanesulfonate [(S)-21a]. This product was obtained starting from
(S)-20a according to the procedure above described. White solid, mp 80-
1 °C (diethyl ether-petroleum ether); 47 % yield. 'H NMR and ESI MS
data were in agreement with those reported for the racemate (R,S)-21a.

5.1.2.38. (R,S)-7-methoxy-2-methyl-1,2,3,4-tetrahydroquinoline [(R,S)-
22a]. NaH (60 % in mineral oil, 74 mg, 1.83 mmol) was added under
nitrogen at 0 °C to a solution of methanesulfonate (R,S)-21a (460 mg,
1.25 mmol) in dry DMF (5.7 mL). The resulting mixture was stirred at
room temperature for 8 h, then it was quenched by adding water and
extracted with EtOAc. The organic phases were combined, washed with
brine, dried (Na»SO4) and concentrated under reduced pressure to give a
crude material which was purified by flash chromatography over silica
gel (cyclohexane/EtOAc 7:3 as eluent). White solid, 65 % yield. Exper-
imental data were in agreement with those previously reported [47].

5.1.2.39. (R)-7-methoxy-2-methyl-1,2,3,4-tetrahydroquinoline [(R)-
22a]. This product was obtained starting from (S)-21a according to the
procedure above described. White solid, mp 86-7 °C (petroleum ether);
90 % yield. 'H NMR and ESI MS data were in agreement with those
reported for the racemate (R,S)-22a.

5.1.2.40. (S)-7-methoxy-2-methyl-1,2,3,4-tetrahydroquinoline [(S)-
22a]. This product was obtained starting from (R)-21a according to the
procedure above described. White solid, mp 83-4 °C (petroleum ether);
90 % yield. 'H NMR and ESI MS data were in agreement with those
reported in literature [48.].

5.1.2.41. (R,S)-7-methoxy-2-phenyl-1,2,3,4-tetrahydroquinoline [(R,S)-
22b]. A solution of 7-methoxy-2-phenylquinoline (200 mg, 0.85 mmol)
[24] in THF (5 mL) was hydrogenated (5 atm) over Raney Nickel for 6 h
at 60 °C. The catalyst was filtered on Celite, the filtrate was concentrated
in vacuo, and the residue purified by silica gel flash chromatography
(cyclohexane/EtOAc 9:1 as eluent). Oil; 67 % yield. 1 NMR (200 MHz,
CDClg) &: 7.41-7.30 (m, 5H), 6.93 (d, 1H, J = 8.0 Hz), 6.28 (dd, 1H, J =
2.0 and 8.0 Hz), 6.14 (d, 1H, J = 2.0 Hz), 4.44 (dd, 1H, J = 4.0 and 8.0
Hz), 4.13 (brs, 1H), 3.77 (s, 3H), 2.90-2.62 (m, 2H), 2.13-1.98 (m, 2H).
ESI MS (m/2) 240 [M+H] ™.

5.1.2.42. (R,S)-2-[7-methoxy-2-methyl-3,4-dihydroquinolin-1(2H)-yl]

acetonitrile [(R,S)-23a]. Bromoacetonitrile (72 pl, 0.77 mmol) was
added to a solution of (R,S)-22a (100 mg, 0.56 mmol) in DMF (1.7 mL).
The resulting mixture was stirred at 100 °C under nitrogen atmosphere
for 7 h, then it was quenched by adding water and extracted with EtOAc.
The organic phases were combined, washed with brine, dried (NasSO4)
and concentrated under reduced pressure to give a crude material which
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was purified by flash chromatography over silica gel (cyclohexane/
EtOAc 9:1 as eluent). Oil; 50 % yield. 'H NMR (200 MHz, CDCl3) 6: 6.96
(d, 1H, J = 8.0 Hz), 6.34 (dd, 1H, J = 2.0 and 8.0 Hz), 6.23 (d, 1H, J =
2.0 Hz), 4.24 (d, 1H, J = 18.0 Hz), 4.11 (d, 1H, J = 18.0 Hz), 3.81 (s,
3H), 3.58-3.50 (m, 1H), 2.79-2.63 (m, 2H), 2.08-1.91 (m, 1H), 1.86-1.72
(m, 1H), 1.28 (d, 3H, J = 6.5 Hz). ESI MS (m/z) 217 [M+H]".

5.1.2.43. (R)-2-[7-methoxy-2-methyl-3,4-dihydroquinolin-1(2H)-yl]
acetonitrile [(R)-23a]. This product was obtained starting from (R)-22a
according to the procedure above described. Oil; 50 % yield. 'H NMR
and ESI MS data were in agreement with those reported for the racemate
(R,S)-23a.

5.1.2.44. (S)-2-[7-methoxy-2-methyl-3,4-dihydroquinolin-1(2H)-yl]
acetonitrile [(S)-23a]. This product was obtained starting from (S)-22a
according to the procedure above described. Oil; 42 % yield. 'H NMR
and ESI MS data were in agreement with those reported for the racemate
(R,S)-23a.

5.1.2.45. (R,S)-2-[7-methoxy-2-phenyl-3,4-dihydroquinolin-1(2H)-yl]
acetonitrile [(R,S)-23b]. Bromoacetonitrile (130 pl, 1.9 mmol), a cata-
lytic amount of KI and K3COs3 (87 mg, 0.42 mmol) were added to a so-
lution of 7-methoxy-2-phenyl-1,2,3,4-tetrahydroquinoline (R,S)-22b
(100 mg, 0.42 mmol) in dry DMF (1.7 mL) and the resulting mixture was
heated at 80 °C under nitrogen atmosphere for 16 h. The reaction
mixture was poured into water and then extracted with EtOAc. The
organic phases were combined, washed with brine, dried (Na;SO4) and
concentrated under reduced pressure to give a crude material that was
purified by silica gel flash chromatography (cyclohexane/EtOAc 8:2 as
eluent). Oil; 58 % yield. 'H NMR (200 MHz, CDCls) &: 7.44-7.30 (m, 5H),
7.00 (d, 1H, J = 8.0 Hz), 6.43-6.38 (m, 2H), 4.53-4.48 (m, 1H), 4.19 (d,
1H, J = 18.0 Hz), 3.90 (d, 1H, J = 18.0 Hz), 3.84 (s, 3H), 2.78-2.62 (m,
2H), 2.28-2.01 (m, 2H). ESI MS (m/z) 279 [M+H] ™.

5.1.2.46. (R,S)-N-{2-[7-methoxy-2-methyl-3,4-dihydroquinolin-1(2H)-

yl]ethyl}propionamide [(R,S)-24a]. This product was obtained starting
from nitrile (R,S)-23a according to the procedure above described. Flash
chromatography over silica gel (cyclohexane/EtOAc 4:6 as eluent).
White solid, mp 115-6 °C (diethyl ether-petroleum ether); 83 % yield. 'H
NMR (400 MHz, CDs0D) é: 6.81 (d, 1H, J = 8.0 Hz), 6.30 (d, 1H, J = 2.5
Hz), 6.12 (dd, 1H, J = 2.5 and 8.0 Hz), 3.75 (s, 3H), 3.52 (ddq, 1H, J; =
Jo=4.5and 6.5 Hz), 3.47-3.27 (m, 4H), 2.77 (ddd, 1H, J = 5.5, 12.0 and
16.0 Hz), 2.60 (ddd, 1H, J; =~ J2 = 4.5 and 16.0 Hz), 2.20 (q, 2H, J = 7.5
Hz), 1.88 (dddd, 1H, J; ~ J; = 4.5 and J3 ~ J4 = 12.5 Hz), 1.76 (dddd,
1H,J; ~J;=4.5,5.5and 12.5Hz), 1.15 (d, 3H, J = 6.5 Hz), 1.13 (t, 3H,
J=7.5Hz). 3¢ NMR (100 MHz, CD30D) 6: 176.0, 159.3, 144.6, 128.92,
128.90, 114.2, 96.9, 65.6, 54.2, 52.6, 36.7, 28.8, 27.8, 22.6, 17.5, 9.0.
ESI MS (m/z) 277 [M+H]". Analytical HPLC analysis on a Chiralcel
(Chiralpak) AD-H column, using hexane/i-PrOH 9:1 as eluent, at 308 nm
and a flow rate = 1.0 mL/min. Retention time 7.59 and 9.84; ee = 0 %.

5.1.2.47. (R)-N-{2-[7-methoxy-2-methyl-3,4-dihydroquinolin-1(2H)-yl]
ethyl}propionamide [(R)-24a]. This product was obtained starting from
nitrile (R)-23a according to the procedure above described. Flash
chromatography over silica gel (cyclohexane/EtOAc 4:6 as eluent).
White solid, mp 96-7 °C (diethyl ether-petroleum ether); 65 % yield. 'H
NMR, !3C NMR and ESI MS data were in agreement to those reported for
the racemate (R,S)-24a. [(x]%o = +47.23 (c 0.487 in CHCl3). The enan-
tiomeric purity of the product was determined by analytical HPLC
analysis on a Chiralcel (Chiralpak) AD-H column, using hexane/i-PrOH
9:1 as eluent, at 308 nm and a flow rate = 1.0 mL/min. Retention time
7.80 min, ee > 99 %. HRMS (ESI): m/z calculated for CigHa5N202,
[M+H]" 277.1916; found 277.1909.

16

European Journal of Medicinal Chemistry 303 (2026) 118445

5.1.2.48. (S)-N-{2-[7-methoxy-2-methyl-3,4-dihydroquinolin-1(2H)-yl]
ethyl}propionamide [(S)-24a]. This product was obtained starting from
nitrile (S)-23a according to the procedure above described. Flash
chromatography over silica gel (cyclohexane/EtOAc 4:6 as eluent).
White solid, mp 95-7 °C (diethyl ether-petroleum ether); 96 % yield. 'H
NMR, *3C NMR and ESI MS data were in agreement to those reported for
the racemate (R,S)-24a. [(x]%o = —47.39 (¢ 0.517 in CHCIl3). The enan-
tiomeric purity of the product was determined by analytical HPLC
analysis on a Chiralcel (Chiralpak) AD-H column, using hexane/i-PrOH
9:1 as eluent, at 308 nm and a flow rate = 1.0 mL/min. Retention time
10.17 min, ee > 99 %. HRMS (ESI): m/z calculated for C;gH25N204,
[M+H]" 277.1916; found 277.1907.

5.1.2.49. (R,S)-N-{2-[7-methoxy-2-phenyl-3,4-dihydroquinolin-1(2H)-
yl]ethyl}propionamide [(R,S)-24b]. This product was obtained starting
from nitrile (R,S)-23b according to the procedure above described. Flash
chromatography over silica gel (cyclohexane/EtOAc 4:6 as eluent).
White solid, mp 110-1 °C (EtOAc-petroleum ether); 85 % yield. 'H NMR
(400 MHz, CD30D) &: 7.30-7.12 (m, 5H), 6.79 (d, 1H, J = 8.0 Hz), 6.45
(d, 1H,J =2.5Hz), 6.15 (dd, 1H, J = 2.5 and 8.0 Hz), 4.63 (dd, 1H, J; =
J2 = 4.5 Hz), 3.78 (s, 3H), 3.59-3.52 (m, 1H), 3.41-3.29 (m, 2H), 3.14-
3.07 (m, 1H), 2.49 (ddd, 1H, J; ~ J2 = 4.5 and 15.5 Hz), 2.38 (ddd, 1H, J
= 4.5, 12.0 and 15.5 Hz), 2.16-2.07 (m, 2H), 2.18 (q, 2H, J = 7.5 Hz),
1.99 (dddd, 1H, J; ~ J2 ~ J3 4.5 and 12.5 Hz), 1.07 (t, 3H, J = 7.5 Hz).
13C NMR (50 MHz, CDCly) 6: 173.9, 159.5, 145.6, 143.7, 129.6, 128.5,
127.1,126.6,115.1,100.7,97.2, 61.9, 55.3, 49.9, 37.0, 29.6, 29.2, 22.8,
9.7. ESI MS (m/z) 339 [M+H]". HPLC purity 96.7 % (tg 4.34).

5.1.2.50. (R,S)-methyl 2-(trifluoromethylsulfonyloxy)propanoate [(R,S)-
25]. A solution of methyl-(R,S)-lactate (0.38 ml, 3.3 mmol) in dry DCM
(9 mL) was cooled to —15 °C and treated with trifluoromethane sulfonic
anhydride (0.77 mL, 4.6 mmol) and 2,6-lutidine (0.53 mL, 4.6 mmol)
under an N, atmosphere. After stirring at room temperature for 16 h, the
reaction mixture was concentrated to yield an oil residue that was pu-
rified by flash chromatography (cyclohexane/EtOAc 8:2 as eluent). Oil,
70 % yield. Characterization data (1H NMR and 3C NMR) were in
agreement with those reported in literature for the (S)-enantiomer [25].

5.1.2.51. (R,S)-methyl 2-[7-methoxy-3,4-dihydroquinolin-1(2H)-yl]prop-
anoate [(R,S)-26]. 2,6-Lutidine (333 mg, 3.1 mmol) and (R,S)-25
(700 mg, 3 mmol) were added dropwise under nitrogen to a stirred
solution of 7-methoxy-1,2,3,4-tetrahydroquinoline (440 mg, 2.7 mmol)
in dry CH3CN (12 mL). The resulting mixture was stirred 16 h at 70 °C,
then quenched by adding water and extracted with EtOAc. The organic
phases were combined, washed with brine, dried (NaySO4) and
concentrated under reduced pressure to give a crude material which was
purified by flash chromatography over silica gel (cyclohexane/EtOAc
9:1 as eluent). Oil; 82 % yield. H NMR (200 MHz, CDCl5) §: 6.89 (d, 1H,
J = 8.0 Hz), 6.21-6.17 (m, 2H), 4.49 (q, 1H, J = 7.0 Hz), 3.76 (s, 3H),
3.72 (s, 3H), 3.36-3.26 (m, 2H), 2.76-2.67 (m, 2H), 1.99-1.87 (m, 2H),
1.50 (d, 3H, J = 7.0 Hz). ESI MS (m/z) 250 [M+H]".

5.1.2.52. (R)-methyl 2-[7-methoxy-3,4-dihydroquinolin-1(2H)-yl]propa-
noate [(R)-26]. This product was obtained starting from (S)-methyl 2-
(trifluoromethanesulfonyloxy)propanoate [25] using the procedure
above described for (R,S)-26. Oil; 78 % yield. 1 NMR and ESI MS data
were in agreement with those reported for the racemate (R,S)-26.

5.1.2.53. (S)-methyl 2-[7-methoxy-3,4-dihydroquinolin-1(2H)-yl]propa-
noate [(S)-26]. This product was obtained starting from (R)-methyl 2-
(trifluoromethanesulfonyloxy)propanoate [26] using the procedure
above described for (R,S)-26. Oil; 78 % yield. 'H NMR and ESI MS data
were in agreement with those reported for the racemate (R,S)-26.



A. Bedini et al.

5.1.2.54. (R,S)-2-[7-methoxy-3,4-dihydroquinolin-1(2H)-yl]propan-1-ol

[(R,S)-27]. A solution of (R,S)-26 (200 mg, 0.8 mmol) in dry THF (4
mL) was added dropwise at 0 °C to a suspension of LiAlH4 (31 mg, 0.8
mmol) in dry THF (3 mL) stirred under nitrogen atmosphere. The
resulting mixture was stirred at room temperature for 1 h, then it was
quenched by adding at 0 °C EtOAc and H0, and then filtered on Celite.
The filtrate was extracted with EtOAc, the organic phases were com-
bined, washed with brine, dried (NaSO4) and concentrated under
reduced pressure to give a crude material which was purified by flash
chromatography over silica gel (cyclohexane/EtOAc 7:3 as eluent). Oil;
97 % yield. 'H NMR (200 MHz, CDCl3) &: 6.91 (d, 1H, J = 8.0 Hz), 6.41
(d, 1H, J = 2.0 Hz), 6.24 (dd, 1H, J = 2.0 and 8.0 Hz), 4.17-4.02 (m, 1H),
3.78 (s, 3H), 3.75-3.61 (m, 2H), 3.20-3.05 (m, 2H), 2.78-2.71 (m, 2H),
1.96-1.87 (m, 2H), 1.12 (d, 3H, J = 6.5 Hz). ESI MS (m/z) 222 [M+H] .

5.1.2.55. (R)-2-[7-methoxy-3,4-dihydroquinolin-1(2H)-yl]propan-1-ol
[(R)-27]. This product was obtained starting from (R)-26 and using the
procedure above described for (R,S)-27. Oil; 93 % yield. 1H NMR and ESI
MS data were in agreement with those reported for the racemate (R,S)-
27.

5.1.2.56. (S)-2-[7-methoxy-3,4-dihydroquinolin-1(2H)-yl]propan-1-ol
[(S)-27]. This product was obtained starting from (S)-26 and using the
procedure above described for (R,S)-27. Oil; 93 % yield. 11{ NMR and ESI
MS data were in agreement with those reported for the racemate (R,S)-
27.

5.1.2.57. (R)-2-{2-[7-methoxy-3,4-dihydroquinolin-1(2H)-yl]propyl}-iso-
indoline-1,3-dione [(R)-28]. A solution of DCAD (250 mg, 0.68 mmol) in
dry THF (2.7 mL) was added dropwise to a solution of alcohol (R)-27
(100 mg, 0.45 mmol), phthalimide (100 mg, 0.68 mmol) and PPhg (178
mg, 0.68 mmol) in dry THF (1.8 mL) stirred under nitrogen. The
resulting mixture was stirred at room temperature for 24 h, then the
solvent was evaporated under reduced pressure and the residue taken up
with DCM. The solid was removed by filtration, the filtrate evaporated
under reduced pressure and the residue purified by flash chromatog-
raphy over silica gel (cyclohexane/EtOAc 9:1 as eluent). Oil; 47 % yield.
'H NMR (200 MHz, CDClg) &: 7.81-7.65 (m, 4H), 6.73 (d, 1H, J = 8.0
Hz), 6.40 (d, 1H, J = 2.0 Hz), 6.02 (dd, 1H, J = 2.0 and 8.0 Hz), 4.85-
4.59 (m, 1H), 4.03-3.86 (m, 1H), 3.73 (s, 3H), 3.63 (dd, 1H, J = 6.5
and 15.0 Hz), 3.38-3.13 (m, 2H), 2.67-2.60 (m, 2H), 1.93-1.81 (m, 2H),
1.27 (d, 3H, J = 6.5 Hz). ESI MS (m/z) 351 [M+H]™.

5.1.2.58. (S)-2-{2-[7-methoxy-3,4-dihydroquinolin-1(2H)-yl]propyl}-iso-
indoline-1,3-dione [(S)-28]. This product was obtained starting from
alcohol (S)-27 according to the procedure above described. Oil; 52 %
yield. 'H NMR and ESI MS data were in agreement with those reported
for the (R)-enantiomer.

5.1.2.59. (R)-N-{2-[7-methoxy-3,4-dihydroquinolin-1(2H)-yl]propyl}
propionamide [(R)-29]. Glacial acetic acid (28 mg, 0.46 mmol) and
NH,;NH; H20 (45 pl, 0.92 mmol) were added to a solution of (R)-28 (80
mg, 0.23 mmol) in dry CH3OH (2.6 mL) and the resulting mixture was
stirred under reflux for 4 h. The solid was filtered and the filtrate
evaporated under reduced pressure to yield a residue which was taken
up with EtOAc and extracted twice with 2 N HCl. The aqueous phases
were combined, basified with a saturated aqueous solution of NaHCO3
and extracted with EtOAc. The organic phases were combined, washed
with brine, dried (NazSO4) and concentrated under reduced pressure to
give a crude material which was used without any further purification.
Propionic anhydride (23 pl, 0.2 mmol) was added to a solution of the
crude above amine and Et3N (36 pl, 0.26 mmol) in dry THF (1.2 mL).
The resulting mixture was stirred 1 h at room temperature, then the
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solvent was evaporated under reduced pressure to yield a crude residue
which was purified by flash chromatography over silica gel (cyclo-
hexane/EtOAc 6:4 as eluent). Oil; 81 % yield. 'H NMR (400 MHz, CDCl3)
5:6.89 (d, 1H,J=8.0Hz), 6.34 (d, 1H, J = 2.5 Hz), 6.20 (dd, 1H, J = 2.5
and 8.0 Hz), 5.58 (brs, 1H), 4.13-4.05 (m, 1H), 3.77 (s, 3H), 3.57-3.49
(m, 1H), 3.32-3.25 (m, 1H), 3.11-3.05 (m, 2H), 2.78-2.64 (m, 2H),
2.13 (q, 2H, J = 7.5 Hz), 1.93-1.88 (m, 2H), 1.16 (d, 3H, J = 6.5 Hz),
1.09 (t, 3H, J = 7.5 Hz). 13C NMR (50 MHz, CDCl3) &: 173.8, 159.2,
146.7,129.9,116.4,100.8,98.1, 55.2, 51.1, 41.7, 40.2, 29.6, 27.5, 22.6,
14.3, 9.8. ESI MS (m/z) 277 [M+H]". The enantiomeric purity of the
product was determined by analytical HPLC analysis on a Chiralcel
(Chiralpak) OD-H column, using hexane/i-PrOH 8:2 as eluent, at 307 nm
and a flow rate = 1.0 mL/min. Retention time 9.73, ee = 84 %. [a] [20]p
= —2.11 (c 0.640 in CHCl3).

5.1.2.60. (S)-N-{2-[7-methoxy-3,4-dihydroquinolin-1(2H)-yl]propyl}

propionamide [(S)-29]. This product was obtained starting from (S)-28
according to the procedure above described. Oil; 76 % yield. 'H NMR,
13C NMR and ESI MS data were in agreement to those reported for the
(R)-enantiomer. The enantiomeric purity of the product was determined
by analytical HPLC analysis on a Chiralcel (Chiralpak) OD-H column,
using hexane/i-PrOH 8:2 as eluent, at 307 nm and a flow rate = 1.0 mL/
min. Retention time 7.40, ee = 95 %. [o]3” = + 2.47 (c 0.810 in CHCl3).

5.1.2.61. (R,S)-1-(2-chloropropyl)-7-methoxy-1,2,3,4-tetrahydroquino-
line [(R,S)-30]. Mesyl chloride (0.155 mL, 2 mmol) was added dropwise
under nitrogen to a solution of alcohol (R,S)-27 (220 mg, 1 mmol) and
Et3N (0.66 mL, 4.73 mmol) in dry DCM (4.5 mL). The resulting mixture
was stirred 20 h at room temperature, then it was quenched by adding
water and extracted with DCM. The organic phases were combined,
washed with brine, dried (NaySO4) and concentrated under reduced
pressure to give a crude material which was purified by flash chroma-
tography over silica gel (cyclohexane/DCM 7:3 as eluent). Oil; 37 %
yield. 'H NMR (200 MHz, CDCls) 5: 6.90 (d, 1H, J = 8.0 Hz), 6.19 (dd,
1H, J = 2.5 and 8.0 Hz), 6.09 (d, 1H, J = 2.5 Hz), 4.38-4.29 (m, 1H),
3.78 (s, 3H), 3.59-3.30 (m, 4H), 2.75-2.68 (m, 2H), 1.99-1.87 (m, 2H),
1.56 (d, 3H, J = 6.5 Hz). ESI MS (m/2) 240 [M+H] .

5.1.2.62. (R,S)-N-{1-[7-methoxy-3,4-dihydroquinolin-1(2H)-yl]propan-
2-yl}propionamide [(R,S)-31]. NaN3 (87 mg, 1.34 mmol) was added
under nitrogen to a solution of (R,S)-30 (130 mg, 0.54 mmol) in dry DMF
(1.8 mL). The resulting mixture was stirred at 110 °C for 4 h, then it was
quenched by adding water and extracted with EtOAc. The organic
phases were combined, washed with brine, dried (NaySO4) and
concentrated under reduced pressure to give a crude material which was
used without any further purification. ESI MS (m/z) 247 [M+H]™".

A solution of the above crude azide in i-PrOH (13 mL) and propionic
anhydride (0.97 mL, 7.6 mmol) was hydrogenated (4 atm) over Pd/C 10
% (30 mg) for 6 h at room temperature. The catalyst was filtered on
Celite, the filtrate was concentrated in vacuo to give a crude material
which was purified by flash chromatography over silica gel (cyclo-
hexane/EtOAc 1:1 as eluent). White solid, mp 95-6 °C (diethyl ether-
petroleum ether); 55 % yield. 1H NMR (200 MHz, CDCl3) 6: 6.84 (d,
1H, J = 8.0 Hz), 6.40 (d, 1H, J = 2.5 Hz), 6.16 (dd, 1H, J = 2.5 and 8.0
Hz), 5.31 (brd, 1H), 4.41-4-27 (m, 1H), 3.80 (s, 3H), 3.51 (dd, 1H, J =
6.0 and 14.5 Hz), 3.40-3.21 (m, 2H), 3.02 (dd, 1H, J = 7.5 and 14.5 Hz),
2.73-2.66 (m, 2H), 2.16 (q, 2H, J = 7.5 Hz), 1.97-1.85 (m, 2H), 1.23 (d,
3H, J = 6.5 Hz), 1.09 (t, 3H, J = 7.5 Hz). '3C NMR (100 MHz, CDCl3) &:
173.4, 159.3, 146.5, 129.7, 115.0, 100.7, 97.6, 56.4, 55.3, 50.4, 44.1,
29.8,27.3, 22.3, 18.9, 9.7. ESI MS (m/2) 277 [M+H]™. Analytical HPLC
analysis on a Chiralcel (Chiralpak) OD-H column, using hexane/i-PrOH
9:1 as eluent, at 307 nm and a flow rate = 1.0 mL/min. Retention time
12.59 and 15.12, ee = 0 %.
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5.2. Pharmacology

5.2.1. Binding assay

Binding affinities were determined using 2-[1251]i0dome1atonin as
the labelled ligand in competition experiments on cloned human MT;
and MT; receptors expressed in NIH3T3 rat fibroblast cells. The char-
acterization of NIH3T3-MT1 and -MT;, cells had been already described
in detail [49,50]. Membranes were incubated for 90 min at 37 °C in
binding buffer (Tris-HCl, 50 mM, pH 7.4). The final membrane con-
centration was 5-10 pg of protein per tube. The membrane protein level
was determined in accordance with a previously reported method [51].
2-['?5T]Todomelatonin (100 pM) and different concentrations of mela-
tonin (107'° =~ 107 M) or of the new compounds were incubated with
the receptor preparation for 90 min at 37 °C. Nonspecific binding was
assessed with 10 pM melatonin; ICsy values were determined by
nonlinear fitting strategies with the program PRISM (GraphPad Soft-
ware Inc., San Diego, CA). The pK; values were calculated from the ICsg
values in accordance with the Cheng-Prusoff equation [34]. The pK;
values are the mean of at least three independent determinations per-
formed in duplicate.

5.2.2. Functional activity assay

To define the functional activity of the new compounds at MT; and
MT, receptor subtypes, [°SIGTPyS binding assays in NIH3T3 cells
expressing human-cloned MT; or MT, receptors were performed. The
amount of bound [3SS]GTPyS is proportional to the level of the
analogue-induced G-protein activation and is related to the intrinsic
activity of the compound under study. The detailed description and
validation of this method were reported elsewhere [49,52]. Membranes
(15-25 pg of protein, final incubation volume 100 pL) were incubated at
30 °C for 30 min in the presence and in the absence of melatonin analogs
in an assay buffer consisting of [BSS]GTPyS (0.3-0.5 nM), GDP (50 pM),
NaCl (100 mM), and MgCl, (3 mM). Nonspecific binding was defined
using [355]GTPyS (10 pM). In cell lines expressing human MT; or MT,
receptors, melatonin produced a concentration-dependent stimulation
of basal [3BS]GTPyS binding with a maximal stimulation, above basal
levels, of 370 % and 250 % in MT; and MT; receptors, respectively.
Basal stimulation is the amount of [355] GTPyS specifically bound in the
absence of compounds, and it was taken as 100 %. The maximal
G-protein activation was measured in each experiment by using mela-
tonin 100 nM. Compounds were added at three different concentrations
(one concentration was equivalent to 100 nM melatonin, a second one
10 times smaller, and a third one 10 times larger), and the percent
stimulation above basal was determined. The equivalent concentration
was estimated on the basis of the ratio of the affinity of the test com-
pound to that of melatonin. It was assumed that at the equivalent con-
centration the test compound occupies the same number of receptors as
100 nM melatonin. Measurements were performed in triplicate. The
relative intrinsic activity (IAr) values were obtained by dividing the
maximum ligand-induced stimulation of [3SS]GTPyS binding by that of
melatonin as measured in the same experiment. By convention, the
natural ligand melatonin has an efficacy (Epax) of 100 %.

5.2.3. cAMP assays

Chinese Hamster Ovary (CHO) cells stably transfected with human
MT; or MT, receptors were cultured in Ham’s F-12K medium supple-
mented with 10 % fetal bovine serum (FBS), 1 % glutamine, 600 pg/mL
geneticin, and 10 pg/mL puromycin. Cells were detached using trypsin
after washing with phosphate-buffered saline, followed by centrifuga-
tion (10 min at 200xg). Cells were then seeded into 96-well white half-
area microplate in stimulation buffer composed of Hank Balanced Salt
Solution, 5 mM HEPES, 0.5 mM Ro 20-1724, 0.1 % BSA. To assess po-
tency and intrinsic activity, cells were incubated with various concen-
trations of the tested ligands in the presence of 1 pM forskolin to
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stimulate cAMP production. The potency of 5-HEAT and 4d at MT; re-
ceptors was evaluated as functional antagonists, by testing their ability
to restore the forskolin-stimulated cAMP levels reduced by melatonin (1
nM). The cAMP levels were quantified by using the AlphaScreen cAMP
Detection Kit (Revvity), following the manufacturer’s instructions. The
resulting Alpha signal was measured using a Perkin Elmer EnSight
Multimode Plate Reader (77).

5.2.4. Cell lines

Human glioma cell lines HOG, U87MG and U87MG-luc (expressing a
luciferase reporter gene) were cultured in RPMI 1640 medium (Thermo
Fisher Scientific) supplemented with 10 % heat-inactivated fetal bovine
serum (Thermo Fisher Scientific), 100 IU/mL penicillin (Thermo Fisher
Scientific), and 100 pg/mL streptomycin (Thermo Fisher Scientific).
HOG and U87MG were obtained from ATCC, and U87MG-luc was kindly
provided by Dr. Andrew L. Kung (Memorial Sloan Kettering Cancer
Center, NY, USA).

5.2.5. MTT proliferation assay

Cells (4 x 10° per well) were seeded into 96-well plates, allowed to
adhere overnight, and then treated with 4d (UCM1400) (107°-10"° M)
or the appropriate vehicle for 48 h. After treatment, the culture medium
was replaced with an MTT solution (0.5 mg/mL in PBS, Sigma), and cells
were incubated for 4 h. The reduced MTT crystals (formazan) were
dissolved in a 1:1 isopropanol:DMSO solution for 10 min at room tem-
perature. Absorbance was measured at 570 nm with background sub-
traction at 690 nm using a SpectraMax 250 spectrophotometer
(Molecular Devices).

5.2.6. U87MG orthotopic xenograft model

US7MG-luc cells (5 x 10%) suspended in 5 pL of PBS were injected
into the right striatum of 8-10-week-old female/male Balb/C nude mice
(Charles River International) using a 10-pL Hamilton syringe connected
to a Harvard 22 syringe pump (Harvard Apparatus), as previously
described [53,54]. Two weeks after tumor implantation, animals were
divided into experimental groups: vehicle (0.2 % DMSO, 10~* M
5-HEAT, 104 M UCM799 or 10~* M 4d (UCM1400). Treatments were
continuously infused (0.25 pL/h) into the right striatum over 14 days
using ALZET mini-osmotic pumps (model 1002) and the ALZET brain
infusion kit 3 (DURECT Corporation). Before implantation, pumps were
pre-filled and primed in sterile 0.9 % saline overnight at 37 °C, following
the manufacturer’s instructions. Considering the pump infusion rate
(0.25 pL/h), the average cerebrospinal fluid volume (35 pL), and pro-
duction rate (18 pL/h) in mice [55], the expected equilibrium concen-
tration of the compounds in the tumor microenvironment was
approximately 10~% M. This concentration corresponds to the effective
doses of UCM799, 5-HEAT [15], and 4d (UCM1400) that showed
maximal inhibition in U87MG culture dose-response assays. Fourteen
days after treatment, mice were euthanized under deep anesthesia, and
the encapsulated tumors were surgically removed. Tumor volume
(mm?) was calculated based on width (a) and length (b) measurements
using formula V = @2 x b)/2, where a < b. All procedures followed
institutional guidelines for animal welfare and experimental conduct.
The study was approved by the Animal Ethics Committee of the A.C.
Camargo Cancer Center (ID 076/17) and the Animal Ethics Committee
of the Institute of Biosciences, University of Sao Paulo (ID 284/2017).

5.3. Molecular modelling

5.3.1. Protein preparation

The cryo-electron microscopy (cryo-EM) structures of the activated
MT; and MT, (PDB id 7VGZ, 7VGY and 7VHO [39]) were used for mo-
lecular modelling studies. Hydrogens and capping neutral groups were
added and bond orders were assigned with the Protein Preparation



A. Bedini et al.

Wizard tool [56] of Maestro [57]. Missing portions of the two receptors,
including ICL3 residues (P223-1229 and P236-1.242 at the MT; and MT,
receptors, respectively), incomplete side chains and mutated residues
(LlOSECLl, F129°%*! and C140%52 of the MT, receptor) were restored
with Prime [58].

Missing portions of the M T, receptor were built by using a chimeric
model template designed with Prime [58] through the knowledge-based
method, which relies on backbone coordinates (and side chains of
conserved residues) from different structures. Specifically, residues at
the beginning of TM I (P36-S37) and at the end of TM VIII (L324-N328)
were modelled on the thermostabilized construct of the MT receptor in
complex with ramelteon (PDB id 6ME9 [37]). A partially unfolded
intracytoplasmic region of TM VI (K243-F254) was rebuilt using the
cryo-EM structure of the MT; receptor in complex with ramelteon (PDB
id 7VGZ) [39]. Moreover, in the case of the MT; receptor, the disulfide
bridge between C113%2° and C190%'? was rebuilt. Non-conserved
residues and missing residues were minimized to refine the model
within the Prime procedure. Basic and acidic amino acids were modelled
in their charged protonation state, except for histidine residues that
were maintained uncharged and D41/54*¢ modelled in their neutral
state to interact with V76,/89%% backbone carbonyl. The orientation of
thiol and hydroxyl groups and of asparagine and glutamine side chains
were then adjusted to optimize the hydrogen bonding network. Also, the
tautomeric state of histidine residues was selected to maximize the
number of H-bond interactions. Hydrogen atoms were minimized with
OPLS4 force field [59] by wusing Impact [60]. A final
energy-minimization was conducted with MacroModel [61] applying
OPLS4 force field using the Polak-Ribiere conjugate gradient method
[62] to a convergence threshold of 0.01 kJ mol ! A’l, with fixed
backbone atoms.

5.3.2. Protein-ligand docking

Molecular models of MT; and MTy receptor in complex with 3g,
UCM793, (R)-24a, (S)-24a, (R)-29 and (S)-29, 3a, and 4d were gener-
ated through a docking procedure based on Glide software [63,64] in
standard precision (SP) mode with OPLS4 force field [59]. The struc-
tures of ligands were built in Maestro and prepared with the LigPrep tool
[57] and energy-minimized using an implicit water model with Mac-
roModel [61]. The docking grids were computed on the prepared re-
ceptors and centered on the center of mass of the co-crystallized ligand,
selecting inner and outer box dimensions of 10 and 20 A, respectively.
The best ten poses were retrieved and submitted to post-dock minimi-
zation. The best pose according to Emodel score, in which the methoxy
and amide groups of each ligand established hydrogen bond interactions
with N162,/175%% and Q181/194ELCZ of MT;/MTs receptors, respec-
tively, was minimized using MacroModel [61] to an energy gradient of
0.05 kJ mol ' A2, During energy minimization only the ligands and the
side chains of the protein within 5 A of the ligands were free to move.

5.3.3. Molecular dynamics (MD) simulations of 3g, UCM793, 3a and 4d
bound to MT; and MT; receptors

The energy-minimized complexes of the MT; and MT, receptors
bound to 3g, UCM793, 3a and 4d were employed for MD simulations.
Each complex was embedded with OPM orientation in a 1-palmitoyl-2-
oleyl-sn-glycerol-3-phosphocholine (POPC) lipid bilayer and solvated
into a TIP3P water box [65] of about 81 x 81 x 120 A by using the
CharmmGUI server [66]. The four systems were imported in t-leap for
parametrization with Amber20 [67] and were neutralized by adding 11
and 16 chloride ions for the MT; and MT5 receptors, respectively. The
ff14sb Amber force field [68] and the general Amber force field (GAFF)
[69] were applied to model protein and ligand, respectively. OPLS4
partial atomic charges were assigned to the ligands. Amber Lipid17
parameters for POPC bilayer were assigned to the membrane.
Joung-Cheatham parameters were used to model the neutralizing ions
[70]. Molecular dynamics (MD) simulations were performed with the
pmemd.cuda module of Amber20 software [65]. The systems were
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minimized with sander applying three minimization steps of 50,000
cycles, each one passing from steepest descent algorithm to conjugate
gradient method after 5000 steps, and with protein backbone fixed with
a restraint of 20 kcal mol™! A~2. Membrane was relaxed and the
protein-ligand complexes were equilibrated for 4 ns under NVT and for
21 ns under NPT conditions, increasing the temperature up to 298 K and
gradually reducing constraints on both the ligand and the protein.
Hydrogen atoms were handled with the SHAKE algorithm, and a cutoff
of 10 A was selected to treat the electrostatic and van der Waals in-
teractions. Long-range electrostatic interactions were treated using the
Particle Mesh Ewald [71] method. The production phase was carried out
for 200 ns (3g and UCM793) under NPT conditions with temperature at
298 K controlled by Langevin thermostat [72] with a collision frequency
of 2 ps, and pressure was maintained at 1 bar by using the Monte Carlo
barostat [73] with a pressure relaxation time of 2 ps.

Molecular dynamics is a useful tool to assess the effect of different
ligands on the receptor conformational space [74]. The computational
protocol described above was also applied to perform 2 ps-long MD
simulations of MT; and MT; receptors in complex with the subtype se-
lective modulator 4d in comparison with the MT;/MT, agonist 3a.

5.3.4. Thermodynamic integration

Alchemical transformation of the tetrahydroquinoline ring of 3g into
the N-methylaniline one of UCM793 was performed using the pmemd.
cuda TI module of Amber20 software [75]. From an MD simulation of 3g
bound to the MT; or MT, receptor, four snapshots were extracted along
300ns-long MD trajectories. The minimized coordinates of the chosen
snapshots were employed to generate dual ligand topologies. For each
process, the one-step protocol was adopted, in which non-bonded in-
teractions between unique atoms and the surrounding environment
were described by A-dependent softcore potentials [36]. Parameters o
and p modulating the van der Waals and electrostatics softcore functions
were set to 0.5 and 12 A2 respectively. The minimized snapshots were
further minimized and equilibrated using 4 = 0.5, as described in
Ref. [76]. The SHAKE algorithm was disabled and an integration time-
step of 0.001 ps was applied. Then, for each complex, twelve simulations
were run at different A values (0.00922, 0.04794, 0.11505, 0.20634,
0.31608, 0.43738, 0.56262, 0.68392, 0.79366, 0.88495, 0.95206,
0.99078). For each A-window the systems were submitted to an initial
minimization and equilibration protocol up to 298 K in 500 ps in the
NPT ensemble with Langevin thermostat [72] and Monte Carlo barostat
[73], followed by 5 ns of TI simulations. dV/d1 values were registered
after each ps and averaged for each A-window. Free-energy differences
(AAGg,c) between starting and end points were computed through nu-
merical integration of the averaged dV/dA values using a twelve-points
gaussian quadrature [75]. Similarly to a protocol already applied to
aryl-melatonin analogs [77], in the case of the alchemical trans-
formation of the tetrahydroquinoline ring of 3g into the N-methylaniline
one of UCM793, AAG, Was obtained by subtracting the free-energy
difference due to the alchemical transformation at the MT; receptor
from the one at the MT5 receptor.

5.3.5. Molecular dynamics (MD) simulations of (S)-24a and (S)-29 in
solution

MD simulations were conducted by solvating the compounds in an
orthorhombic box (10 x 10 x 10 ;\) containing TIP3P water, chloroform
molecules or, in a water solution of ionic strength = 0.15 mol/kg (0.15
M) NaCl. Each system was prepared using Maestro and parametrized
with the OPLS4 force field, resulting in simulation boxes containing
1594 TIP3P water molecules, 312 CHCl3 molecules or 1552 TIP3P water
molecules and 2 Na™ and ClI~ ions, respectively. System equilibration
was carried out using the default protocol provided by Desmond in the
Schrodinger suite. Following equilibration, a 2 ps production run was
performed at 300 K under an NVT ensemble, employing a Langevin
thermostat with a relaxation time of 1 ps. A total of 40,000 snapshots
were collected throughout the simulation, and for (S)-29 (modelled in a
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water box or in a 0.15 M NaCl solution) they were projected onto a
binned two-dimensional t;-t3 plot (t1:C8a-N-CB-Ca; 72:N-CB-Ca-
Namide). The relative free energy for each bin i was computed using the
formula:

Gi = RT In(Ni/Ng)

where Njrepresents the number of snapshots in bin i, and Ny corresponds
to the number in the most populated bin. The convergence was assessed
by evaluating the evolution of the free-energy surface during MD
simulation.

5.3.6. Principal component analysis (PCA)

Principal component analysis (PCA) was performed on the confor-
mational ensembles obtained from the molecular dynamics simulations
of the four protein-ligand complexes: MT;-3a, MT;-4d, MT»-3a, and
MT2-4d. For each simulation, the first 500 ns were discarded to exclude
the equilibration phase. Frames were then extracted every 2 ns from the
last 1.5 ps of production MD (750 total frames for each system). Prior to
analysis, each trajectory was aligned to its corresponding reference
crystal structure (i.e., 7VGZ and 7VHO for MT; and MTj, respectively),
pre-aligned to one another to ensure that all systems were expressed in a
consistent coordinate frame. Structural manipulation and trajectory
handling were performed using the cpptraj program [78] in Amber20.
Only Ca atoms were retained for the PCA. The coordinate matrices from
all systems were concatenated to allow direct comparison of the
conformational space sampled across complexes. The data were
centered and autoscaled (mean = 0; unit variance) to emphasize
correlated motions rather than absolute displacements. PCA was per-
formed with software R 4.4.2 [79], using singular value decomposition
as implemented in the prcomp(.) function. Principal component (PC)
score projections were used to describe the distribution of conforma-
tions along the first two principal components (PC1 and PC2).
Residue-wise contributions to PC1 were quantified from the squared
loadings of the Co atoms, based on a PCA conducted exclusively on
frames from MD simulations of the MT,-3a and MT5-4d complexes.
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