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Streszczenie

Odkrycie receptorow serotoninowych w tym receptorow 5-HTia i 5-HT7; oraz
poznanie ich funkcji przyczynito si¢ do opracowania wielu lekow dziatajacych na osrodkowy
uktad nerwowy stosowanych w leczeniu depresji, schizofrenii lub choroby afektywne;j
dwubiegunowej. W ciaggu ostatnich lat, naukowcom udato si¢ zidentyfikowa¢ dodatkowo
nowe zastosowanie receptora 5-HT7 w leczeniu nowotworow np. potrdjnie negatywnego raka
piersi lub tez nie-drobnokomoérkowego raka pluc. Majac na uwadze strukturalne
podobienstwo miejsca wigzacego obu tych receptorow, bardzo czesto obserwuje si¢ dualne
dziatanie ligandow wykazujacych aktywnos¢ do wspomnianych bialek. Zaprojektowanie
zwigzkow wykazujacych pojedyncze dziatanie na receptor 5-HT7 stanowi otwarty problem

1 jednocze$nie wyzwanie w dzisiejszej chemii medyczne;.

Majac powyzsze na uwadze, gtbwnym zatozeniem w niniejszej rozprawie doktorskiej
byto przeprowadzenie strukturalnych modyfikacji ligandéw z grupy dlugotancuchowych
pochodnych arylopiperazyn i aminotriazyn pozwalajacych na zredukowanie powinowactwa
do receptora 5-HTia, celem otrzymania biblioteki zwigzkow o podwyzszonej aktywnosci
tylko do receptora 5-HT7. W pracy eksperymentalnej potozono rowniez nacisk na
opracowanie wydajnej, ekologicznej i ekonomicznej metody syntezy pozwalajacej w krotkim

czasie na otrzymanie zaprojektowanych zwigzkow.

Badania rozpoczeto od zaproponowania metody syntezy ipsapironu jako
selektywnego, czesciowego agonisty receptora 5-HTia. Ustalajac odpowiednie warunki
reakcji obejmujace wybor wlasciwej zasady, katalizatora przeniesienia mi¢dzyfazowego oraz
czynnika przenoszacego energi¢ mikrofalowg, opracowano metode, ktoéra nastepnie zostata
zaadaptowana do otrzymania bibliotek kilku serii zwigzkoéw. Projektujac pierwsza seri¢
zwigzkow, otrzymano pochodne ipsapironu o wysokiej aktywnosci gldwnie do receptora
5-HTia oraz D;. Zwiazki drugiej serii, stanowigce pochodne dtugotancuchowych
arylopiperazyn z terminalnym motywem aminotriazyny, podobnie jak poprzednie rowniez
wykazywaly powinowactwo do receptora 5-HTi1a/D2. Rozbudowa ligandoéw serii drugiej
o dodatkowy fragment tryptaminy (seria 3) skutkowalo znaczagcym wzrostem powinowactwa
do receptora 5-HT7 oraz wcigz utrzymujaca si¢ aktywnos$cig 5S-HT1a/D2. Skrocenie tacznika
alkilowego z czterech atoméw wegla do dwoch spowodowato zauwazalne zmniejszenie
powinowactwa 5-HTia/D2, co ciekawe, catkowite wyeliminowanie lacznika (seria 4)

skutkowato utratg aktywnosci do wszystkich badanych receptorow w tym 5-HTa oraz 5-HT5.



Kolejne przeprowadzone eksperymenty dowiodly, ze otwarcie pier§cienia piperazyny (seria
5) przywraca aktywno$¢ badanych zwiazkéw tylko do receptora 5-HT7. Przeprowadzone
badania chemiczno-farmakologiczne wsparte technikami modelowania molekularnego oraz
3D-QSAR umozliwity zidentyfikowanie kluczowych fragmentow strukturalnych
warunkujacych selektywno$¢ i aktywnos¢ do receptora 5-HT7. Dla wybranych zwigzkéw
zostaly przeprowadzone testy wyznaczajace funkcj¢ wewnetrzng receptora 5S-HT1a lub 5-HT?.
Obiecujace zwigzki przebadano pod katem wczesnych parametrow ADME-Tox in vitro oraz

in vivo.

Przeprowadzone badania ujawnity, ze mimo podobienstwa miejsca wigzacego obu
receptorow, mozliwym jest zaprojektowanie selektywnych 1 aktywnych zwigzkow
wykazujacych powinowactwo do receptora 5-HT7. Zwiagzki te mozna otrzyma¢ na drodze
ekologicznej 1 ekonomicznej reakcji bezrozpuszczalnikowej, wspieranej polem
promieniowania mikrofalowego. Przeprowadzone multidyscyplinarne badania zostaty
opisane w cyklu szesciu publikacji o zasiggu mig¢dzynarodowym a otrzymane wyniki,
stanowig punkt wyjscia do opracowania nowych antagonistow receptora 5-HT7 oraz ich oceny

na modelach komorkowych in vitro oraz zwierzecych in vivo.



Abstract

The discovery of serotonin receptors including the 5-HT1a and 5-HT7 receptors and
the understanding of their functions have contributed to the development of many drugs that
act on the central nervous system for the treatment of depression, schizophrenia or bipolar
affective disorder. In recent years, scientists have additionally succeeded in identifying new
uses for the 5-HT7 receptor in the treatment of cancer, for example: triple-negative breast
cancer or non-small cell lung cancer. Due to the structural similarity of the binding site
of these two receptors, dual action is observed. Designing compounds that exhibit a single
action on the 5-HT7 receptor is a challenge and still open problem in current medicinal

chemistry.

With this in mind, the main goal in this dissertation was to carry out structural
modifications that help to reduce the affinity for the 5-HTia receptor in order to obtain
a library of compounds with enhanced activity only to the 5-HT7 receptor. Research also
emphasized the development of an efficient, environmentally friendly and economical

synthesis method allowing the designed compounds to be obtained in a short time.

The research began with the development of a method for the synthesis of ipsapirone
as a selective partial agonist of the 5-HTa receptor. Determining the appropriate synthesis
conditions (including the selection of the best base, phase transfer catalyst and microwave
energy transfer agent), a method was developed, which was then used to obtain a library
of several series of compounds. By designing the first series of compounds, ipsapirone
derivatives with high activity mainly to the 5-HTia and D receptor were obtained. The
compounds of the second series, which are aminotriazine derivatives like the previous ones,
also showed affinity for the 5-HT1a/D> receptor. Spatial expansion of the ligands of the second
series by an additional tryptamine fragment (series 3) resulted in a significant increase in
affinity for the 5-HT7 receptor and still retained 5-HT1a/D: activity. Shortening the carbon
linker from four carbon atoms to two resulted in a noticeable decrease
in 5-HTa/D; affinity, but unfortunately, complete elimination of the carbon linker (series 4)
resulted in a loss of activity to all receptors tested. Only the opening of the piperazine ring
(series 5) restored the activity of the tested compounds to the 5-HT7 receptor. Chemical-
pharmacological studies supported by molecular modeling and 3D-QSAR techniques enabled
the identification of structural fragments determining selectivity and activity to the 5-HT»

receptor. Assays determining the intrinsic function of the 5-HTia or 5-HT7 receptor were



performed for selected compounds. Promising compounds were tested for their early ADME-

Tox parameters in vitro and in vivo.

The studies revealed that despite the similarity of the binding site of the two receptors,
it is possible to design selective and active compounds with affinity for the 5-HT7 receptor.
These compounds can be obtained by an eco-friendly and economical solvent-free reaction
supported by microwave irradiation. The multidisciplinary research conducted has been
described in a series of six publications. These results, also provide a starting point for the
development of new 5-HT7 receptor antagonists and their evaluation on in vitro cellular and

in vivo animal models.



Wykaz skrotow

Aliquat 336 — mieszanina chlorku trioktylometyloamoniowego i

tridecylometyloamoniowego

TCT — chlorek cyjanurowy

DMF — N,N-dimetyloformamid

CH;CN — acetonitryl

EtsN — trietyloamina

API — aktywna substancja farmaceutyczna (ang. active pharmaceutical ingredient)
PTC — katalizator przeniesienia mi¢dzyfazowego (ang. phase-transfer catalyst)
GPCR - receptor sprze¢zony z biatkiem G (ang. G Protein-Coupled Receptor)
cAMP — cykliczny adenozyno-3’,5’-monofosforan

LCAP — dhugotancuchowe arylopiperazyny (ang. long chain arylpiperazines)

REM - faza snu zwigzana z szybkim ruchem gatek ocznych (ang. rapid eye movement)
SRI — inhibitor wychwytu zwrotnego serotoniny (ang. serotonin reuptake inhibitor)
SERT - transporter serotoninowy (ang. serotonin transporter)

FST — test szybkiego ptywania (ang. fast swim test)

CADD - komputerowe wspomaganie projektowania lekow (ang. computer-aided drug

design)

SBDD — projektowanie w oparciu o znang struktur¢ biatka (ang. structure-based drug

design)
LBDD - projektowanie w oparciu o znana struktur¢ liganda (ang. ligand-based drug design)
GABA - kwas y-aminomastowy (ang. y-aminobutyric acid)

ADME-Tox — skrot opisujacy losy leku w organizmie: A — wchtanianie (ang. adsorption), D
— dystrybucja (ang. distribution), M — metabolizm (ang. metabolism), E — wydalanie (ang.

excretion), Tox — toksycznos$¢ (ang. toxicity)



FDA — amerykanska agencja zywnosci i lekow (ang. food and drug administration)
EWG — podstawniki elektorno-akceptorowe (ang. electron withdrawingl group)
EDG - podstawniki elektrono-donorowe (ang. electron donating group)

TLC — chromatografia cienkowarstwowa (ang. thin-layer chromatography)

HPLC/MS — wysokosprawna chromatografia cieczowa potaczona ze spektrometrem mas

(ang. high performance liquid chromatography with mass spectometry)

'"H NMR - protonowa spektroskopia magnetycznego rezonansu jadrowego (ang. 'H nuclear

magnetic resonance)

13C NMR — weglowa spektroskopia magnetycznego rezonansu magnetycznego (ang. °C

nuclear magnetic resonance)

8-OH-DPAT - 8-hydroksy-2-(di-N-propylamino)tetralina

LSD - dietyloamid kwasu D-lizergowego

5-CT — 5-karboksamido tryptamina

TMh — transbtonowa heliksa (ang. transmembrane helix)

CYP — oznaczenie poszczegdlnych izoform (a takze kodujacych genéw) cytochromu P450
MLM - mysie mikrosomy watrobowe (ang. mouse liver microsomes)

oun — o$rodkowy uktad nerwowy

SAR — analiza zalezno$ci struktura-aktywnos¢ (ang. structure-activity relationship)

MW — promieniowanie mikrofalowe



Oznaczenia aminokwasow

F — fenyloalanina (Phe)

W — tryptofan (Trp)

N — asparagina (amid kwasu asparaginowego) (Asn)
Q — glutamina (GlIn)

[ —izoleucyna (Ile)

D — kwas asparaginowy (Asp)

R — arginina (Arg)

E — kwas glutaminowy (Glu)

L — leucyna (Leu)

S — seryna (Ser)



Spis tresci

1. WPROWADZENIE ...ttt ettt ea et et s beeteebeeae et et e et e besbeeseeneensensenean 12
1.1. Zastosowanie syntezy mikrofalowej w chemii organicznej, medycznej orazg ingynierii chemicznej
12

1.2. Receptory serotoninowe jako punkty uchwytu lekow ..................ccoocceviviiiviiiiiiiniiiiieenieeiieeseeene 17

1.2.1. Receptor 5-HT 14 - funkcja i znaczenie terapeUtyCINe . ...........c.eeecueeeveeeeeesreeeieesieeeeeessseaenseens 17

1.2.2. Receptor 5-HT 14 — przeglgd wybranych ligandow ..............ccccoeueeiiecieeceeiesiesiesieeeese e 18

1.2.3. Receptor 5-HT7 - funkcja i Znaczenie teFAPEULYCZIE ............cceeecueeecveeeeeeireeeriesseeenseessseesnseens 26

1.2.4. Receptor 5-HT7 — przeglagd wybranych [igandOw ................ccccceevvevieciecieeenieseeneeseeeee e 26
1.3. Projektowanie zwigzkoéw w oparciu o: strukture receptora oraz strukture ligandow..................... 32
2. CEL I ZAKRES PRAQCY ...ttt ettt sttt ettt et ea et eseene e e anee e 34
3. METODOLOGIA BADAN ........o.ooiiiiiiiiiieceeeeeeeee oo 37
3.1. SYREEZA IPSAPITONU ..ottt ettt e et e st esbe e s saeesbeessseessseessseensseassseensseeasseensseessseennsas 37
3.2 Projektowanie i synteza diugotancuchowych arylopiperazyn (Seria I)...............c.cccoeeveveeeveneennnnnne. 38
3.3. Projektowanie i synteza hybrydowych arylopiperazyn i aminotriazyn (Seri@ 2) ................ccveeuuenne. 39
34. Projektowanie i synteza pochodnych aminotriazyn (Serif 3) ..........cocceeeeceecveceeiieieesieeeeeeeeeees 40
3.5. Projektowanie i synteza pochodnych aminotriazyn (Seri@ 4) ..........ccccoeevveeeceeiceeeeieeiiieiieeseeenneene 42
3.6. Projektowanie i synteza pochodnych aminotriazyn (Seri@ 5) ..........c.cceeveeeeceeceiveieenieseeeeeeeees 43

3.6.1. Projektowanie i synteza pochodnych aminotriazyn — Seri@ 5@ ...................cccceevvueeecveenenannn.. 43

3.6.2. Projektowanie i synteza pochodnych aminotriazyn — Seri@ 5b...............cccccevveeveeecenneeneeennnne, 45

3.6.3. Projektowanie i synteza pochodnych aminotriazyn — Seri@ 5¢.............cccoocvveeeveeenveeeccveeneeennnnn 47
3.7. TEStY FATIOFECEPIOTOWE ........ceveeeeee sttt et te et este et et e et e s sae st e sseenseeneesssesseenseeseensesssenssensenn 48
3.8. TEStY JURKCIONAINE............ooeeeieeee ettt ettt ettt e s be e bt et e e ssesste s st e sseenseenseensensaennens 48
3.9, Badania ADME-TOX" ..........c.ccccocouoeeeeeeeeieeeee et eeee ettt ettt s et es s 49
4. OPIS UZYSKANOW WYNIKOW.......ccoooooouiiiimriiinneiemnsiesss s st sesssessssssessssssessssssseees 51
4.1. Opracowana metoda syntezy Ipsapironu (publikacja DOI) ...............ccccoooueeeeieceeeieieiieeieeecveeeenn 52
4.2. Charakterystyka zwigzkow w serii 1 (publikacja nr D02 i D03) ..............cccoveeeeceeeeanieieeeeeeenen 54
4.3. Charakterystyka zwigzkow w serii 2 (DUblikaAcja DO4) ..............ccuoeeeeeeeeiieeeieiieeeeeecieesee e eeeeeaes 58
4.4. Charakterystyka zwigzkow w serii 3 (publikacja DOA) ...............coooueeueeeeeseiieeiieeeeeeeeeee e 60
4.5. Charakterystyka zwigzkow w serii 4 (PUDIIKACIA DO4) .............cocueeeeeeieeiiaeiieiieeeeeeeieeeie e 63
4.6. Charakterystyka zwigzkow w serii 5a (publikacja nr DO4 i D0OS5)..............cooccevveeeeaeieeieeeieeiiennnnn 63
4.7. Charakterystyka zwigzkow w serii 5b (publikacja DO5)................cccueeeueeeceeeiiieciieeeieecie e eeesvee e 71
4.8. Charakterystyka zwigzkow w serii 5¢ (publikacja DOGB)....................c.cccoeeeeeceeeiueiieiieneeeeeeeeeeseeeneeaens 72
5. PODSUMOWANIE ...ttt ettt ettt ettt s ettt e st e st et e et e saeseeeneeneanseneens 75
6. DOROBEK NAUKOWY DOKTORANTA ......cocoiiiiiiiitiinteeseee ettt st 79
7. BIBLIOGRAFTA ..ottt sttt ettt et st sae et eane e 86

Pelna tres$é cyklu publikacji objetych pracg doktorska (D01 —D06) ............ccceviiiiinieniiiiieieienieeeee, 100



1. WPROWADZENIE
1.1. Zastosowanie syntezy mikrofalowej w chemii organicznej, medycinej oraz

inZynierii chemicznej

Historia syntezy wspieranej promieniowaniem mikrofalowym (ang. Microwave-
Assisted Organic Synthesis, MAOS) rozpoczeta si¢ w 1986 roku kiedy to dzigki uzyciu
domowej kuchenki mikrofalowej udato si¢ otrzymac¢ zaskakujaco szybko (wraz z wysoka
wydajnoscia) produkty reakcji Dielsa-Aldera badz kondensacji Claisena.! Od tamtej pory
synteza mikrofalowa coraz bardziej upowszechnila si¢ w chemii organicznej/medycznej,
aw szczegblnoéci znalazta zastosowanie do syntezy peptydow?, reakcji sprzegania
krzyzowego® oraz do syntezy szeroko pojetych zwiazkow heterocyklicznych?* zawierajacych
w swojej strukturze np. azot’ Niewatpliwg zaleta prowadzenia syntez z udziatem
promieniowania mikrofalowego jest m.in. znaczne skrocenie czasu syntezy, zwigkszenie
wydajno$ci  produktu, mozliwos¢ zredukowania lub catkowitego wyeliminowania
toksycznych rozpuszczalnikow 1 reagentow, zwickszenie selektywnosci procesu, a takze
poprawa czystosci uzyskanych zwigzkéw w porownaniu do klasycznego ogrzewania.
Wspomniane zalety pozwalaja wpisa¢ syntezy w obecnos$ci promieniowania mikrofalowego
w kanony zielonej chemii (ang. green chemistry).® Efektywny przebieg reakcji
wspomaganych promieniowaniem mikrofalowym tlumaczony jest gtéwnie poprzez wydajny
transfer ciepta generowany przez tzw. ogrzewanie dielektryczne (ang. dielectric heating).
W trakcie dzialania promieniowania mikrofalowego, polarne sktadniki mieszaniny reakcyjne;j
(dipole lub jony) orientuja si¢ zgodnie z kierunkiem i1 zwrotem promieniowania
elektromagnetycznego powodujac rotacje czasteczek. Rotujace czasteczki ulegajg licznym
zderzeniom oraz tarciu co powoduje zamian¢ ich energii kinetycznej na cieplo.
W konsekwencji mieszanina reakcyjna ulega szybkiemu ogrzaniu w catej swojej objetosci,
a nie punktowo jak ma to miejsce w ogrzewaniu konwencjonalnym.”® Opisany efekt
termiczny uzupetniany jest przez niektorych autoréw poprzez tzw. efekt elektromagnetyczny
(lub efekt nietermiczny) zwigzany z formowaniem si¢ tzw. hot spotow w Kkontakcie
promieniowania mikrofalowego z materia, wzrostem transportu reagentéw w mieszaninie
reakcyjne] w szczegdlnosci prowadzonej w warunkach bezrozpuszczalnikowych, zmiang
selektywnos$ci reakcji na skutek wzrostu szybko$ci ogrzewania mieszaniny reakcyjne;j,
a takze wzrostem momentu dipolowego reagujacych czasteczek w stanie przejSciowym

w stosunku do stanu podstawowego. °
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Przykladem zastosowania syntezy w polu promieniowania mikrofalowego moze by¢
sposob otrzymywania sulfonamidow opisany przez De Luca i wspél.!! Wychodzac z kwasu
sulfonowego autorzy poddali go chlorowaniu za pomocag chlorku cyjanurowego
z utworzeniem chlorku sulfonylowego a nastepnie kondensacji z odpowiedniag aming
pierwszo- lub drugorzedowa (Schemat 1). Dzigki =zastosowaniu reakcji w polu
promieniowania mikrofalowego (P = 50 W) udalo si¢ zredukowacé czas syntezy z 20 godzin
do 20 minut dla etapu tworzenia chlorku sulfonylowego oraz z 5 godzin do 10 minut dla etapu

syntezy sulfonamidu.

@) o) 0
I TCT, EtsN I HNR, n

-S- -s-¢cl — ™™, R-§-—

R ‘?.’ OH aceton R |S| cl NaOH aq R ﬁ NH
O (6] (@] R1

Schemat 1. Synteza sulfonamidéw wg. De Luca i wspot.!!

Dao i wspét.’? badali mozliwoéé zastosowania promieniowania mikrofalowego w syntezie
pochodnych kumaryn w reakcji cyklizacji pochodnych 2-bromobenzoesanu fenylu
(Schemat 2). Stosujac bardzo tagodne warunki reakcji tj. weglan potasu jako zasad¢, DMF
jako rozpuszczalnik oraz moc mikrofal P = 100 W, udato si¢ otrzymac seri¢ pochodnych

kumaryn z wydajnoscig nawet do 72 %.

=
WL
o0 X K,CO4 B 0
_ Rt i
DMF, MW=100W o

Br

Schemat 2. Przyktad reakcji cyklizacji wg. Dao i wspét.'?

Kolejny przyktad reakcji gdzie mozliwe jest zastosowanie promieniowania mikrofalowego to
reakcje krzyzowe stuzace do tworzenia nowego wigzania C-C, ktdére sg niezwykle uzyteczne

w chemii medycznej.'* W przypadku reakcji Suzuki, Sharma i wspof. '

opracowali wydajna
metode syntezy policyklicznych aromatycznych weglowodorow gdzie w warunkach
promieniowania mikrofalowego, skrécono czas syntezy z 12 — 24 godzin do 20 minut

z zachowaniem wysokich wydajnosci reakcji na poziomie powyzej 76 % (Schemat 3).
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Schemat 3. Przyktad reakcji Suzuki wg. Sharma i wspot.'*

Synteza arylopiperazyn — uzytecznych zwigzkéw w chemii organicznej!>!®, to jeszcze jeden
przyktad mozliwosci zastosowania promieniowania mikrofalowego. Klasyczna metoda
syntezy polega na kondensacji odpowiednio podstawionych anilin z chlorowodorkiem
bis(2-chloroetylo)aminy w §rodowisku zasadowym. Umiarkowane wydajno$ci otrzymywano
w przypadku prowadzenia reakcji w eterze bis(2-metoksyetylowym) lub alkoholu, natomiast
dobre wydajnos$ci uzyskiwano w przypadku uzycia chlorobenzenu jako rozpuszczalnika.
Alternatywnie mozliwym jest prowadzenie reakcji w obecno$ci promieniowania
mikrofalowego (P = 700 W) w ciggu 1 minuty. Zamiast stosujac klasyczne rozpuszczalniki,
mozliwe jest takze zastapienie klasycznych rozpuszczalnikow cieczami jonowymi. W takich

warunkach otrzymywano koficowe produkty z wydajno$cig nawet 92 % (Schemat 4).7

H
X N zasada /N @R1
Ri © + c cl i ub ji \_7

Schemat 4. Sciezka syntetyczna otrzymywania 1-arylopiperazyn. Ri — H, 3-Cl, 4-Cl, 2-CN,
3-CF3, 4-CH3, 4-COCH3; i — rozpuszezalnik np. alkohol; ii — rozpuszczalnik lub ciecz
jonowa, MW, P =700 W, 1 min.

Przedstawione powyzej kilka przyktadow zastosowania syntezy w warunkach
mikrofalowych stanowi jedynie niewielki utamek reakcji jaki jest spotykany w chemii
organicznej. We wszystkich przytoczonych przykladach mimo, ze udato si¢ skroci¢ czas
syntezy to wcigz stosuje si¢ znaczne ilo$ci rozpuszczalnikéw. Mozliwe jest znaczne
zredukowanie ich ilosci lub calkowite wyeliminowanie stosujac wariant reakcji
bezrozpuszczalnikowych wspieranych polem promieniowania mikrofalowego. Takie
podejscie jest o wiele bardziej przyjazne srodowisku 1 jednoczesnie pozwala obnizy¢ koszty
catego procesu syntezy. Reakcje bezrozpuszczalnikowe wspierane polem promieniowania
mikrofalowego znane sg od lat i obejmuja reakcje takie jak: utlenianie, redukcja, kondensacja,

synteze zwiazkow heterocyklicznych, a takze reakcje otrzymywania amin, enamin, imin
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i innych.'® Z racji tego, ze typowy rozpuszczalnik zostat wyeliminowany, pojawia sie problem
dobrego kontaktu i wymieszania reagentow pozostajacych w ukladzie dwoch lub trzech
niemieszajacych  si¢  fazach. Dzigki zastosowaniu katalizatorow  przeniesienia
miedzyfazowego (PTC) mozliwe jest zajscie reakcji w uktadzie heterogenicznym poprzez
transport  jednego z  reagentow z  jednej fazy do  drugiej  gdzie
w tatwy sposob reaguje z drugim reagentem.'?? Znane s3 dwa warianty prowadzenia katalizy
przeniesienia miedzyfazowego — w ukladzie dwufazowym (ciecz-ciecz; ciato state-ciecz
1 gaz-ciecz) oraz trojfazowym (gdy katalizator PT osadzony jest na statym no$niku — ciecz-
ciecz-ciatlo stale, gdy katalizator PT tworzy odrgbna faz¢ — ciecz-ciecz-ciecz).
Do najczestszych PTC, ktdére stosowane sa w syntezie nalezy wymieni¢ przede wszystkim
czwartorzedowe sole amoniowe jak np. TBAB (bromek tetrabutyloamoniowy) lub BTEAB
(bromek benzylotrietyloamoniowy) a takze etery koronowe (np. 18-korona-6) oraz glikole
polietylenowe wraz z pochodnymi.?®> Obecnie, postulowane s3 najcze$ciej dwa mechanizmy
katalizy mi¢dzyfazowej tj. mechanizm wg. Starksa stosowany gtéwnie do opisu prostych
reakcji substytucji z udziatem organicznych lub nieorganicznych anioné6w, oraz mechanizm
wg Makoszy, ktory jest charakterystyczny dla reakcji zachodzacych w obecnosci silnych
zasad nieorganicznych jak np. NaOH za pomocg ktorych generowane sg aniony organiczne
in situ. Makosza zaklada istnienie mi¢dzyfazy gdzie dochodzi do utworzenia pary jonowe;j:
kation PTC-karboanion o wtasciwosciach lipofilowych 1 ktora to para z tatwoscig migruje

w glab fazy organicznej co umozliwia zajécie wlasciwej reakcji.?>**

Przykladem reakcji bezrozpuszczalnikowych wspieranych polem promieniowania
mikrofalowego moze by¢ synteza estréw izosorbidu, ktore majg zastosowanie w przemysle
skrobiowym. Stosujac krotkie czasy reakceji (5 — 30 min), udato si¢ zwiekszy¢ wydajnosé
otrzymywanych estrow z 10 — 45 % w przypadku konwencjonalnego ogrzewania do nawet
98 % w przypadku reakcji w obecnosci promieniowania mikrofalowego.?> Inny z kolei
przyktad, ktory mozna tutaj przytoczy¢ jest synteza diarylo a-tetralondow w wyniku addycji
Michaela izoforonu oraz odpowiednio podstawionych chalkonéw. Stosujac PTC jako
mieszaning Aliquat’u 336 i etanolanu sodu oraz promieniowanie mikrofalowe o mocy P =300
W udato si¢ zwickszy¢ wydajno$¢ otrzymywanych produktéow o 30 % przy zredukowaniu
czasu syntezy z 24 godzin w przypadku ogrzewania klasycznego do 5 minut w przypadku
reakcji W  obecnoéci  promieniowania  mikrofalowego.?® Z  kolei  Bougrin
i wspot?’  porownywali mozliwos¢ prowadzenia reakcji kondensacji sacharyny

z pochodnymi chlorku kwasu krotonowego w warunkach klasycznych oraz z udziatem reakcji
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bezrozpuszczalnikowych wpieranych polem promieniowania mikrofalowego. Reakcje
prowadzity do otrzymania pozadanych produktow w obu przypadkach, jednak zastosowanie
wariantu bezrozpuszczalnikowego w obecno$ci promieniowania mikrofalowego znacznie
skrécito czas reakcji z 24 godzin (ogrzewanie konwencjonalne) do 90 sekund (MW).
Zanotowano rowniez wzrost wydajnosci z 78 — 87 % do 95 — 97 % odpowiednio dla

ogrzewania konwencjonalnego oraz mikrofalowego.

Bezrozpuszczalnikowa metoda syntezy zwigzkow organicznych, wspierana polem
promieniowania mikrofalowego jest dynamicznie rozwijana w zespole Chemii i Technologii
Lekéw w Katedrze Chemii i Technologii Organicznej, Politechniki Krakowskiej, gdzie
w pracach tych bral czynny udziat autor niniejszego autoreferatu. Jaskowska i wspof. opisali
metode syntezy API znanych lekéw przeciwpsychotycznych w tym olanzapiny?®
aripiprazolu?®>° lub tez trazodonu.’!*? Reakcje przebiegaly najlepiej w $rodowisku weglanu
potasu, TBAB jako PTC oraz DMF/CH3CN lub wody w optymalnej ilosci 10% mas., ktére
nie pehity roli rozpuszczalnika, lecz stanowity jedynie czynnik utatwiajacy transfer energii
mikrofalowej. W tych warunkach, wspomniane API sg otrzymywane ze $rednio 80 %
wydajnoscig w czasie nie dtuzszym niz kilka minut. Opracowang metod¢ mozna réwniez
zastosowa¢ do syntezy biblioteki nowych zwiazkdw o potencjalnej aktywnosci

biologicznej.>33*

Powyzsze przyklady zastosowania promieniowania mikrofalowego, a takze
prowadzenia reakcji bezrozpuszczalnikowych wpieranych tym promieniowaniem, stanowia
dowdd na ich uzyteczno$¢ nie tylko w chemii organicznej/medycznej ale zakres ich
zastosowania mozna rozszerzy¢ na inzynieri¢ chemiczng. Celem inzynierii chemicznej jest
m.in. opracowanie takich metod syntetycznych, dzigki ktorym mozliwe bedzie otrzymywanie
uzytecznych zwigzkéw (np. API) w sposodb szybki, wydajny, tani oraz przede wszystkim
bezpieczny dla srodowiska. W przypadku wczesnego etapu odkrywania lekow, metody
syntezy, ktére w krotkim czasie pozwalaja otrzymac¢ zwiazki z wysoka wydajnoscia,
odgrywaja istotng rol¢ w zwiazku z konieczno$cig szybkiej syntezy biblioteki zwigzkow
potrzebnych do wstgpnego przesiewu pod katem bioaktywnos$ci jak i dalszych etapow

rozwoju czasteczek o potencjalnych wiasciwosciach leczniczych.
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1.2. Receptory serotoninowe jako punkty uchwytu lekow

Serotonina (5-hydroksytryptamina, 5-HT) jest naturalng biogenng monoaming,
pelnigca role neurotransmitera w osrodkowym ukladzie nerwowym (oun). Bedac
neurotransmiterem, speknia szereg funkcji w tym: regulacja temperatury ciata®®, regulacja
snu*%, cyklu dobowego?’, odpowiada takze za zachowania seksualne*® i nastr6j*. Co ciekawe,
az 95 % serotoniny produkowane jest w komorkach enterochromafilnych jelit gdzie spetnia
tam funkcje regulacyjne w tym reguluje ci$nienie krwi*’, skurcze mieéni gtadkich*! czy tez
mase kostng organizmu.** Serotonina jest naturalnym ligandem receptoréw serotoninowych,
ktérych do tej pory zidentyfikowano siedem typéw (5-HTi — 5-HT7), podzielone na
15 podtypow. Receptory 5-HTi, 5-HT»., 5-HT4 — 5-HT; sa sprzezone z biatkiem
G — tzw. aminergiczne GPCR*, natomiast receptor 5-HT3 jest kanatem jonowym.** Badania
przedkliniczne sugeruja, ze blokowanie lub stymulowanie poszczegolnych podtypow
receptorow serotoninowych moze ptywac na dziatanie przeciwdepresyjne, przeciwlgkowe lub

tez dziatanie prokognigatywne.**

1.2.1. Receptor 5-HT14 - funkcja i znaczenie terapeutyczne

Receptor 5-HTia (5-HT1aR), jest jednym z najwcze$niej odkrytych i najszerzej
przebadanym wsrod rodziny receptoréw serotoninowych. Jego lokalizacja w mozgu obejmuje
rejony: limbiczne, przegrody bocznej oraz jadra szwu.**® Receptor ten stanowi dwie
podgrupy — presynaptyczne autoreceptory oraz postsynaptyczne heteroreceptory.
Z racji tego, receptor 5-HT1a moze ttumi¢ globalne uwalnianie serotoniny do szczeliny
synaptycznej (funkcja autoreceptorow) jak 1 posredniczy¢ w przekazywaniu sygnatu
nerwowego wskutek wigzania uwolnionej serotoniny przez heteroreceptory.®’ Jak juz to
zostalo wspomniane wcze$niej, receptor ten jest sprzgzony z biatkiem G (Gip) 1 ujemnie
reguluje aktywnos$¢ cyklazy adenylowej. W konsekwencji nastepuje hamowanie tworzenia si¢

cAMP oraz inhibicje kinazy biatkowej A (PKA).*>46

W pierwszych latach badan nad receptorami 5-HT wykazano, Ze agonisci receptora
5-HTia np. buspiron, wykazuja dziatanie przeciwdepresyjne i przeciwlekowe. 3!
Udowodniono, ze jednoczesne stosowanie agonistow receptora 5-HTia oraz lekow z grupy
SRI, powoduje zwigkszenie skuteczno$ci terapii przeciwdepresyjnej z jednoczesnym

skroceniem czasu wystapienia poczatkowych efektow. Ponadto wydaje sie, ze agonisci
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receptora 5- HT1a rdwniez maja swoje zalety w tagodzeniu skutkéw ubocznych, z powodu
dziatania przeciwwymiotnego. Receptor 5-HT1a wraz z receptorem 5-HT24 oraz D> — receptor
dopaminowy sg preferowanym celem terapeutycznym w leczenie schizofrenii.’>** Wykazano,
ze agoni$ci 5-HTiaR tagodza skutki uboczne efektéow pozapiramidowych stosowanych
neuroleptykow a takze poprawiaja stan emocjonalny pacjentow ze zdiagnozowang
schizofrenig. Z kolei antagonisci i antagonisci 5S-HT1aR maja pozytywny wplyw na wiasnosci
kognitywne oraz procesy pamieciowe.”* W przypadku choroby Parkinsona zbadano, zZe
stymulowanie receptora 5-HTia jest korzystne w konteks$cie leczenia tej choroby poniewaz
zaobserwowano poprawe objawoéw motorycznych spowodowanych degradacja lub
uszkodzeniem neuronéw dopaminergicznych, zmniejszenie dyskinez oraz redukcje epizodow

depresyjnych, czesto towarzyszacych chorobie Parkinsona.>*

1.2.2. Receptor 5-HT14 — przeglgd wybranych ligandow

Z racji tego, ze receptory serotoninowe, a w szczegdlnosci 5-HTia oraz 5-HT5,
wykazuja pewne podobienstwo sekwencyjne (okolo 50%) w obrebie typow, a takze
podtypow, spodziewac si¢ mozna, ze mogg charakteryzowac si¢ pewnym wspdlnymi cechami
w obrebie kieszeni wigzacej.”> W konsekwencji jeden ligand moze wigzaé si¢
z roznymi typami receptoréw np. 5-HTia/5-HT7 lub 5-HTe/5-HT7 1 innymi — w takim
wypadku mowi si¢ o multifunkcyjnym profilu farmakologicznym danego zwigzku.
W niniejszym krétkim przegladzie, opisane zostang ligandy wykazujace powinowactwo do
receptora 5-HTia, niemniej jednak nalezy mie¢ na uwadze, Ze te same zwigzki moga

wykazywac¢ aktywno$¢ rowniez do innych receptorow.

Z chemicznego punktu widzenia ligandy receptora 5-HT1a mozna podzieli¢ gtownie
na: pochodne arylopiperazyn, arylopiperydyn oraz 2-aminotetraliny, z ktérych pochodne
arylopiperazy, a w szczeg6élnosci dlugolancuchowe arylopiperazyny (LCAPs), sa
najintensywniej badane i1 najwigcej lekow z tej grupy zostato wprowadzone do lecznictwa.
Przyktadem takich lekow, ktore mozna w tym miejscu wymieni¢ to: buspiron, vilazodon,
vortioksetyna, flibanseryna, brekspiprazol, aripiprazol lub kariprazyna (Rysunek 1).
W budowie strukturalnej tych zwigzkéw zasadniczo mozna wyrdzni¢ trzy elementy:
1) arylopiperazyng; 2) lacznik weglowy oraz 3) terminalny uktad heterocykliczny,
aromatyczny, cykloalifatyczny lub alifatyczny bezposrednio przylaczony do tancucha

weglowego lub poprzez wigzanie aminowe, amidowe, imidowe lub inne. Buspiron (Buspar)
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to jeden z najstarszych lekéw z grupy diugotancuchowych arylopiperazyn, przedstawiciel

6 Poczatkowo sadzono, ze wlhasciwosci

azapirondw o dzialaniu przeciwlekowym.’
przeciwlekowe zwigzane sg z dziataniem antagonistycznym na receptor D, jednak pozniej
okazalo sig, Ze za ten efekt odpowiada agonizm receptora 5-HT4.%® Wilazodon (Viibryd) jest
lekiem od 2011 roku stosowanym w leczeniu depresji’’ bedgcym jednoczesnie selektywnym
inhibitorem zwrotnym serotoniny (SSRI) oraz czgsciowy antagonista
5-HT1a.%” Jako cze$ciowy agonista, aktywuje autoreceptory 5-HTia oraz postsynaptyczne
heteroreceptory. Klinicznie zostalo dowiedzione, ze vilazodon jako lek dualny dziata szybciej
i skuteczniej w poréownaniu do typowych SSRI.3® Wortioksetyna (Trintellix) opracowany
przez Lunbeck oraz Tekade w 2013 roku to atypowy lek przeciwdepresyjny cechujacy si¢
multifunkcyjnym profilem dziatania. Pod wzgledem strukturalnym, zwigzek ten r6zni si¢ od
pozostatych ze wzgledu na brak obecnosci tacznika weglowego oraz uktadu terminalnego.
W przeciwienstwie do wilazodonu, oprocz dziatania agonistycznego na receptor 5-HTa oraz
hamujacego SERT, wortioksetyna wykazuje dziatanie antagonistyczne na receptor 5-HT3 oraz
5-HT?7 1 dodatkowo dziala jako cze$ciowy agonista receptora 5-HTis. Zbadane zostato, ze lek
ten nie tylko dziata na system serotoninergiczny, ale takze moduluje wydzielanie
noradrenaliny, dopaminy, histaminy, acetylocholiny, GABA oraz wplywa na uktad
glutaminergiczny.”® Ciekawym lekiem z grupy dtugotancuchowych arylopiperazyn jest
flibanseryna (4ddyi). Poczatkowo zwigzek ten wprowadzony byt do leczenia depresji, jednak
pozniejsze badania pokazaty, ze flibanseryna moze by¢ stosowana do leczenia zaburzen libido
u kobiet. Ligand ten wykazuje wysokie powinowactwo do receptorow serotoninowych
w mozgu dzialajac jako agonista receptora 5-HTia oraz antagonista receptora 5-HTza.
Wykazano rowniez, ze stabiej dziata w funkcji antagonisty receptora dopaminowego D4 oraz
serotoninowego 5-HT2p i 5-HT2c.%%%! Jednym z najnowszych lekow zaakceptowanych przez
FDA (w 2015 roku) do leczenia schizofrenii jest kariprazyna (Vraylar). Oprocz terapii
schizofrenii mozliwe jest rowniez leczenie napadow maniakalnych kojarzonych z chorobg
afektywno-dwubiegunowa. Zwiazek ten wykazuje powinowactwo do receptora 5-HTia
w funkcji  czgSciowego  agonisty, oraz do receptoréw  dopaminowych D>
i Ds rowniez w funkcji cze$ciowego agonisty.®> W tym samym roku FDA rowniez
zaakceptowala brekspiprazol (jako alternatywa dla arypipirazolu) do leczenia schizofrenii.
Oba zwiazki cechuja si¢ multifunkcyjnym profilem dziatania wykazujacych powinowactwo
do receptorow S5-HT (w tym 5-HTia, 5-HT2a, 5-HT2g), dopaminowych (D2, D3, Da),

adrenergicznych (a1, a2).%

19



O NH,
N N
\ SN N= @
o () ,
N HN
BUSPIRON®465 WILAZODON?®
5-HTia Ki=21 nM (czgSciowy agonista) 5-HTia 1Cs0=0,2nM (czesciowy agonista)
5-HT; Ki=381nM SERT ICso=0,5nM (inhibitor)
5—HT7 ICS() =3900 nM
Ds ICso = 666 nM

G
O

WORTIOKSETYNA®

5-HTia Ki=15nM (agonista)

SERT K= 1,6 nM (inhibitor)

5-HTiz Ki=33 nM (cz¢s$ciowy agonista)

5-HT;
5-HT;

HN\(O

NN o,
@ QNG

FLIBANSERYNA®’
5-HTia Ki= 19 nM (agonista)
5-HT,a Ki= 133 nM (antagonista)

WWO@

ARYPIPRAZQLS5568

5-HTia Ki= 1,7 nM (czg$ciowy agonista)
5-HT,a Ki=3,4nM (antagonista)

5-HT7 Ki;=10,3 nM (czgSciowy agonista)
D, K;= 10,34 nM (czgSciowy agonista)

K; =3,7 nM (antagonista)
Ki=19 nM (antagonista)

\ 0O
/N
- Oy
N N
/
Cl Cl
KARIPRAZYNA%

5-HTia Ki=2,6 nM (cz¢$ciowy agonista)
5-HT>a Ki=18,8 nM (antagonista)
5-HT; Ki=111 nM

D, Ki = 0,49 nM (czg$ciowy agonista)

H
(e) N O\/\/\N
1SRV

BREKSPIPRAZOL®

5-HTia Ki= 0,12 nM (czgsciowy agonista)
5-HToa Ki=0,47 nM (antagonista)

5-HT7; Ki=3,7 nM (antagonista)

D, K; = 0,30 nM (czeSciowy agonista)

Rysunek 1. Przykladowe struktury lekéw zaakceptowanych przez FDA, begdace

ligandami receptora 5-HT1a wraz z profilem farmakologicznym.
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W przypadku zwigzkow nalezacych do grupy LCAPs, bgdace w fazie testow
przedklinicznych, trzy fragmenty strukturalne tj. arylopiperazyna/arylopiperydyna, fancuch
weglowy oraz uktad terminalny sg zwykle modyfikowane celem zwigkszenia powinowactwa

do wybranego receptora lub tez osiggnigcia zaplanowanej aktywno$ci multifunkcyjne;.

W 2013 roku, chinska grupa badawcza pod kierownictwem Wei Fu’® korzystajac
zmetod modelowania molekularnego, zaprojektowata seri¢ agonistow wykazujacych
powinowactwo gtéwnie do receptora 5-HT1a. Powinowactwo do receptora 5-HT1a miescito
si¢ w zakresie Ki = 51,9 — 351,7 nM. Seria tych zwiazkéw stala si¢ punktem wyjsciowym do
zaprojektowania kolejnej grupy’' o znacznie wyzszym powinowactwie do wspomnianego
receptora, uzyskujac wartosci Ki nawet do 3,4 nM. Dodatkowo postanowiono zbadaé
powinowactwo do innych receptorow — dopaminowych Di, D, D3 oraz serotoninowego
5-HT2a. Okazato sig¢, ze wickszos¢ zwigzkow rzeczywiscie cechowala sie duza

selektywno$cig oraz wysokim powinowactwem (Rysunek 2).

O

z

5-HTia K;=103,5 5-HTia Ki=225,2

Qﬁ“b Qsz

5-HTia Ki=51,

%ML

. . .
B OJ\TQ OJ\TQ OJY
5-HTia Ki=3,4nM 5-HTia Ki=14nM 5-HTia Ki=55nM
5-HT.a Ki=153nM 5-HT;» Ki=165nM  5-HTia PD=83,6nM
D PD = 25,6 % D PD=257% D PD = 14,8 %
D, PD =38,1 % D, PD=773% D, PD = 20,5 %
D; K:=532nM D; Ki=170nM  D; PD=51,6%

Rysunek 2. A — Przykladowa seria ligandow wykazujacych powinowactwo do
5-HT1aR otrzymana w wyniku wirtualnego screeningu; B — Przyktadowa seria
selektywnych ligandow wykazujacych powinowactwo do 5-HT AR otrzymana w wyniku

modyfikacji strukturalnych serii zwigzkow A. PD — procent wyparcia radioliganda.
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W chemii medycznej, jednym ze sposoboéw odkrywania nowych zwiazkow jest
bazowanie na znanych lekach np. rysperydonie. Wykorzystujac motyw izochinolinonu, ktéry
jest podobny do chinolinonu obecnego w strukturze aripiprazolu lub brekspiprazolu, zespot
badawczy Chen Yin’> opracowat nowe, hybrydowe zwiazki o dziataniu
przeciwpsychotycznym (Rysunek 3). W pracy uwzgledniano oceng¢ wptywu réznych
arylopiperazyn/arylopiperydyn a takze dlugo$¢ tancucha alkilowego na powinowactwo
do: 5- HT1aR, 5-HT2aR, D2R.

RYSPERYDON F
5-HTi1a K;=182nM

N
5-HT:a Ki=0,19nM f N/\:E,]/D
D, Ki=3,7n0M m ¢
/ O
Ggh ~N (o)
(0] " n=3lub4
aripiprazol —_— ~ NG
brlellspi;razol '\SJ:Q/ H/n =31lub4
1 (dlan=3) 2 (dlan=4)

5-HTia Ki=9,1 nM 5-HTia Ki=41,6 nM
5-HTa Ki= 0,65 nM 5-HT,an Ki= 30,6 nM
D, K;=6,9 nM D, K;=283nM

Rysunek 3. Ideowy schemat otrzymanych zwigzkow hybrydowych o dziataniu

przeciwpsychotycznym przez Chen Yin.”?

Delikatnie modyfikujac rdzen uktadu terminalnego arypiprazolu lub brekspiprazolu
a nastgpnie sprzegajac go poprzez propylowy lub butylowy tancuch weglowy
z arylopiperydyng obecna w rysperydonie (lek przeciwpsychotyczny’?) naukowcom udato sie
uzyskac interesujace, przyktadowe zwiazki (1) 1 (2), o podobnym profilu receptorowym co
oryginalny rysperydon ale ze zwigkszonym powinowactwem do 5-HT1aR. Zauwazono, ze
wydtuzanie tancucha weglowego obniza powinowactwo do wszystkich badanych receptorow
natomiast badajac wptyw roznych arylopiperazyn lub arylopiperydyn na powinowactwo do
receptorow 5-HTiaR, 5-HT2aR, D2R okazato si¢, ze najlepsza byla ta pochodzaca z
rysperydonu.

W 2016 roku, Zajdel i wspot’™ opatentowal grupe chinolinowych oraz
izochinolinowych sulfonamidow bedacych pochodnymi cyklicznych amin alifatycznych
(Tabela 1). Zwiazki te charakteryzuja si¢ szerokim profilem farmakologicznym wykazujac

powinowactwo do nastepujacych receptoréw: 5-HTia, 5-HT2a, 5-HTs, 5-HT7, D2. W testach
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behawioralnych, wszystkie badane ligandy wykazywaty aktywno$¢ przeciwpsychotyczng
1 pro-kognitywna przy czym zwiazki: (3) (cz¢sciowy agonista 5-HT1aR) i (4) byly najbardziej
aktywne. Ze wzgledu na swoje wilasciwosci farmakologiczne, zwigzek (3) uznano
za potencjalny kandydat na lek, ktory nie wykazywat kardiotoksycznos$ci ani tendencji

do indukowania katalepsji.”

Tabela 1. Profil receptorowy wybranych chinolinowych / izochinolinowych sulfonamidow
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Jesli chodzi o przyktady zwigzkow wykazujacych powinowactwo do receptora
5-HTia, warto wspomnie¢ o pochodnych ftalimidu’®, benzoksazyno-2,4-dionu oraz
salicylamidu. Pochodne zawierajace uktad ftalimidu (Rysunek 4) bedacy cyklicznym
imidem, sg analogami znanego NAN-190, ktory jest antagonistg receptora 5-HTia
(Ki = 0,6 nM)’%, niemniej jednak wykazuje réwniez silne powinowactwo do receptora
adrenergicznego oy (Ki =0,8nM)"’ a takze nieco stabsze do receptora 5-HT7 (K; = 87 nM).”®
Wydluzenie tancucha weglowego w czasteczce NAN-190 o jedng grupe metylenowg (tancuch

pentylowy) lub o dwie (fancuch heksylowy), spowodowato nieznaczne ostabienie wigzalno$ci
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do receptora 5-HTia oraz 5-HT7. W przypadku usztywnienia lancucha, poprzez
wprowadzenie tacznika m-ksylenowego oraz p-ksylenowego, réwniez obserwowano
ostabienie wigzalno$ci do obu receptorow, przy czym wigzalno$¢ liganda z lacznikiem
p-ksylenowym byta wyzsza niz z tacznikiem m-ksylenowym. Dodatkowo, bardziej liniowy
ligand (11) wykazywat najwyzsza wigzalnos$¢ do receptora 5-HT?7, tj. zar6wno niz NAN-190

oraz wszystkie pozostale badane zwigzki.

5-HT7;R  Ki=87nM

/\\ -
NJ\/\N\\/N\Q 5-HTiAR Ki=0,6 1M

6] NAN-190 aR K;=0,8 nM
(0] (0]
N
NN N/\©ﬁ LN
<j¢< N )
8 o0 10 !
5-HT1AR Ki = 7,2 nM 5-HT1AR Ki =68 nM
5-HT,R K;=80nM 5-HT7R K;j=292nM

S0 @ﬁO@@Q

5-HTiaR Ki=22nM 5-HT1aR Kij=16 nM
5-HT;R K;=118 nM 5-HT7R K;=50nM

Rysunek 4. Modyfikacje strukturalne NAN-190 w obrebie linkera weglowego.

Majac na uwadze, ze uktad benzoksazyno-2,4-dionu jest, strukturalnie podobny
do ftalimidu, spodziewac by si¢ mozna, ze i analog NAN-190 z benzoksazyno-2,4-dionem
w czg$ci terminalnej, rowniez bedzie wykazywa¢ podobne powinowactwo do receptora
5-HTa (Rysunek 5). Faktycznie okazuje si¢, Ze zwigzek (12)® bedacy cze$ciowym agonista
wykazuje powinowactwo do receptora 5-HT1a, jednak wigze si¢ z nim nieco stabiej (K; = 3,2
nM)”® niz w przypadku NAN-190. Wymiana 1-(2-metoksyfenylo)piperazyny na
1-fenylopiperazyne spowodowata lekki wzrost w powinowactwie (Ki = 2,8 nM) natomiast
wymiana na 1-(3-chlorofenylo)piperazyn¢ spowodowata dalszy wzrost w powinowactwie do
5-HT1aR (Ki= 1,25 nM). Skrocenie tancucha butylowego do propylowego (zwiazki (15), (16),

(17)) powoduje ostabienie wigzalno$ci do receptora 5-HT1a.”’
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Rysunek 5. Pochodne benzoksazyno-2,4-dionu.

Hydroliza dlugotancuchowych arylopiperazyn z uktadem benzoksazyno-2,4-dionu
w cze$ci terminalnej prowadzi do otrzymania grupy N-pochodnych salicylamidu

7980 prowadzita badania majaca na celu

(Rysunek 6). Grupa badawcza prof. Kowalskiego
poréwnanie powinowactwa ligandow z grupy N- 1 O-pochodnych salicylamidu (Rysunek 6).
Okazato si¢, ze ligandy bedace O-pochodnymi salicylamidu (zwigzki (21-23)) wykazywaty

wyzsze powinowactwo do receptora 5-HT1a niz N-pochodne salicylamidu (zwigzki (18-20)).

0
21
5-HT1aR  Ki=130nM 5-HTiaR Ki=21nM

@)
NS v N@
\_/ 22
@)

5-HT1aR  Ki=143nM

O

N

N W N N’@
/ 23

(0]
7 —0 @\)%H2 _
O\/[(”MN/_\ N O/\/\N/—\N@
o \_J

OH / 20
>-HTiAR - Ki= 191 nM 5-HTiaR  Ki=77nM

Rysunek 6. N- i O-pochodne salicylamidu.
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1.2.3. Receptor 5-HT7 - funkcja i znaczenie terapeutyczne

Receptor 5-HT7 (5-HT7R) jest jednym z najpozniej odkrytych z rodziny receptorow
serotoninowych. Wykazuje ekspresje zarowno w osrodkowym uktadzie nerwowym jak 1 w
poszczegolnych organach poza uktadem nerwowym. Najwigksze jego zaggszczenie w mozgu
wykazano w rejonach wzgbrza, podwzgoérza oraz w jadrze grzbietowym, jadrze
migdatlowatym oraz w hipokampie. Poza mozgiem, receptor zostat zidentyfikowany w
nerkach, watrobie, trzustce, $ledzionie, zoladku, oraz w jelitach.®' Podstawowa $ciezka
przekazywania sygnatlu poprzez receptor 5-HT7 polega na zwigzaniu receptora z ligandem a
nastepnie fosforylacje podjednostki G potaczong z jej dysocjacja na: podjednostke Gs oraz
heterodimer Gi2. W kolejnym etapie biatko Gs (kanoniczna sygnalizacja) zostaje
zaktywowane co powoduje uruchomienie izoformy CA (cyklazy adenylowej) prowadzac do
wewnetrznego wzrostu stezenia cCAMP. cAMP indukuje ekspresje PKA a ta z kolei wptywa
na dalsza fosforylacj¢ innych biatek np. szlaku Ras, ERK, Akt co w konsekwencji prowadzi

do przesytania sygnatu do dalszych struktur komorkowych.®?

Jedna z pierwszych poznanych funkcji receptora 5-HT7 jest regulacja cyklu
okotodobowego a w konsekwencji regulacja snu w fazie REM.383 Oprocz tego
udowodniono, ze receptor 5-HT7 petni rowniez kluczowg role w procesach zapamigtywania

84,85

1 uczenia si¢ a takze termoregulacji.®® Wyniki badan przedklinicznych wskazuja na

mozliwo$¢ zastosowania receptora w leczeniu depresji®’, schizofrenii®’*® leku®®, bolu

89.90 2 nawet epilepsji’!. Ponadto, w ostatnich latach dowiedziono, Ze receptor

neuropatycznego
ten moze sta¢ si¢ interesujacym celem w poszukiwaniu zwigzkow o dziataniu
przeciwnowotworowym np. w leczeniu potrojnie ujemnego raka piersi’’, nie-

drobnokomérkowego raka phuc® lub tez raka prostaty.”

1.2.4. Receptor 5-HT7 — przeglgd wybranych ligandow

Jak to zostato juz wspomniane w poprzednim paragrafie, podobienstwa w homologii
receptoréw serotoninowych w mniejszym lub wigkszym stopniu bedg warunkowac¢ wigzanie
si¢ jednego zwigzku z wieloma receptorami 5-HT i/lub z innymi aminergicznymi GPCR.
Warto tutaj wspomnie¢, ze na rynku nie ma zadnego leku wykazujacego selektywne dziatanie
na receptor 5-HT7, natomiast do fazy badan klinicznych zakwalifikowano do tej pory JNJ-
18038683 (5-HT;R Ki = 6,5 nM, 5-HTiaR Ki = 316 nM)* jako selektywny
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1 potencjalny $rodek podnoszacy funkcje poznawcze oraz stabilizujacy nastrdj w chorobie

afektywnej dwubiegunowe;j.”®

Podobnie jak w przypadku ligandéw 5-HTia, spora grupa ligandow 5-HT7 naleze¢
bedzie réwniez do pochodnych arylopiperazyn oraz arylopiperydyn oraz do ich
dhugotancuchowych analogdéw. Niemniej jednak oprdcz tej grupy, warto wymieni¢ tutaj inne
np. pochodne tryptaminy®’, ergoliny”’, 2-aminotetraliny®’, arylosulfonamidy®®, pochodne
aminotriazyn®®, aminopirydyn'® i aminopirymidyn.!”” Lurazydon (Tabela 2) oraz
wortioksetyna (opisana w rozdziale 1.2.3) to przyktady nowych lekow zaakceptowanych
przez FDA o dziataniu przeciwdepresyjnym; lurazydon za$ wykazuje dodatkowo dziatanie
przeciwpsychotyczne.!! Oba zwiazki charakteryzuja sie multifunkcyjnym dziataniem.
Lurazydon nalezy do pochodnych benzoizotiazolu 1 wykazuje powinowactwo do
nastepujacych receptorow: 5-HTia, 5-HT2a, 5-HT7, D, oraz adrenergicznych.!'*!
W badaniach na zwierzetach lurazydon wykazywat szerszy profil aktywnosci. Oprocz
dziatania  przeciwdepresyjnego 1  przeciwpsychotycznego, obserwowano  efekt
przeciwdrgawkowy!?! oraz przeciwlgkowy.!?! Dzigki silnemu antagonizmowi 5-HT7R i/lub
agonizmowi 5-HTaR lurazydon wykazywal wlasciwosci usprawniajace funkcje poznawcze

u myszy.'%?

Tabela 2. Profil farmakologiczny lurazydonu'®?

H O
YO
O \\/N \
N-S

Ki [nM]
5-HT1aR 5-HT2aR 5-HT7R D:R aiR a2aR a2cR
6,75 2,03 0,49 1,68 479 40,7 10,8
czesciowy _ ' _
‘ antagonizm  antagonizm antagonizm - - -
agonizm

Przyktadem ligandow nalezacych do dhlugotancuchowych arylopiperazyn lub

arylopiperydyn wykazujacych powinowactwo do receptora 5-HT7 sg zwigzki opracowane

27



przez firm¢ Egis Pharmaceuticals z ukladem terminalnym w postaci indolin-2-onu
(Rysunek 7). Przyktadowy zwiazek (24) wykazywat dobra selektywnos$¢ i aktywno$¢ do
receptora (5- HT;R K; = 0,79 nM) w trybie antagonisty, jednak slaby profil
farmakokinetyczny zainspirowal naukowcéw do dalszej optymalizacji. Modyfikacje
strukturalne zakladaly: wprowadzenie zasadowych grup, podstawnikéw alkilowych
w pozycje trzecig indolin-2-onu oraz w prowadzenie jednego lub wiecej halogenow
w pierscien indolu. Finalnie otrzymano biblioteke zwiazkow, z ktérych cze$¢ z nich
wykazywato powinowactwo do receptora 5-HT7 w nanomolarnych stezeniach, a takze
wzglednie wysoka selektywnosci wzgledem receptora 5-HTia oraz ai (reprezentatywny
zwigzek (25)). Niestety pojawil si¢ problem ze stabilno$cig metaboliczng oraz zwiazki nie

wykazywaty aktywnosci przeciwdepresyjnej w tescie FST in vivo.!9%1%4

N

1
F
N~ O 0
H R,
24 Rs

5-HT-R  K;=0,79 nM Owblna strukt
5-HT1aR <9 % inhibicji przy 107 M ~2go-na struktura
R Ki=215nM Ri, Ry, R3 =H lub halogen, R4 = H lub Et

Rs, Re = arylopiperazyna, arylopiperydyna

25
5-HT;R  K;=0,38 nM
5-HT1aR <11 % inhibicji przy 10”7 M
(X1R Ki =93 nM

Rysunek 7. Struktury dtugotancuchowych arylopiperazyn/arylopiperydyn opracowanych

przez Egis Pharmaceutical'®

Prace zespotu Lacivity z Uniwersytetu w Bari'%:!% doprowadzily do odkrycia zwigzku
(26), ktory po podaniu dootrzewnowym ulegat rozpadowi do aktywnego metabolitu
tj. 1-(2-bifenylo)piperazyny (Rysunek 8).!” Naukowcy doszli do wniosku, ze finalny efekt
farmakologiczny jest wpadkowg dziatania aktywnego metabolitu oraz oryginalnego zwigzku,
wobec tego postanowiono zaprojektowa¢ nowg grupe zwigzkow (Rysunek 8)
o podwyzszonej stabilnosci metabolicznej w oparciu o zmniejszenie lipofilowosci. Wymiana
podstawnika cyjanofenylowego na mniej lipofilowy pierscien pirydylowy, wprowadzenie
linkera etoksyetylowego oraz wprowadzenie podstawnika p-metoksylowego skutkowato

otrzymaniem serii wcigz aktywnych 1 selektywnych zwigzkéw do receptora
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5-HT7, jednak problem szybkiego metabolizmu nadal byt aktualny (np. ligand (27)). Dalsze
modyfikacje strukturalne polegajace na dekoracji ukladu bifenylowego podstawnikami

sterycznymi finalnie doprowadzity do zwigkszenia stabilno$ci metabolicznej niestety kosztem

utraty selektywnos$ci w stosunku do aiR (np. ligand (28)).
aktywny metabolit O
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5-HT;R  K;=25.5nM
5-HTiaAR Ki=771 nM
aiR Ki=6,6 1M

Rysunek 8. Przyktadowe zwiazki z rdzeniem arylopiperazyny opracowane na

Uniwersytecie w Bari!%%1%8

Zaprojektowane arylosulfonamidy przez zespot Zajdel i wspol. z Uniwersytetu
Jagiellonskiego, to przyktad ligandow 5-HT7R strukturalnie podobnych do tych
opracowanych przez GlaxoSmithKline, uznawanych za jedne z pierwszych selektywnych
antagonistow receptora 5-HT7; (np. SB-269970, (29)) (Rysunek 9).! W 2011 roku
Zajdel i wspot’® zaproponowali nowa serie arenowych oraz chinolinowych sulfonamidow,
gdzie strukturalnym modyfikacjom ulegat tacznik weglowy oraz uktad arylopiperazyny
wymieniany na  1,2,3,4-tetrahydroizochinoling  (THIC),4,5,6,7-tetrahydrotioeno[3,2-
c]pirydyne (THTP) oraz perihydroizochinoling (PHIQ). Wyniki badan pokazaly, ze obecnos¢
1-(2-metoksyfenylo)piperazyny  pozytywnie = wplyneta na  powinowactwo  do
5-HTiaR a takze 5-HT2aR oraz 5-HTe¢R, podczas gdy rdzen PHIQ byl preferowany dla
receptora 5-HT7 (zwigzek (30)). Ponadto, wzrost dlugosci tancucha alkilowego rowniez
korzystnie wptywal na powinowactwo do 5-HT7;, podobnie jak wprowadzenie

hydrofobowych ugrupowan do atomu azotu grupy sulfonamidowe;.
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n=0-3
HTR K =1250M ! -HT i=13n
g—HTZAR K> 10050 M R, =H, Et, Et-NH,, Pr-NH, 5-HT1AR K= 1099 nM
S.HTAR  K; > 1000 nM Amina = arylopiperazyna, 5-HT,AR K, = 6281 nM
5-HTGR  Ki = 6300 nM THIC, THTP, PHIQ S-HTGR K= 1959 nM
D.R Ki=316 nM @R Ki=316 nM

Rysunek 9. Przykladowe arylosulfonamidy opracowane przez zespot prof. Zajdla®®

Zupelie odmienng grupa niskozasadowych zwigzkow, niezawierajacych motywu
arylopiperazyny, a wcigz wykazujaca powinowactwo do receptora 5-HT7 sa pochodne
S-arylo-1-alkiloimidazoli z wiodagcym motywem indolu opisanych przez Hogendorfa
i wspotl. (Rysunek 10).''° Analiza SAR ujawnita, kilka kluczowych informacji. W celu
zachowania wysokiej aktywnos$ci do receptora 5-HT7 powinny by¢ spetnione nastepujace
warunki: obecno$¢ wolnej grupy NH w indolu, obecnos$¢ przestrzennych oraz lipofilowych
podstawnikéw w C-5 indolu oraz obecnos¢ matych alkilowych podstawnikéw w pierscieniu
imidazolu. Badane zwigzki (np. (31) i (32)) wykazywatly agonizm wzglgdem receptora
5-HT7, charakteryzowaly si¢ dobra rozpuszczalno$cig i stabilno$cig metaboliczng a takze
niskg cytotoksycznoscia wobec linii komoérkowych HEK-293 / HepG2. Badania in vivo

wykazaly, ze zwiazek (31) poprawiat zdolnoéci kognitywne u myszy.'!°

/=N N/EN
/N /N
MeO
N\ A\
N N
31 Ogolna struktura 32
5-HT;R  Ki=30nM R = Me, Et, n-Pr, n-Bu, allyl 5-HT;R  Kij=6 nM
5-HTaR K;= 660 nM R>=H, Me; R; =H, Br; 5-HT;aR K;> 1000 nM
5-HT,aR K;> 1000 nM R4s=H, OMe, F, Cl, Br, I, CN, 5-HTaR  K; > 1000 nM
5-HT¢(R K;=6918 nM Me, OBn, CONH2; Rs =H, Br 5-HT¢R  K;> 1000 nM
D:R Ki>1000 nM R¢=H, F; R;=H, Me D:R Ki=4897 nM

Rysunek 10. Przyktadowe niskozasadowe zwigzki opracowane przez Hogendorf i wspof.!1

30



Kolejng interesujaca grupa zwiazkéw pozbawionych motywu arylopiperazyny lub
arylopiperydyny sa pochodne aminotriazyny (Rysunek 11). Zwiagzki te, wykazuja
antagonistyczny tryb wigzania z receptorem. R.J Mattson i wspot.” zaproponowali zwiazek
(32) (5-HT7R, K;i = 60 nM) jako strukture wyjsciowa do dalszej optymalizacji. Wprowadzajac
podstawniki fenoksyalkilowe (wraz z podstawionym pierscieniem) udato si¢ zwigkszy¢
powinowactwo do 5-HT7R nawet trzydziestokrotnie. Z racji tego, ze w strukturze obecne byto
centrum chiralne (ligand (33)), wyzsza aktywno$¢ zostata przypisana tylko izomerom §
(ligand (34)) w stosunku do nieaktywnego zwigzku (35). Problem pojawit si¢ na etapie
biodostgpnosci in vivo — zwiazki wykazywaty niskg biodostgpnos$¢ na poziomie % F, = 12.

Wprowadzajac atom fluorowca udato si¢ omina¢ ten problem — % F, wzrdst do 57.

NH, NH,
N oy
SetaaviN e ats
H H H H
R+
32 Ogodlna struktura
5-HT.R  K;=60nM Ri—H,F
R> — (CH2)>-Ph, (CH»)>-O -Ph, (CH,),-O-(4-F-Ph)
NH, NH, *_rac, R, S NH,
N)\IN H NJ\IN N)\lN
©/LN/I\\N N/\/O\© ©/-\NJ\\N)\N/\/O\© ©/LN)\\N)\N/\/O
H H H H N N T[:
33 34 3
THIR - AmenM SHDR - Ki=3 1M 5-HT/R K> 1000
% Foz 12

5-HT¢R  K;> 1000 nM
5-HT¢R  K;> 1000 nM
o Ki =300 nM

Rysunek 11. Przyktadowe pochodne aminotriazyn.”’
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1.3. Projektowanie zwigzkow w oparciu o: strukture receptora oraz strukture ligandow

Dzigki zastosowaniu komputerowych metod projektowania lekow (CADD), proces
odkrywania zwigzkéw biologicznie aktywnych ulegl skrdceniu poprzez wyeliminowanie
struktur o matym potencjale biologicznym. Dodatkowo metody komputerowe pozwolily na

lepsze zrozumienie interakcji jakie zachodzg na poziomie kompleksu ligand — receptor.

Obecnie dominujg dwie strategie projektowania lekdéw — w oparciu o znang strukture
biatka (SBDD) lub w oparciu o znane ligandy (LBDD). W przypadku SBDD dysponujac
strukturg krystaliczng biatka lub tez modelem homologicznym (gdy struktura jest
niedostgpna) receptora mozliwe jest poznanie topologii miejsca wigzacego, a takze jego
charakteru elektrostatycznego, hydrofobowego lub hydrofilowego. Informacje te pozwalaja
na zaprojektowanie takich czasteczek, ktore beda dopasowywac si¢ do miejsca wigzacego
1 oddziatywa¢ z nim poprzez swoiste interakcje np. mostek solny, wigzania wodorowe,

wigzania hydrofilowe typu m-m, kation-m, lub tez stabe oddzialywania typu van der Walsa.!!!

Projektowanie w oparciu o znane ligandy zaktada istnienie biblioteki aktywnych oraz
nieaktywnych struktur, a znajomo$¢ struktury krystalicznej lub homologicznej nie jest
konieczna. Na tej podstawie budowany jest model farmakoforowy (Rysunek 12), ktory
wedhlug definicji stanowi zestaw specyficznych cech strukturalnych oraz elektronowych
niezbednych do zaistnienia oddziatywania z receptorem, powodujac aktywacje lub
zahamowanie dziatania biologicznego.!'? Na przeciagu kilkudziesieciu lat, powstalo wiele
modeli farmakoforowych opisujacych aktywne ligandy do receptora 5-HTia — zar6wno

h!1314 jak i bardziej ztozonych.''> Model Lepailleur’a na przyktadzie NAN-190

prostyc
(Rysunek 12A), zaktada istnienie czterech punktow umieszczonych pod odpowiednim katem
oraz w odpowiedniej odleglosci. Tymi punktami s3: protonowane centrum zasadowe
np. zasadowy azot piperazyny, zdolny do tworzenia mostka solnego z receptorem; akceptor
wigzania wodorowego np. grupa karbonylowa ftalimidu; obszar hydrofobowy np. pierscien
aromatyczny ftalimidu oraz arylopiperazyny. Zespét Lopez-Rodrigues'!® zaproponowat
w 2003 roku model farmakoforowy dla receptora 5-HT7; zbudowany na bazie znanych
antagonistow (Rysunek 12B, pochodne naftolaktaméw) tegoz receptora. Podobnie jak

w poprzednim przypadku, model ten jest rowniez wielopunktowy i sktada si¢ z kilku

obszaréw hydrofobowych, akceptora wigzania wodorowego, oraz z centrum zasadowego.
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Rysunek 12. Modele farmakoforowe wraz z zaznaczonymi odleglo$ciami poszczegolnych

elementéw: A) receptora 5-HT1a, opracowanego przez Lepailleur’a; B) receptora 5-HT>

opracowanego przez Lopez-Rodriguez’a. HYD / AR — obszar hydrofobowy, HBA —

akceptor wigzania wodorowego, PI — centrum zasadowe.
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2. CELIZAKRES PRACY

Poszukiwanie nowych metod syntezy oraz projektowanie dlugotancuchowych
arylopiperazyn jako nowych ligandow receptorow serotoninowych od lat sg przedmiotem
zainteresowania Zespotu Chemii i1 Technologii Lekow w Katedrze Chemii i Technologii
Organicznej Politechniki Krakowskiej, ktdérej cztonkiem jest autor niniejszego
autoferefatu.”®’®7 W toku wieloletnich badan, udato sie opracowaé wydajne metody syntezy
olanzapiny, trazodonu oraz arypiprazolu — przykladowych lekéw stosowanych
w leczeniu zaburzen oun. Mozliwym byto wyeliminowanie klasycznego ogrzewania (nawet
do 24 godzin) substratow z udzialem duzych ilo$ci toksycznych rozpuszczalnikow, przy
zastosowaniu katalizy przeniesienia migdzyfazowego a dzigki zastosowaniu promieniowania
mikrofalowego, udato si¢ skroci¢ czas syntezy do kilku minut. Niewatpliwym atutem tej
metody jest zredukowanie ilo§¢ rozpuszczalnikéw lub calkowite ich wyeliminowanie,
otrzymujac jednoczesnie produkt koncowy z wysoka czystoscia i wydajnoscia.?®3° Z racji
wysokiego potencjatu, metode t¢ postanowiono zaadoptowac rowniez do syntezy zwigzkow

bedacych jeszcze w fazie badan klinicznych m.in. ipsapironu.

Ipsapiron, nalezy do rodziny dtugotancuchowych arylopiperazyn z grupy azapironow.
Jest czeSciowym agonista receptora 5-HTia (Ki = 6 nM)!', wykazuje dzialanie
przeciwdepresyjne i przeciwlekowe wciaz pozostajac na etapie badan naukowych.!'®
W kontek$cie syntezy, ipsapiron otrzymywany jest zazwyczaj na drodze dwuetapowe;j reakcji
N- alkilowania, badz wieloetapowej syntezy z udziatem toksycznych rozpuszczalnikow oraz
reagentow pomocniczych.!"” Kazda z tych metod jest mato efektywna, bowiem wydajnoéé
otrzymywania ipsapironu nie przekracza 40 %, a takze jest mato przyjazna dla srodowiska.
W literaturze naukowej istnieje kilka analogdéw ipsapironu roznigcych si¢ dlugoscia tancucha
weglowego oraz arylopiperazynami.'?1?2 Niestety niekompletne dane (powinowactwo do
receptorow) nie pozawalajg na przeprowadzenie szczegotowej analizy SAR 1 w konsekwencji
wyznaczenia kluczowych elementéw strukturalnych odpowiedzialnych za aktywnos¢. Z racji
interesujgcych wlasciwosci biologicznych oraz problematycznego aspektu syntezy, ipsapiron
stat si¢ strukturg wyjSciowa (ang. hit compound) do podjecia dalszych prac nad synteza

samego ipsapironu oraz nowych jego analogow (Seria 1).

Opracowanie selektywnych ligandow receptora 5-HT7 jest trudnym wyzwaniem ze
wzgledu na podobienstwo strukturalne w kieszeni wigzacej w obrgbie rodziny receptorow

5- HT, a w szczegolnosci do receptora 5-HTia. Nawigzujac do poprzednich paragrafow,
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istnieje wiele ligandow wykazujacych mieszane powinowactwo do receptora 5-HTia oraz
5-HT7, a czgsto réwniez do innych receptorow. 2-amino-1,3,5-triazyna wydaje si¢ byc¢
interesujacym, stabo przebadanym motywem charakterystycznym dla selektywnych ligandow
receptora 5-HT7.”” Majac to na uwadze, postanowiono wykorzysta¢ ten fakt by opracowaé
hybrydowe zwiazki zawierajace motyw triazyny jak roéwniez arylopiperazyny polaczone ze
sobg tancuchem weglowym (Seria 2). W dalszej kolejno$ci rozbudowywano uktad triazyny
o tryptaming (Seria 3) skracajac 1 nastgpnie usuwajac tacznik weglowy (Seria 4) oraz finalnie
otwierajgc ~ mostek  etylowy  arylopiperazyny  (Seria 5,  skladajaca  si¢
z trzech podserii). Celem tych modyfikacji bylo zwigkszenie powinowactwa wzgledem
receptora 5-HT7 kosztem wyeliminowania powinowactwa do receptora 5-HTa. Z uwagi na
to, ze opisana metoda otrzymywania znanych ligandéw 5-HT7 z grupy aminotriazyn®®, ktore
byly inspiracja do prowadzenia niniejszych badan, przebiega w warunkach klasycznych,
W niniejszej pracy postanowiono nacisk na syntez¢ nowych zwigzkéw wytacznie na drodze

reakcji bezrozpuszczalnikowej wspieranej polem promieniowania mikrofalowego.

Podsumowujac, celem niniejszej pracy doktorskiej byto zaprojektowanie, synteza oraz
ocena wtasciwosci biologicznych pochodnych ipsapironu wykazujacych powinowactwo do
receptora 5-HT 14 1 nastgpnie modyfikacja struktury tak aby otrzymac ligandy o zwigkszonym
powinowactwie tylko do receptora 5-HT7 (Rysunek 13). Badania kolejno obejmowaty

nastepujace zadania:

e Dobor najlepszych parametréw syntezy w tym udzial réznych zasad,
rozpuszczalnikdw, mocy mikrofal oraz czasu prowadzenia syntezy dla modelowej
reakcji otrzymywania ipsapironu

e Synteza, oczyszczanie oraz charakterystyka spektralna i chromatograficzna
zaprojektowanych zwigzkow serii 1-5

e Badanie powinowactwa otrzymanych zwigzkow w poszerzonym panelu
receptorowym (5-HT1a, 5-HT2a, 5-HTs, 5-HT7 oraz D»)

e Testy funkcjonalne

e Wyczerpujaca analiza SAR

e Dywagacje na gruncie modelowania molekularnego (dokowanie oraz dynamika
molekularna) w celu wyznaczenia kluczowych elementéw strukturalnych
warunkujacych aktywnos$¢ biologiczng

e Ocena ADME-Tox in vitro oraz in vivo dla wybranych zwigzkow

35



pd

(0]
r NH,
dw&n«m L,
gO K/ H,N = " <

Seria 1 Seria 2 N R
B -
NH, NH, —
/2] N HN L
HN N ¢<N r N’QNw
Hmn/\N/\ A NI R
; N N &
N N A R H _ «
H I X
Seria 3 = Seria 4
NH; strukturalne inspiracje
N
in—{ gzl
‘e NN\ -~ o) N
N t e 00 . |
- L NHy
Seria 5 (trzy podserie) przykladowy )N\)\lN /\/@
antagonista INSNTN :
5-HT, EH H:

Rysunek 13. Ligandy serii 1 — 5, z zaznaczeniem miejsca modyfikacji strukturalnych.
Kolory: niebieski — ocena dtugosci tacznika weglowego, czerwony — zbadanie wptywu
rodzaju i miejsca podstawnika w pier$cieniu aromatycznym, czarny — zbadanie wptywu

heteroatomu, zielony — zbadanie wptywu podstawnikéw EWG oraz EDG.
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3. METODOLOGIA BADAN

3.1. Synteza Ipsapironu’

Ipsapiron (40) otrzymywano na drodze dwuetapowej reakcji N-alkilowania. Pierwszy
etap stanowit reakcje N-alkilowania sacharyny (36) 1,4-dibromobutanem (37), a nastgpnie
powstaly produkt 38 poddawany byt reakcji z chlorowodorkiem 1-(2-pirymidylo)piperazyny

(39) zgodnie ze Schematem 5.

8§ S,
36 g 37 3o 38
0] Br /\ N=—
NH
__ o AW
NJ_F NN i N, _<N /
Etap 2 s | N "ol N
60 7 %o
38 39 (o] 40

Schemat 5. Dwuetapowa $ciezka otrzymywania ipsapironu. i — KoCO3, TBAB, DMF, MW
P =300 W; ii — zasada, TBAB, DMF lub ACN, MW P =300 W

W przypadku etapu pierwszego, badano wptyw ilosci uzytego weglanu potasu oraz zmienne;j
ilosci 1,4-dibromobutanu (37) na wydajnos$¢ otrzymywania 1-bromobutylosacharyny (38).
Z kolei w przypadku etapu drugiego ocenie poddano wptyw réznych zasad np. K.CO3, NaOH,
Ca(OH)., trietyloaminy oraz roznych rozpuszczalnikow-czynnikow utatwiajacych transfer
energii mikrofalowej np. dimetyloformamidu lub acetonitrylu na wydajno$¢ otrzymywania
ipsapironu (40). Ponadto, ipsapiron (40) otrzymywano rowniez metodg ,, one-pot ”, polegajaca
najpierw na reakcji sacharyny (36) z 1,4-dibromobutanem (37) a nast¢gpnie bezposrednim
dodaniu chlorowodorku 1- (2-pirymidylo)piperazyny (39) bez wydzielania produktu
posredniego 38. Podobnie jak poprzednio, oceniano wpltyw rdéznych zasad oraz czasu

prowadzenia syntezy na wydajnos¢ otrzymywanego ipsapironu (40).

! badania wiasne doktoranta
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3.2. Projektowanie i synteza dtugotaricuchowych arylopiperazyn (Seria 1)!

Projektowanie nowych pochodnych ipsapironu (40) rozpoczgto od: (1) przegladu
pi$miennictwa znanych pochodnych ipsapironu (40) (cztery znane ligandy)'?%122 (2)
wyznaczenia biokonformacji ipsapironu (40) przy uzyciu metod komputerowych celem oceny
jego ulozenia w kieszeni wigzacej receptora 5-HT1a. Wickszo$¢ prac naukowych zwigzanych
z oceng aktywnosci biologicznej LCAPs dotyczy ligandow z linkerem etylowym,
propylowym lub butylowym. Ligandy z tancuchem pentylowym lub heksylowym sa
praktycznie nie znane aczkolwiek wykazano, ze sa rowniez aktywne’® podobnie jak te
z krotszym tancuchem. Majac to na uwadze, zaprojektowano 1 seri¢ zwigzkow (Rysunek 14)
cechujacych si¢: rozng dlugoscig tancucha weglowego, roéznymi podstawnikami
arylopiperazyny. Dla aktywnych zwigzkéw zostala wyznaczona funkcja wewngetrzna
okreslajaca agonizm lub antagonizm badanych ligandéw. Oprocz tego, korzystajac z metody
dokowania, zaproponowano biokonformacj¢ ligandow a takze poréwnano je

z biokonformacjg ipsapironu (40).

Synteza zwigzkoéw serii 1 przebiegata w sposob analogiczny do dwuetapowe;j reakcji
otrzymywania ipsapironu (40) (Schemat 5). W pierwszym etapie otrzymano odpowiednig
1-bromoalkilosacharyng, a nastepnie poddano ja reakcji z wtasciwg arylopiperazyng. Reakcje
prowadzono w warunkach bezrozpuszczalnikowych, wspieranych polem promieniowania
mikrofalowego (P = 50 W) z udzialem weglanu potasu, TBAB oraz 5 % mas. DMF lub ACN

jako czynnika utatwiajacego transfer energii mikrofalowej w ciagu 2,5 min.

)
e~
//S\:N linker N\_/N R linker = butyl, pentyl, heksyl
R= — — —
. o Y =Y Ky
ogo6lna struktura zwigzkow serii 1 Cl OMe CFs

=) =) ; ) =
N
sBle iR

Rysunek 14. Modyfikacje strukturalne zaplanowane w ramach syntezy serii 1 zwigzkéw

! badania wiasne doktoranta
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3.3. Projektowanie i synteza hybrydowych arylopiperazyn i aminotriazyn (Seria 2)’

Seria 2, zaklada syntez¢ zwigzkow bedacych hybryda arylopiperazyny oraz
aminotriazyny potaczonych ze sobg tacznikiem weglowym o réznej dlugosci (Rysunek 15).
Na podstawie analizy SAR zwigzkéw serii 1, w przypadku motywu arylopiperazyny do
dalszych prac wytonione zostaty: 1-fenylopiperazyna, 1-(2-metoksyfenylo)-piperazyna oraz
1-(2,3-dichlorofenylo)-piperazyna. Dwie ostatnie arylopiperazyny stanowig dos$¢ czgsto
powtarzajacy si¢ motyw, ktéry mozna spotka¢ m.in. w lekach jak np. NAN-190 lub
arypiprazol. Rdzefn aminotriazyny zostat z kolei wybrany z powodu wysokiej selektywnosci
1 aktywnos$ci pochodnych aminotriazyn wykazujacych powinowactwo do receptora 5-HT5.
Dla tej serii zaproponowany zostat réwniez tancuch weglowy o dhugosci od czterech do
sze$ciu atomow wegla jak dla poprzedniej serii zwigzkow. Wyznaczono biokonformacje za

pomoca metod modelowania molekularnego.

NH,
e
)NI\ \)N\ w — —\ R linker = butyl, pentyl, heksyl
= _linker—N N
HNT NN NIV W/ R = H, 0-OMe, 2,3-diCl

ogo6lna struktura zwigzkoéw serii 2

Rysunek 15. Modyfikacje strukturalne zaplanowane w ramach syntezy serii 2 zwigzkow

Synteza zaprojektowanych zwigzkow (Schemat 6) polegala w pierwszym etapie na
N-alkilowaniu ~ odpowiednich  arylopiperazyn 41  wczesniej  przygotowanym
1-bromoalkiloftalimidem (42). Reakcje prowadzone byly w sposob klasyczny we wrzacym
acetornitrylu a sSrodowisko zasadowe stanowil natomiast weglan potasu. Otrzymane produkty
43 poddawano je reakcji z metyloaming uzyskujac pierwszorzedowe aminy 44. Aminy te z
kolei reagowaty z komercyjnie dostgpna 2-chloro-4,6-diamino-1,3,5-triazyng (45) otrzymujac
wlasciwe zwigzki finalne serii 2. Zwiazki te zostaly otrzymane na drodze reakcji
bezrozpuszczalnikowych,  wspieranych  polem  promieniowania  mikrofalowego

W sposob analogiczny do zwigzkow serii 1.

! badania wiasne doktoranta
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Schemat 6. Sciezka syntetyczna otrzymywania zwiazkow serii 2. i — K2CO3, ACN, refluks,
12 godz; ii — MeNHz, NaOH, 5-12 godz; iii — K2CO3;, TBAB, DMF, MW P =50 W, 2.5 min.
R =H, 0-OMe, 2,3-diCl; n =2-4

3.4. Projektowanie i synteza pochodnych aminotriazyn (Seria 3)’

Serotonina z chemicznego punktu widzenia jest pochodng tryptaminy i z tego powodu
w serii 3 postanowiono rozbudowac¢ wybrane zwigzki z serii 2 o tryptaming (Rysunek 16).

W przypadku tych czasteczek, tancuch weglowy ograniczono do dwoch (tylko jeden ligand

o R = H) oraz czterech atomoéw wegla. Dhuzszy tacznik alkilowy powodowat pogorszenie si¢
parametréw ADME (np. lipofilowo$¢) in silico. Dla wybranych zwigzkéw zbadana zostata
funkcja wewnetrzna wzgledem receptora 5-HT; oraz wyznaczono wybrane parametry
ADME-Tox in vitro. Aktywno$¢ biologiczna zostata wytlumaczona korzystajagc z metod

modelowania molekularnego.

NH
NN e w linker = etyl, butyl
HN M linker—N N B R =H, 0-OMe, 2,3-diCl
” N H \ ; \ / 9 b b

ogo6lna struktura zwigzkow serii 3

Rysunek 16. Modyfikacje strukturalne zaplanowane w ramach syntezy serii 3 zwigzkow

Synteza tej serii zwigzkOw rozpoczyna si¢ otrzymaniem substratu wyjsciowego

koniecznego do dalszych przeksztatcen 49. Chlorek cyjanurowy (46) poddawano reakcji

! badania wtasne doktoranta
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z tryptaming (47) w 0°C w ciggu 30 minut. Nast¢gpnie produkt przejsciowy 48 reagowat
z woda amoniakalng w temperaturze pokojowej w ciagu 24 godzin. Tak otrzymany substrat
wyjsciowy 49 poddawano kondensacji z komercyjnie dostepng 2-(4-fenylopiperazyn-1-ylo)-
etanoaming (50) (Schemat 7) lub aminami pierwszorzegdowymi otrzymanymi w wyniku
syntezy Gabriela (analogicznie do serii 2). Reakcje prowadzono w warunkach mikrofalowych
analogicznie jak w przypadku syntezy zwigzkéw koncowych serii 2. Nieoczekiwanym
okazalo si¢, ze aminy z tancuchem butylowym nie ulegaly zaplanowanej reakcji. Dla tych
zwigzkow, wprowadzono zatem alternatywna $ciezke syntetyczng (Schemat 8). W pierwsze;j
kolejnosci zsyntezowano 4,6-dichloro-1,3,5-triazyno-2-amin¢ (51), a nastgpnie otrzymany
produkt reagowano z aminami pierwszorzegdowymi 44 we wrzacym 1,4-dioksanie.
Wydzielone produkty 52 poddawano reakcji kondensacji z tryptaming (47) stosujac synteze
bezrozpuszczalnikowg wspierang polem promieniowania mikrofalowego (analogicznie jak

poprzednie serie).

Cl NH,
e >
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CI”ONT el N N N
46 47 48 49
NH,
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Schemat 7. Sciezka syntetyczna otrzymywania zwiazkow serii 3. i — DIPEA, THF, 0°C, 30
min, ii — NH3 aq., THF, iii — KoCO3;, TBAB, DMF, MW P =50 W, 2,5 min.
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Schemat 8. Alternatywna $ciezka syntetyczna otrzymywania zwigzkow serii 3. i — DIPEA,
1,4-dioksan, refluks, 20 min, ii — KoCO3;, TBAB, DMF, MW P =50 W, 2,5 min. R =H, o-
OMe, 2,3-diCl.

3.5. Projektowanie i synteza pochodnych aminotriazyn (Seria 4)’

Interesujagce wyniki SAR zwigzane ze zwigkszonym powinowactwem do receptora
5- HT7 staly si¢ inspiracja do zaprojektowania kolejnej, matej serii zwigzkéw, gdzie
wyeliminowany zostat catkowicie facznik weglowy, taczac sztywniej arylopiperazyneg

z rdzeniem triazyny (Rysunek 17).

HN_ N
b

| R R = H, 0-OMe, 2,3-diCl
ogo6lna struktura zwigzkoéw serii 4

Rysunek 17. Modyfikacje strukturalne zaplanowane w ramach syntezy serii 4 zwigzkéw

Synteza tej grupy zwigzkéw polegala na przeprowadzeniu jednoetapowej reakcji

pomigdzy substratem wyjsciowym 49 a komercyjng arylopiperazyna 41. Reakcje prowadzono

! badania wtasne doktoranta
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w warunkach bezrozpuszczalnikowych analogicznie jak do poprzednich serii zwigzkéw

finalnych.

3.6. Projektowanie i synteza pochodnych aminotriazyn (Seria 5)’

Ze wzgledu na brak aktywnosci oraz usztywnienie uktadu czasteczek serii 4,
projektujac serie¢ 5 postanowiono otworzy¢ mostek etylowy piperazyny i sprawdzi¢ jak ta
modyfikacja wptynie na powinowactwo i selektywno$¢ do receptora 5-HT7. Obiecujace
wyniki staty si¢ baza do poszerzenia badan projektujac sporg biblioteke zwigzkéw, gdzie
podstawiano pierscienie A oraz B (Rysunek 13) r6znymi podstawnikami oraz oceniono
dhlugo$¢ tacznika alkilowego i znaczenie obecno$ci samego pier§cienia aromatycznego
(pierscien B). Obiecujace zwigzki zostaly przebadane pod katem wybranych parametrow
ADME-Tox in vitro oraz in vivo. Aktywnos$¢ zostata rowniez wytlumaczona na podstawie
metod modelowania molekularnego z zakresu dokowania oraz dynamiki molekularne;j.
W celu ulatwienia czytelnikowi analizy niniejszego autoreferatu, seria S zostata podzielona

na trzy mniejsze podserie odpowiednio 5a — 5S¢ zgodnie z rysunkiem ponize;.

r
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3.6.1. Projektowanie i synteza pochodnych aminotriazyn — Seria 5a’

Jak juz zostalo to wspomniane powyzej, seria Sa (Rysunek 18) zaktada synteze
zwigzkow z lacznikiem etylowym pomigdzy dwoma azotami w miejscu piperazyny, co

mozna traktowaé jako ,,otwarty mostek etylowy piperazyny”. Zabieg ten, mial na celu

! badania wiasne doktoranta
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zmniejszenie sztywnos$ci uktadu. W badaniach, oceniony zostat rowniez wplyw heteroatomu
(X) lub tez jego braku pomiedzy lacznikiem etylowym a pierScieniem aromatycznym na
selektywno$¢ 1 powinowactwo do receptora 5-HT7 z uwzglednieniem takze podstawienia

samego pierscienia aromatycznego (zbadano pozycje orto, meta oraz para).

NH;
PO e DS
= N X
N7 NN Dz X=NH,O,brak

R =H, 0-Cl, m-Cl, p-Cl, 2,3-diCl, o-F,

m-F, p-F, 0-OMe, m-OMe, p-OMe
ogo6lna struktura zwigzkow serii 5a

Rysunek 18. Modyfikacje strukturalne zaplanowane w ramach syntezy serii Sa zwigzkow.

Otrzymywanie zwiazkow z serii 5a zakltada w pierwszej kolejnosci synteze amin

aromatycznych 55 oraz 61 (poza komercyjnie dostepnymi pochodnymi fenyloetyloaminy):

Pochodne aminoetyloaniliny:

Pochodne aminoetyloaniliny 55 otrzymywane byly w jednoetapowej reakcji pomiedzy
odpowiednio podstawiong aniling 53 a chlorowodorkiem 2-chloroetyloaminy (54). Reakcja

przebiegata we wrzacym toluenie przez 20 godzin (Schemat 9).

NH, HN >N
HCI
N i X
| TR+ CNH, | 4R
=
53 54 55

Schemat 9. Sciezka syntetyczna otrzymywania aminoetyloanilin. i — toluen, refluks, 20

godzin. R = H, o-Cl, m-Cl, p-Cl, o-F, m-F, p-F, 0-OMe, m-OMe, p-OMe.

Pochodne aminoetylofenolu:

Podstawione fenole 56 poddawane byly reakcji O-alkilowania za pomoca 1,2-dibromoetanu
(57) w warunkach zasadowych przez 20 godzin. Otrzymane produkty 58 ogrzewane byty
z ftalimidkiem potasu (59) otrzymujac ftalimidopochodne produkty przejsciowe 60, ktére
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nastgpnie poddawano reakcji hydrolizy prowadzace do otrzymania pierwszorz¢gdowych amin

aromatycznych 61 (Schemat 10).

OH Q

Br
o 0
N ) y N
| R + B~_"Br — . |\_R + NK a o
= Pz
O
58 59

° VX
60 | =

O~
HoN™ > /S
y

R

56 57

61

Schemat 10. Sciezka syntetyczna otrzymywania aminoetylofenoli. i — NaOH, H,O,
temp.pok, 20 godzin; ii — KI, DMF, 50 °C; iii — MeNH2, NaOH, temp.pok. R = H, 0-OMe,
2,3-diCL

Synteza finalnych zwigzkow polegala na opisanej wczesniej reakcji
bezrozpuszczalnikowej wspieranej polem promieniowania mikrofalowego pomigdzy
substratem 49, a odpowiednimi aminami (55 1 61) oraz komercyjne dostgpnymi
fenyloetyloaminy o podstawniku R = H, 0-OMe, 2,3-diCl w sposob analogiczny do

poprzednich zwigzkow.

3.6.2. Projektowanie i synteza pochodnych aminotriazyn — Seria 5b’

Dane literaturowe dowodza, ze modyfikacja pierscienia indolu (a w szczegdlnos$ci
pozycja C-5) moze poprawi¢ powinowactwo do receptora 5-HT7.3%''° Z racji tego, ze
w strukturze badanych zwigzkow znajduje si¢ motyw tryptaminy, postanowiono
zaprojektowac zwigzki zawierajace podstawniki EWG oraz EDG w pozycji C-5 indolu celem

oceny ich wptywu na powinowactwo do receptora 5-HT7 (Rysunek 19).

! badania wtasne doktoranta
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NH,

HN NéI\IN /\/©
= ”)\\NJ\N R =CN,F, Cl, Br, OMe,

H

ogo6lna struktura zwigzkow serii Sb

Rysunek 19. Modyfikacje strukturalne zaplanowane w ramach syntezy serii Sb zwigzkow.

Synteza finalnych zwigzkow polegata w pierwszej kolejnosci na syntezie substratow
(Schemat 11 i Schemat 12). Podstawione C-5 tryptaminy 65 jako pierwsze z substratow
zostaly otrzymane w wyniku nastepujacego ciagu reakcji chemicznych: (i) formylowania
Vilsmeier-Haack z komercyjnie dostepnych C-5 podstawionych indoli 62, (ii) otrzymane
produkty 63 poddano reakcji kondensacji Henry’ego otrzymujac nitrowinylowe pochodne 64,
ktoére nastepnie (iii) redukowano otrzymujac podstawione tryptaminy 65. W przypadku

podstawnika CN, prowadzona byta dwustopniowa redukcja, celem ochrony grupy nitrylowe;.

O H _
62 63 64 65

Schemat 11. Sciezka syntetyczna otrzymywania pochodnych tryptamin. i — DMF, POCls,
O°C pozniej temp. pok, 1 godzina; ii — octan amonu, nitrometan, MW, 20 min; iii — LiAlH4,
THF, temp. pok, 3 dni, (w przypadku gdy R = CN, najpierw NaBH4, DMF/MeOH, temp.
pok, pozniej Zn, HCI, refluks), R = CN, F, Br, Cl, OMe, Me.

Synteza drugiego substratu sktada si¢ z dwoch etapow reakcji. W pierwszym etapie chlorek
cyjnaurowy (51) poddawany byl kondensacji z fenyloetyloaming (66) w obecnosci DIPEA
w THF w temperaturze 0°C. W drugim etapie, powstaty produkt przejsciowy 67 reagowat

z woda amoniakalng gdzie uzyskano potprodukt 68.
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cI” N7 al Cl/k\N/l\N Cl)\\N N
H H
51 66 67 68

Schemat 12. Sciezka syntetyczna otrzymywania drugiego substratu zwigzkow serii 5b. i —
DIPEA, THF, 0°C, 2 godz.; ii woda amoniakalna, temp. pok, 5 godz.

Zwiazki finalne serii Sb syntezowane byty w takich samych warunkach jak dla poprzednich
serii opisanych powyzej gdzie podstawione tryptaminy 65 alkilowane byty z substratem 68

w warunkach bezrozpuszczalnikowych wpieranych polem promieniowania mikrofalowego.

3.6.3. Projektowanie i synteza pochodnych aminotriazyn — Seria 5¢'

Badajac nowe pochodne aminotriazyn bez motywu piperazyny, zrodzito kolejne
pytanie — jak bardzo kluczowa role¢ peilni pierscien aromatyczny potaczony z rdzeniem
triazyny za pomocg linkera oraz jaka powinna by¢ dtugos¢ takiego linkera. Aby odpowiedzie¢
na to pytanie, zaprojektowana =zostala kolejna seria 5S¢ zawierajaca zwiazki

o réznej dhugosci tancucha weglowego oraz te bez podstawnika aromatycznego (Rysunek
20).

NH,
)\ linker = metyl, metylen, propoksyl,
= N \N N~ linker—R
H H & R = brak (gdy linker=metyl), Ph

ogoblna struktura zwiazkow serii Se

Rysunek 20. Modyfikacje strukturalne zaplanowane w ramach syntezy serii Sc zwigzkow.

Zwiazki serii Sc syntezowano w warunkach bezrozpuszczalnikowych wpieranych
polem promieniowania mikrofalowego w sposob analogiczny do poprzednich, poddajac

reakcji substrat wyjsciowy 49 z odpowiednio komercyjnymi aminami.

! badania wtasne doktoranta
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Wszystkie zwiazki koncowe dla serii 1-5 zostaly scharakteryzowane pod wzglgdem
czystosci metodami chromatograficznymi TLC i HPLC/MS. Struktura zwigzkéw zostata

potwierdzona za pomoca 'H NMR i *°C NMR.

3.7. Testy radioreceptorowe?

Wszystkie otrzymane zwiazki koncowe zostaly przebadane pod katem powinowactwa
ich do receptora 5-HT1a oraz 5-HT7. W celu okres$lenia selektywno$ci badanych zwigzkow,
przeprowadzono dodatkowe testy okreslajace ich powinowactwo do konkurencyjnych
receptordw w tym 5-HTaa, 5-HTe oraz D2.''"® Testy przeprowadza si¢ przez inkubacje
badanych zwigzkéw (w rdéznym zakresie stezen) z komodrkami lub hydrolizatami
zawierajacymi znane st¢zenie znakowanego radioliganda. Stopien wyparcia radioliganda
przez badany zwigzek jest nastgpnie przeliczany na warto$¢ ICso a nastgpnie stala
powinowactwa K; przeliczana jest za pomoca réwnania Cheng-Prusoffa.'??
W eksperymencie zastosowano nastepujace radioligandy: [*H]-8-OH-DPAT dla 5-HTiaR,
[*H]-ketanseryna dla 5-HT2aR, [°’H]-LSD dla 5-HT¢R, [°H]-5-CT dla 5-HTR i [*H]-raklopryd
dla D2R.

3.8. Testy funkcjonalne’

Dla wybranych zwiazkow z serii 1, 3 1 5 zostaly przeprowadzone testy majace na celu
wyznaczenia potencjatu agonistycznego (aktywacja receptora) lub agonistycznego
(hamowanie receptora) poprzez monitorowanie aktywnosci cyklazy adenylowej (cAMP) przy
uzyciu kriokonserwowanych komorek liniit HEK293 z ekspresja receptora 5-HT7 lub CHO-
K1 z ekspresja receptora 5-HTa.!'1°
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3.9.  Badania ADME-Tox*

Dla wybranych zwiazkéw z serii 1, 3 i 5 zostaly przeprowadzone testy!?7:124123

oceniajace stabilno$¢ metaboliczng (z zaproponowaniem gtownych metabolitéw), aktywnos¢
izoenzymamow CYP3A4, CYP2D6 oraz CYP2C9. Hepatotoksyczno$¢ wyznaczano na linii
komorkowej hepG2 w tescie MTT, natomiast kardiotoksyczno$¢ oraz ekotoksyczno$¢ in vivo

zbadano przy uzyciu modelu zwierzecego ryby Zebrafish (Danio rerio).'*®

Ocena stabilno$ci metabolicznej wyznaczana byta poprzez dwu-godzinng inkubacje
badanych zwigzkow z MLM. Po tym czasie probki poddane byly analizie LCMS, gdzie
oceniano zawarto$¢ procentowg zwigzku oryginalnego w stosunku do ilo$¢ utworzonych

metabolitow, 107124125

Potencjalne interakcje lek-lek oceniane byly za pomoca luminescencyjnego testu
CYP3A4, CYP2D6 1 CYP2C9 P450-Glo™ (Promega) w zakresie stezen badanego zwigzku
0.1uM do 25uM. Jako zwiagzki referencyjne stosowano w przypadku CYP3A4 — ketokonazol,
CYP2D6 — chinidyne, CYP2C9 — sulfafenazol. 107124125

3.10. Modelowanie molekularne'

Aktywnos¢ zwiazkdw z serii 1-5 zostala wytlumaczona za pomoca metod
komputerowego wspomagania projektowania lekow w tym dokowania (Maestro,
Schrodinger), dynamiki molekularnej (Maestro, Schrodinger) oraz 3D-QSAR (Flare/Forg,
Cresset). W przypadku dokowania, brak struktury krystalicznej receptora 5-HTia (model
ukazat si¢ dopiero w 2021 roku) oraz 5-HT7 (model ukazat si¢ dopiero w 2022 roku), wymusit,
ze prace rozpoczeto od zbudowania wlasciwych modeli  homologicznych
a nastepnie poddania ich walidacji (procedura zostata opisana w publikacji D02 1 D0S gdzie
budowe homologdéw zrealizowano za posrednictwem serweru SWISS-MODEL).'?” Dokujac
badane zwigzki do odpowiednich modeli homologicznych, wyznaczone zostaly interakcje
biorgce udzial w tworzeniu kompleksu ligand-receptor. Ponadto, wyznaczona zostala

mozliwa biokonformacja oraz utozenie ligandéw w kieszeni wiazacej receptorow. Co wigcej,

23 badania wykonywane we wspotpracy z Instytutem Farmakologii im. Jerzego Maja Polskiej Akademii Nauk
w Krakowie przeprowadzone przez dr Grzegorza Satate

4 badania wykonywane we wspotpracy z: (1) Katedra Technologii i Biotechnologii Srodkéw Leczniczych CM-
UlJ przeprowadzone przez dr hab. Gniewomira Latacza oraz (2) Katedra i Zaktad Chemii, Uniwersytet
Medyczny w Lublinie przeprowadzone przez dr n. med. Ann¢ Boguszewska-Czubare

! badania wiasne doktoranta

49



korzystajac z oprogramowania Flare/Forg (Cresset) w sposob wizualny ustalono jak dane
modyfikacje chemiczne majg wptyw na aktywnos$¢ zwigzkow biorgce réwniez pod uwage
elektrostatyke, hydrofobowos¢ lub budowe przestrzenng liganda lub miejsce wigzace

w receptorze — 3D-QSAR.
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4. OPIS UZYSKANOW WYNIKOW

Wyniki badan zostaty opisane w cyklu szesciu publikacji (D01-D06), ktore zostaly

zamieszczone na koncu niniejszej rozprawy doktorskiej. Celem utatwienia czytelnikowi

analizy wynikow 1 korelujac je z cyklem publikacji, ponizej stabelaryzowano numeracj¢

biblioteke zwigzkéw koncowych autoreferatu w odniesieniu do numeracji w danej publikacji.

Numerw | Numerw | Numer Numerw | Numerw | Numer Numerw | Numerw | Numer
rozprawie | publikacji | publikacji | rozprawie | publikacji | publikacji | rozprawie | publikacji | publikacji
69 Sa D02 93 17 D03 117 28 D04
70 5b D02 94 18 D03 118 10 D05
71 5c D02 95 19 D03 119 11 D05
72 5d D02 96 21 D03 120 12 D05
73 Se D02 97 10 D04 121 27 D04
74 5f D02 98 11 D04 122 14 D05
75 6a D02 99 12 D04 123 15 D05
76 6b D02 100 13 D04 124 5d D06
77 6¢c D02 101 14 D04 125 30 D04
78 6d D02 102 15 D04 126 31 D04
79 6e D02 103 16 D04 127 5c D06
80 6f D02 104 17 D04 128 33 D04
81 7a D02 105 18 D04 129 34 D04
82 7b D02 106 20 D04 130 1 D05
83 7c D02 107 21 D04 131 2 D05
84 7d D02 108 22 D04 132 3 D05
85 Te D02 109 19 D04 133 4 D05
86 7f D02 110 23 D04 134 5 D05
87 5 D03 111 24 D04 135 6 D05
88 7 D03 112 25 D04 136 Sa D06
89 10 D03 113 26 D04 137 5b D06
90 12 D03 114 7 D05 138 Se D06
91 13 D03 115 8 D05 139 5f D06
92 14 D03 116 9 D05
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4.1. Opracowana metoda syntezy Ipsapironu (publikacja D01)

Ipsapiron (40), po raz pierwszy otrzymany zostat na drodze dwuetapowej reakcji
prowadzonej w warunkach bezrozpuszczalnikowych wspieranych polem promieniowania
(Schemat 5). W pierwszym etapie oceniany byl wplyw nadmiaru czynnika alkilujacego oraz
weglanu potasu na wydajnos¢ powstajacego produktu posredniego (38) (Tabela 3). TBAB
jako katalizator przeniesienia migdzy fazowego stosowany byt w ilosci 0,1 eq i stanowit
element niezmienny podczas przeprowadzanych badan w tym etapie. Prace rozpoczeto od
statej ilosci weglanu potasu (3 eq.) oraz zmiennej ilosci 1,4-dibronobutanu (w zakresie od 1,1

do 3,0 eq.), zachowujac stata moc mikrofal P =300 W.

Tabela 3. Wptyw ilosci 1,4-dibromobutanu (37) oraz zasady na wydajnos$¢ reakcji

N-alkilowania sacharyny
nr reakcji 1,4-dibromobutan (eq) K2COs(eq) wydajnos¢ (%)
1 1.1 3 45
2 2.0 3 67
3 2.5 3 79
4 3.0 3 80
5 2.5 1.0 70
6 2.5 1.5 94
7 2.5 2.0 85
8 2.5 2.5 80

Okazato si¢, ze optymalna ilo$¢ czynnika alkilujacego wynosi 2,5 eq. lub 3,0 eq,
jednak z racji utrudnionego procesu usuwania nadmiaru czynnika alkilujgcego, do dalszych
prac uznano 2,5 eq jako optymalna ilo$¢, ktora pozwalata na uzyskanie produktu posredniego
38 z wydajnoscia 79 % w ciggu 50 sekund (numer reakcji 3). Kolejnym krokiem dla etapu
pierwszego byto ustalenie ilosci weglanu potasu. Wykonano kilka prob, gdzie okazato sig, ze

optymalna ilo$¢ KoCO3 wynosi 1,5 eq (nr reakcji 6).

Majac ustalone parametry, podj¢to proby syntezy ipsapironu (40), ktory stanowit etap
drugi procesu (Schemat 5). Dla tego etapu oceniany byt wptyw réznych zasad (K.COs,
Ca(OH)2, NaOH, Et3N), rozpuszczalnikow — czynnikow przenoszacych energie mikrofalowa

(DMF, ACN) oraz czasu prowadzonej syntezy na wydajno$¢ otrzymywania ipsapironu (40)
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(Tabela 4). TBAB jako katalizator przeniesienia migdzy fazowego stosowany byt w ilosci 0,1
eq i stanowil element niezmienny podczas przeprowadzanych badan, podobnie jak moc

promieniowania mikrofalowego, ktora wynosita 300 W.

Tabela 4. Wptyw réznych zasad oraz rozpuszczalnikow (DMF/CH3CN) na wydajnos¢
otrzymywania ipsapironu (40)

nr reakcji zasada (3eq) DMF (% mas.)® ACN (% mas.)®  wydajnoéé (%)°

9 K2CO3 1 - 85
10 K2CO3 - 1 0
11 K2CO3 - - 43
12 Et:N 1 - 83
13 Et:N - 1 0
14 Et:N - - 35
15 NaOH 1 - 0
16 NaOH - 1 0
17 Ca(OH) 1 - 75
18 Ca(OH) - 1 0

“czas reakcji do 2 min.
bczas reakcji do10 min.
‘chlorowodorek wykrystalizowany z acetonu

Poddajac ocenie wplywu réznych zasad, ogrzewajac mieszaning reakcyjng w ciagu
1 — 2 minut, zaobserwowano, ze stabe zasady nieorganiczne (KoCOs3/Ca(OH)) oraz jedna
zasada organiczna (EtsN) sg wystarczajaco dobre by uzyskacé ipsapiron (40) z wysoka
wydajnoscig (=75 %), jednak ze wzgledu na toksyczno$¢ trietyloaminy nie zaleca si¢ jej
uzycie. Stosujac mocng zasad¢ tj. wodorotlenek sodu lub wodorotlenek potasu, nie
uzyskiwano ipsapironu (40), obserwowano natomiast tworzenie si¢ polarnych produktow
ubocznych. Z kolei uzywajac wodorotlenek wapnia co prawda udato uzyskac si¢ ipsapiron
(40) z dobra wydajnoscia (75 %), to jednak proces ogrzewania nalezalo prowadzi¢ przez
2 minuty. Najlepsza zasada ponownie okazal si¢ by¢ weglan potasu. Oceniajac czynnik
przenoszacego energie mikrofalowg uzyty w ilosci 1 % mas. Okazalo sie, ze stosujac jedynie
DMF udato otrzymaé si¢ ipsapiron (40) z wydajnoscig 85 %. Bez wzgledu na rodzaj

zastosowanej zasady, prowadzac syntez¢ w obecnosci ACN nie uzyskiwano pozadanego
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produktu nawet mimo wydtuzenia czasu ogrzewania do 10 minut. Interesujagcym natomiast
okazal si¢ fakt, ze istnieje mozliwo$¢ catkowitego wyeliminowania DMF. W takich

warunkach ipsapiron (40) byt uzyskiwany z nieco nizsza wydajnoscig — 43 %.

Bardzo dobre wyniki badan daty podstawe do proby otrzymania ipsapironu (40)
metoda omne-pot, polegajacej na bezposredniej reakcji pomiedzy sacharyna (36)
a 1,4-dibromobutanem (37) (czas ogrzewania 50 sekund). Nastepnie, bez wydzielania produkt
posredni 38 reagowal z wlasciwg arylopiperazyng (39) w ciagu kolejnych 120 sekund
(Tabela 5). Poczatkowo w reakcji stosowano 3 eq weglanu potasu oraz 1 % mas. DMF.
W tych warunkach ipsapiron (40) otrzymywany byt z wydajnoscia 52 %. Zmieniajac zasade
na wodorotlenek wapnia uzyskano nieco wyzsza wydajnos¢ bo 60 %. Najwyzsza wydajnos¢
(67 %) w przypadku tej metody uzyskano gdy trietyloamina zostala zastosowana jako

srodowisko zasadowe oraz wydtuzajac jednoczes$nie czas syntezy do 10 minut.

Tabela 5. Wptyw roznych zasad na wydajnos¢ ipsapironu (40) metoda ,, one-pot

nr reakcji zasada (3 eq) wydajnos¢ (%)?
19 K,CO3° 52
20 Et;N° 67
21 Ca(OH),° 60

achlorowodorek wykrystalizowany z acetonu
bczas reakeji do 2 min.
‘czas reakcji do10 min.

Po przeprowadzeniu badan, uznano trzykrotny nadmiar molowy weglanu potasu,
katalityczng ilos¢ DMF (1% mas.) oraz TBAB (0,1eq.) jako najlepsze reagenty pomocnicze
dzigki ktérym mozna otrzymac ipsapiron (40) z bardzo dobra wydajnoscig. Majac na
wzgledzie uzyskane wyniki, dalsze prace syntetyczne prowadzono gidwnie z udzialem tych

warunkow.

4.2. Charakterystyka zwigzkow w serii 1 (publikacja nr D02 i D03)

Dwie kolejne publikacje z prezentowanego cyklu dotycza opisu serii pochodnych
ipsapironu (40), gdzie badany byt wptyw dlugosci tancucha weglowego oraz wptyw réznych
arylopiperazyn na powinowactwo do receptora 5-HTia/5-HT7; oraz konkurencyjnych

receptorow. Wszystkie zwigzki zostaly przebadane w testach radioizotopowych a dla
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wybranych wyznaczona zostata funkcja wewngtrzna oceniajgca ich potencjal agonistyczny
lub antagonistyczny. Ipsapiron (40) oraz jego aktywne pochodne zostaty przebadane pod

katem wyznaczenia biokonformacji oraz oddziatywan jakie tworzg z receptorem.

Tabela 6. Wyniki statej powinowactwa K; dla badanych zwigzkow serii 1 oraz wyznaczenie

funkcji wewnetrznej dla wybranych zwigzkow

O
Q _N—linker—N N-R
S /

7\

Ki [nM]
Nr  linker R 5-HTia 5-HT2a 5-HTe¢ S-HT7 Do Funkcja
69  butyl Ar 3 474 4664 631 249 -
70  butyl 0-OMe-Ar 8 382 161 96 7 -
71  butyl 2,3-diCI-Ar 1 2580 2662 372 26 -
72 butyl p-Cl-Ar 78 318 2729 536 571 -
73*  butyl m-CF3-Ar 100 2250 - - 113 -
74 butyl  2-pirymidynylo 15 14980 16800 1406 1224 -
75  pentyl Ar 16 313 1836 148 165 -
76  pentyl 0-OMe-Ar 3 584 1991 125 20 -
77  pentyl 2,3-diCl-Ar 29 126 197 149 17 -
78  pentyl p-Cl-Ar 101 139 703 191 254 -
79  pentyl m-CF3-Ar 21 162 1354 35 34 -
80 pentyl 2-pirymidynylo 6 6306 7097 2673 954 -
81  heksyl Ar 20 321 971 192 48 -
82  heksyl 0-OMe-Ar 10 764 779 105 1 -
83  heksyl  2,3-diCl-Ar 5 209 920 119 132 -
84  heksyl p-Cl-Ar 84 299 72 487 28 -
85  heksyl m-CF3-Ar 25 167 52 58 7 agonista!
86  heksyl 2-pirymidynylo 56 3530 5708 2515 3274 -
87  heksyl o-Cl-Ar 26 266 459 120 45 -
88  heksyl m-Cl-Ar 21 361 372 233 39 -
89  heksyl  3,4-diCl-Ar 54 283 132 258 105 -
90  heksyl m-OMe-Ar 19 342 921 305 113 -
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91  heksyl p-OMe-Ar 327 na na na 950 -

92 heksyl 0-CF3-Ar 156 922 1272 195 27 -
93  heksyl I-naftylo 9 91 157 20 8 antagonista'
94  heksyl 8-chinolino 4 205 1716 21 15  antagonista!
95  heksyl 2-pirydylo 13 1290 2352 552 239 -
96  heksyl 3-benzoizotiazol 23 23 58 45 9 -

*_ opisane w [122]; ' — w odniesieniu do receptora 5-HT 4

Analizujac wyniki badan radioizotopowych (Tabela 6), wyraznie wida¢, ze niemal
wszystkie zwigzki charakteryzujg si¢ wysokim lub umiarkowanym powinowactwem do
receptora 5-HT1a (Ki < 100 nM) zachowujac wysoka selektywnos$¢ wobec receptora 5-HT7,
gdzie tylko cztery ligandow wykazato wysokie powinowactwo (K; <50 nM). Ligandy
natomiast wykazywaly zwigkszone powinowactwo do receptora dopaminowego Do.
Analizujac wptyw réznej dhugosci tacznika weglowego w obrebie catej grupy zwiazkow
zawierajacych rézne arylopiperazyny (69 — 74), (75 — 80), (81 — 86) stwierdzi¢ mozna, ze
linker nie ma znacznego wplywu na powinowactwo zwigzkow do receptora 5- HTa.
W przypadku receptora 5-HT7; wydaje si¢, ze wydluzenie moze pozytywnie wptywaé na
powinowactwo, jednak zmiany te nie sg na tyle znaczace aby badane zwigzki osiggnety
powinowactwo K; ponizej 100 nM (wyjatek tutaj stanowi ligand (70) oraz grupa ligandéw
z podstawnikiem m-CF3 w strukturze arylopiperazyny). Dla ligandow z niepodstawionym
pier§cieniem arylowym, wraz z wydluzeniem tancucha obserwowano delikatny spadek
powinowactwa do receptora 5-HTia (podczas gdy odnoszac si¢ do DR, efekt byt zupetnie
odwrotny). W przypadku receptora 5-HT7 wydluzenie lacznika weglowego o jedna grupe
metylenowa powodowato wzrost powinowactwa (ligand (75)), natomiast kolejne wydtuzenie
(ligand (81)) nie miato juz znacznego wplywu na wzrost powinowactwa. Ciekawymi
zwigzkami okazaly si¢ by¢ ligandy (93), (94) oraz (96). Czasteczki te wykazywaty
powinowactwo do co najmniej trzech réznych receptorow, natomiast ligand (96) uzna¢ mozna
za multifunkcyjny ze wzgledu na jego aktywnos$¢ do wszystkich badanych receptorow.
Ligandy (85), (93) i (94) zostaly przebadane pod katem potencjalnego agonizmowi lub
antagonizmowi w stosunku do receptora 5-HT 1. Z racji tego, ze badane zwiazki strukturalnie
przypominajg agoniste ipsapiron, mozna by si¢ spodziewaé, ze beda agonistami. Jak si¢
okazuje, jedynie zwigzek (85) powodowat spadek produkcji cAMP, wobec czego przypisano

mu wlasciwosci agonisty. Ligandy (93) i (94) wykazywaly potencjal antagonistyczny.
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Nasuwa si¢ zatem wniosek, ze za wplyw powinowactwa do receptora 5-HTia bardziej
odpowiada typ uzytej arylopiperazyny anizeli dtugo$¢ linkera weglowego. Dtuzszy linker
weglowy z kolei otwiera szersze mozliwosci publikacyjne ze wzgledu na fakt, ze ligandy o

heksylowym tancuchu (i dtuzszym) nie sg znane w literaturze naukowe;j.

Synteza powyzszych ligandow przebiegala do§¢ sprawnie. Oba etapy prowadzone
byly w warunkach bezrozpuszczalnikowych wspieranych polem promieniowania
mikrofalowego (P =50 W). W przypadku ligandoéw z tancuchem heksylowym, dla pierwszego
etapu  stosowano DMF  jako czynnik  przenoszacy  energie = mikrofalowa,
w przypadku za$ krotszych tacznikéw stosowano DMF lub ACN. Zwiazki finalne (etap drugi)
z tancuchem heksylowym otrzymywane byty w obecnosci ACN, podczas gdy ich analogi z
krétszym tancuchem otrzymywane byly w obecnosci DMF lub ACN. Wszystkie ligandy
otrzymywano w ciggu 2 — 2,5 minut z wydajnosciag powyzej 50 % w przeliczeniu na postaé

chlorowodorku.

Wyniki modelowania molekularnego (dokowanie) wykazatly, ze ipsapiron (40) oraz
jego nowo zsyntezowane aktywne analogi przyjmuja konformacj¢ w receptorze 5-HTia
typowa jak wigkszo$¢ azapironowych ligandow z rodziny LCAPs wykazujacych aktywnosé

do tego receptora (Rysunek 21).!2%:129

Rysunek 21. Utozenie ipsapironu (40) (po lewej) oraz przyktadowego, aktywnego

analogu ipsapironu (85) (po prawej) w kieszeni wigzgcej homologu receptora 5-HTa.
Kluczowe aminokwasy zaznaczono kolorem, cyjanowy — imidowa kieszen wigzaca,
fioletowy — kieszen wigzaca dla arylopiperazyny, zielony — mostek solny z reszta

asparaginowa Asp3.32.
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Badane zwiazki wykazuja zgieta konformacje, gdzie arylopiperazyna skierowana jest do
wnetrza receptora podczas gdy terminalny uktad sacharyny skierowany jest ku zewnetrznej
czesci receptora zajmujac kieszen wigzaca w obrebie TMh 3, TMh6 1 TMh7. PierScien
arylowy oddziatuje za pomoca wigzan typu n-n np. z F6.51, F6.52 lub W6.48, podczas gdy
grupa karbonylowa sacharyny tworzy wigzania wodorowe np. z N7.38, Q2.64 lub 1189.

130

Obserwowano tworzenie si¢ rowniez kluczowego " oddzialywania w postaci mostka solnego

pomiedzy dodatnio sprotonowanym atomem azotu piperazyny a D3.32.

4.3. Charakterystyka zwigzkow w serii 2 (publikacja D04)

Analizujac wyniki badan (Tabela 7) zauwazy¢ mozna, ze podobnie jak w przypadku
pochodnych sacharyny, rowniez i ligandy serii 2 wykazuja wysokie powinowactwo do
receptora 5-HT1a (Ki < 100 nM). Podobny efekt zauwazalny rowniez byl w przypadku
aktywnosci do receptora Da. Niestety w przypadku powinowactwa do receptora 5-HT7 nie
uzyskano zadowalajacych rezultatéw co wigcej, wartosci statej powinowactwa K; sg wyzsze
niz w przypadku zwigzkéw serii 1. Analizujac wpltyw dlugosci tacznika weglowego na
powinowactwo do receptora 5-HT1a zauwazy¢ mozna, ze jego skrocenie powoduje wzrost
aktywnosci ligandow, poza ligandami z niepodstawiong arylopiperazyna (97), (100), (103)
gdzie efekt byt zupelie odwrotny. Ligandy (97), (100), (103) cechowaly si¢ rowniez
najstabszym powinowactwem do niemal wszystkich badanych zwigzkoéw. Odwrotny efekt byt
z kolei obserwowany w przypadku wszystkich ligandow z podstawnikiem 2,3-diCl. Zwiazki
te wykazywatly najnizsza warto$¢ K; uzyskujac bardzo wysokie powinowactwo do az trzech
badanych receptorow (Ki < 25 nM). Najstabsze powinowactwo dla wszystkich zwigzkéw

notowane byto dla receptora 5-HTs.
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Tabela 7. Wyniki statej powinowactwa K; dla badanych zwigzkow serii 2

NH,
HoN N ” -/
K: [nM]
Nr  linker R > > SuT, SHT, D Funkcja
HTia HTza

97 butyl H 56 2619 17350 1500 366 -
98  butyl 0-OMe 48 9581 10870 1447 46 ;
99 butyl 2,3-diCl 7 24 136 167 7 ;
100 pentyl H 71 4408 9302 1039 1039 ;
101 pentyl 0-OMe 12 6521 6652 947 38 ;
102 pentyl 2,3-diCl 5 17 282 343 8 ;
103 heksyl H 8 3265 13650 984 1009 ;
104 heksyl 0-OMe 4 1455 7704 713 20 ;
105  heksyl 2,3-diCl 4 13 38 193 5 ;

W odniesieniu do syntezy, zwigzki zostaly otrzymane na drodze kilkuetapowej reakcji.
W pierwszym etapie otrzymywano ftalimidoalkiloarylopiperazyny 43 z wydajnoscig 83 — 93
%, ktore w kolejnym etapie przeksztalcono do pierwszorzgdowych amin alifatycznych z
wydajnoscig pomiedzy 90 % a 100 %. Ostatni etap stanowit juz wtasciwg reakcje pomigdzy
aminami 44 a komercyjnie dostepnym chlorkiem (45). Proces prowadzony byt w warunkach
bezrozpuszczalnikowych wspierany polem promieniowania mikrofalowego, korzystajac z
warunkéw podobnych jak dla syntezy ipsapironu (40), wydluzajac czas syntezy do 2,5 minut
oraz zwigkszajac do 5 % mas ilos§¢ DMF. Tym sposobem badane ligandy otrzymywane byty

z wydajnoscig 61% — 78 %.

W celu proby wyjasnienia wzglgdnie niskiej aktywnos$ci przyktadowego liganda (97),
postanowiono zadokowa¢ go do modelu homologicznego receptora 5-HT7 (zbudowanego na
matrycy 5-HTig). Na pozodr, ligand dokowal si¢ w analogiczny sposob opisany przez

3! jednak dokladniejsza analiza pokazata, ze brak jest istotnego

Kotaczkowskiego i wspo
oddziatywania wodorowego z np. S5.42 lub Y.74 co moze by¢ powodem braku aktywnosci

tego zwigzku wzgledem receptora 5-HT?.
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4.4. Charakterystyka zwigzkow w serii 3 (publikacja D04)

Rozbudowa wybranych czasteczek z serii 2 o fragment tryptaminy spowodowata
znaczgcy wzrost powinowactwa do receptora 5-HT7 jednak wcigz z zachowaniem wigzalnosci
z receptorem 5-HTia, oraz D, (Tabela 8). Na przyktad dla zwigzku (106, Ki = 8 nM)
zaobserwowalismy prawie 190 krotny wzrost aktywnosci do receptora 5-HT7 w stosunku do
zwiazku (97, K; = 1500 nM). Skrocenie tacznika weglowego do dwoch atomow nie zmienito
powinowactwa do 5-HT7R — ligandy (106) i (109) cechowatly si¢ taka samg wartos$cig stalej
powinowactwa Kj. Zabieg ten spowodowat jednak zauwazalny (prawie 14 krotny) spadek
powinowactwa do receptora 5-HTia 1 D> sugerujac, ze krotszy tancuch weglowy
niekoniecznie wptywa na wzrost powinowactwa do 5-HT7R ale wptywa na oslabienie
wigzalnos$ci do receptora 5-HT1a oraz D,. W przeciwienstwie do poprzedniej serii zwigzkow,
czasteczki zawierajace podstawniki z niepodstawiong arylopiperazyng okazaly si¢ by¢
znacznie bardziej aktywne w stosunku do 5-HT7R niz te, ktore w swojej strukturze je
zawieraja. Zwiazki (107) 1 (108) wykazaty potencjat antagonistyczny w stosunku do receptora

5-HT5.

Tabela 8. Wyniki stalej powinowactwa K; dla badanych zwigzkow serii 3

9/\ )N\HZ

N "N — R
HN | ! _ A~
— N \N N/Ilnker N N \ g

H H
Ki [nM]
Nr  linker R 5-HTia  5-HT2a  5-HTs S5-HT7 Do Funkcja
106  butyl H 32 24 506 8 52 -
107  butyl 0-OMe 12 344 1706 156 13 -
108  butyl 2,3-diCl 73 222 109 109 39  antagonista!
109 etyl H 405 67 277 8 418  antagonista'

I _w odniesieniu do receptora 5-HT;

Synteze tej grupy zwigzkow zaplanowano poprzez cigg reakcji opisanych na
Schemacie 7. Substrat (49) miatl ulega¢ reakcji z aminami alifatycznymi 44 1 50
z otrzymaniem finalnych zwiazkéw serii 3. Niestety, jedynie zwigzek (109) udato si¢
otrzymac na tej drodze z wydajnoscia 82 %. Ligandy z lacznikiem butylowym nie ulegaty

reakcji ani podczas ogrzewania mikrofalowego ani konwencjonalnego. Opracowano zatem
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dla nich alternatywng $ciezke syntetyczng opisang na Schemacie 8. Reakcja syntezy
substratow (51) i (44) byla bardzo efektywna osiagajac bowiem wydajnos¢ rzedu 85 — 90 %
w zaledwie 20 minut. Otrzymane substraty 52 reagowaly z tryptaming (47) w warunkach
mikrofalowych (analogicznie jak do serii 2) tworzac produkty finalne z wydajnoscia 38 — 64

%.

Mimo przestrzennego powickszenia si¢ molekut (106) 1 (109) w stosunku do zwigzku
97, to ligandy nadal zajmowaty t¢ samag kieszen wigzaca receptora 5-HT7 (Rysunek 22). Dla
obu zwigzkow arylopiperazyna zajmowata wewnetrzng cze$¢ receptora oddziatujac poprzez
oddziatywanie typu n-n z F6.52 oraz W6.48. Obserwowano utworzenie kluczowego mostka
solnego pomigdzy sprotonowanym azotem piperazyny oraz D3.32. Triazyna oraz indol ulega
ugieciu 1 skierowany jest po zewnetrznej stronie receptora. Rdzen triazynowy oddziatuje za
pomoca wigzan wodorowych z R7.36, E7.34 oraz L7.32, podczas gdy indol tworzy stabe
wigzanie typu n-n z F7.60 oraz F3.28. Dodatkowo dla zwigzku (109) pojawito sig

oddziatywanie stabilizujace typu w — kation pomi¢dzy pierscieniem indolu a R6.58.

Rysunek 22. Reprezentatywne, aktywne zwigzki serii 3: zwigzek (106) (jasno zielony),
zwiazek (109) (cyjanowy). Kluczowe aminokwasy zaznaczono kolorem, fioletowy —
hydrofobowa kieszen wigzaca, zielony — mostek solny z D3.32, czerwony — akceptory

wigzanie wodowego, — interaccje typu m-kation
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Ligand (108) dodatkowo oceniono pod katem parametrow in vitro ADME-Tox. Do
badan zostal wybrany zwiazek z obecnymi atomami halogenu w strukturze, gdyz na
podstawie danych literaturowych wynika, ze takie zwigzki wykazuja lepsze parametry
ADME.!'* Na podstawie dwugodzinnej inkubacji z mysimi mikrosomami watrobowymi
ustalono, ze niemal 40 % badanego zwiazku nie uleglo rozpadowi pod wplywem dziatania
enzymow (Tabela 9) i dodatkowo zidentyfikowano 8 potencjalnych produktow rozpadu.
Zwiazek wykazuje umiarkowany potencjat do interakcji miedzy lgkowych w porownaniu do
ketokonazolu jako leku referencyjnego (Rysunek 23.A), natomiast w stezeniu dopiero 50 uM

1 wyzszym wykazywat hepatotoksycznosci na linii komoérkowej HepG2 (Rysunek 23.B).

Tabela 9. Stabilno$¢ metaboliczna zwigzku (108) wraz z zaproponowanymi §ciezkami

metabolicznymi po inkubacji z MLM. Na czerwono zaznaczono gtéwny metabolit.

Zwigzek % niezmet. Masa czasteczkowa metabolitu

(m/z) (m/z) Szlak metaboliczny

552.23 (M1) odwodornienie
340.23 (M2) rozktad
570.30 (M3) hydroksylacja
586.25 (M4) podwojna hydroksylacja
108 554.22 39.95
356.24 (M5) rozktad i hydroksylacja
242.28 (M6) rozktad i odwodornienie
231.05 (M7) rozktad
586.25 (M8) podwdjna hydroksylacja
_ A = 150+ B
<100 — g
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Rysunek 23. A — Wptyw zwigzku (108) oraz ketokonazolu na aktywnos¢ CYP3A4. B —
Wplyw zwigzku (108) oraz doksorubicyny na zywotno$¢ komoérek HepG2
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4.5. Charakterystyka zwigzkow w serii 4 (publikacja D04)

Wyniki badan powinowactwa zwigzkoéw serii 4 do 5-HT7R okazaly si¢ by¢ mocno
zaskakujace. Catkowite wyeliminowanie tacznika weglowego spowodowato zupetng utrate
aktywnosci do wszystkich badanych receptorow (Tabela 10). Prawdopodobnie ma to zwigzek
z utratg zdolnoS$ci tworzenia kluczowego wigzania w postaci mostku solnego przez badane
zwiazki, co wiecej wyniki dokowania molekularnego pokazaty, brak charakterystycznych
oddziatywan wodorowych jak np. R7.36 lub E7.34. Niemniej jednak zauwazy¢ mozna, ze
podobnie jak dla poprzedniej serii, réwniez i w tym przypadku ligand (110) bez podstawionej

arylopiperazyny byl wzglednie najaktywniejszy wsrod badanej grupy zwiazkow.

Tabela 10. Wyniki statej powinowactwa K; dla badanych zwigzkow serii 4

NH,

T N/*{“
@J\/\HJ\\NJ\NK/N R
1<

« |

Ki [nM]
Nr linker R 5-HT1a 5-HT:a  5-HTe¢ S5-HT7 D2 Funkcja
110 - H 12960 10640 3220 798 8333 -
111 - 0-OMe 12970 27660 2907 7872 13460 -
112 - 2,3-diCl 6806 7910 1781 1650 3207 -

Zwiazki otrzymano w reakcji pomigdzy substratem (49) a odpowiednimi, komercyjnie
dostgpnymi arylopiperazynami, korzystajac z metodologii takiej samej jak dla poprzednich

zwigzkow, otrzymujac finalne ligandy z wydajnos$cia 43 — 64%.

4.6. Charakterystyka zwigzkow w serii 5a (publikacja nr D04 i D05)

Otworzenie pierscienia piperazyny (ligandy (113 — 123)) spowodowatlo ponowny
wzrost powinowactwa ale tylko do receptora 5-HT7 co $wiadczy o tym, Ze przestrzen
pomigdzy rdzeniem triazyny a centrum aromatycznym powinien stanowi¢ gietki fancuch
weglowy (Tabela 11). Oprocz otwarcia pierscienia piperazyny oceniano jaki jest wptyw

podstawnikéw X oraz R (w roznych pozycjach pierscienia) na powinowactwo do receptora
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5-HT7. Analizujac wplyw obecnosci podstawnika X, najlepsze wyniki otrzymano gdy
podstawnik ten byt nieobecny — pochodne fenyloetyloaminy (ligandy (127 — 129)).
W przypadku gdy X = NH okazuje si¢, ze bez wzgledu na badany podstawnik, potozenie para
pierscienia B jest najbardziej preferowane — ligandy cechujg si¢ najnizszg warto$cig stalej
powinowactwa ((116) K; = 19 nM, (120) K; = 18 nM, (123) K; = 756 nM)) w obrebie badane;j
podgrupy. Trwajace obecnie prace badawcze pokaza czy taki sam efekt bedzie obserwowalny
w przypadku gdy X = O lub jego braku. W odniesieniu do podstawnika R, ligandy z fluorem
(bioizoster ~wodoru) byly najbardziej aktywne, nastepnie te z chlorem
1 najstabiej aktywne ligandy z grupa OMe. Analogicznie jak dla serii 3 i 4, brak podstawnikow
przy pierscieniu fenylowym réwniez ma pozytywny wpltyw na wigzalnos$¢ do receptora 5-HT7
(ligandy (113), (124), (127)). Wprowadzenie bardziej przestrzennych podstawnikéw jak np.
OMe (ligandy (121), (122)) powoduje utratge aktywnosci. Wszystkie ligandy z serii 5a nie
wykazywaty powinowactwa do receptora 5- HT1a, 5-HT2a, 5-HTs oraz D, wobec tego
aktywne zwiazki mozna uzna¢ jednoczesnie za selektywne wzglgdem tylko receptora 5-HT?.
Wybrane zwiazki zostaty przebadane w testach pomiaru funkcji wewngtrznej, gdzie
skutecznie powodowaly wzrost produkcji cAMP wobec czego uznane zostaty za antagonistow

receptora 5-HT7.

Tabela 11. Wyniki statej powinowactwa K; dla badanych zwigzkow serii Sa

)N\Hz
(s
HN— NoVOR \@/—R
Ki [nM]
Nr X R 5-HTia 5-HToa 5-HTe S5-HT7 D» Funkcja
113 NH H 38220 11050 4736 18 8749  antagonista!

114 NH 0-Cl 30830 2125 892 423 4294 -
115 NH m-Cl 15630 1800 4022 131 1238 antagonista'”

116 NH p-Cl 16160 2698 641 19 - antagonista'”
117 NH 2,3-diCl1 23590 18190 475 1576 5003 -

118 NH o-F 36510 1514 982 132 20410 antagonista'®
119 NH m-F 34580 1277 979 24 13760 antagonista'”
120 NH p-F 43250 3570 1630 18 2999  antagonista!”

121 NH 0-OMe 37040 14390 2798 5823 3907 -
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122 NH m-OMe 108900 2449 2790 1036 35960

123 NH p-OMe - - - 756 - -
124 0] H 8047 1352 530 55 6428 -
125 0] 0-OMe 3177 12830 1183 428 4402 -
126 0 2,3-diCl 1188 2637 771 474 4402 -
127 - H 2836 1388 665 8 11490  antagonista!
128 - 0-OMe 10280 2749 585 196 13300 -
129 - 2,3-diCl 706 5967 575 61 3077  antagonista'

. . . * . .
I _w odniesieniu do receptora 5-HT7; “— dane nieopublikowane

Synteza zwiazkéw serii Sb polegata w pierwszej kolejnosci na przygotowaniu
substratow: pochodnych aminoetyloanilin 55 oraz aminoetylofenoli 61. Otrzymywanie
aminoetyloanilin 55 przebiega w jednym etapie i obejmuje reakcje odpowiednio podstawione;j
aniliny z chlorowodorkiem 2-chloroetyloaminy. Proces prowadzi si¢ we wrzacym toluenie
w ciggu 20 godzin. W tych warunkach wlasciwe aminy 55 otrzymywane byty z wydajnoscia
62 — 70 %. Synteza aminoetylofenoli 61 byla nieco bardziej zloZona.
W pierwszej kolejnosci odpowiednio podstawione fenole alkilowane byly za pomoca
1,2-dibromoetanu nastgpnie produkty przejsciowe reagowaly z ftalimidkiem potasu by
finalnie ulec hydrolizie pod wptywem metyloaminy i NaOH. Reakcje prowadzono zgodnie
z procedura opisang przez Groszek i wspot.'>* Z kolei pochodne fenyloetyloaminy uzyte byty
jako komercyjnie dostepne zwiazki. Majac przygotowane wszystkie aminy, poddano je
reakcji z substratem (49) w warunkach takich samych jak synteza serii 4 lub 2. Otrzymywano
w ten sposob prawie wszystkie ligandy serii Sb z wydajno$cig wahajaca si¢ miedzy 40 %
a 77 %. Co zaskakujace, reakcja otrzymywania ligandow (115), (120), (123)
w obecno$ci weglanu potasu nie zachodzita. Obserwowano natomiast tworzenie si¢ zwigzkow
bez tacznika etylowego (Schemat 13) co zostato potwierdzone za pomocg analizy 'H NMR,

13C NMR oraz HPLC-MS.
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Schemat 13. Proponowana $ciezka syntetyczna tworzenia si¢ zwigzkdw w warunkach i —

K2COs3, TBAB, DMF, MW, 2.5 min.

Wiasciwe ligandy zostaty jednak otrzymane w analogicznych warunkach jak poprzednie
zmieniajac jedynie czynnik zasadowy z weglanu potasu na weglan sodu. Zmiana ta

spowodowata otrzymanie czgsteczek z wydajnoscig 60 — 81 %.

Pomimo otwarcia mostka etylowego piperazyny, zadokowane aktywne ligandy ((113),
(120), (129)) do modelu homologicznego receptora 5-HT7 wcigz zajmowaly ten sam obszar
kieszeni wigzacej jak ligandy serii 4 lub 3, jednak obserwowano inne ich utozZenie
i charakter oddzialywan pomie¢dzy kompleksem ligand — receptor (Rysunek 24.A,D).
Tryptamina skierowana jest teraz ku wngtrzu receptora 1 zajmuje hydrofobowg czg$¢ kieszeni
wigzgcej. Pier§cien aromatyczny indolu oddziatuje z F6.51 lub F6.52, W6.48 oraz S5.42
poprzez wigzanie typu m-m. Grupa aminowa pierscienia triazyny tworzy silne wigzanie
wodorowe z E7.34 natomiast sam pierscien triazyny tworzy dodatkowe wigzania stabilizujace
(wodorowe) z 1233 oraz wigzanie typu kation — t z R7.36. Co prawda obserwowano tworzenie
si¢ wigzania wodorowego z D3.32, niemniej jednak stabilno$¢ tej interakcji wydaje si¢ by¢
marginalna (wigcej szczegdldw opisano przy charakterystyce zwigzkow serii Sc¢). W przypadku
liganda (129) zidentyfikowano dodatkowo wigzanie halogenowe pomigdzy atomem chloru

a CYX23l1.
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N, R7.36

7

Rysunek 24. Wyniki badan modelowania molekularnego. A — reprezentatywne,
aktywne zwigzki serii Sb: zwigzek (113) (niebieski), zwigzek (129) (fioletowy). Kluczowe
aminokwasy zaznaczono kolorem, fioletowy — hydrofobowa kieszen wigzaca, czerwony —

akceptory wigzanie wordowego, — interakcje typu m-kation; B, C — powierzchnia
miejsce wigzania wraz z zaznaczonymi zawadami sterycznymi (pomarancowe linie) dla
zwigzkow aktywnych (116), (127) (B) oraz nieaktywnych (C). D — natozone pozy zwigzkoéw

aktywnych wraz z lokalizacjg ich w receptorze.

Korzystajac z oprogramowania Flare v5 firmy Cresset mozliwym bylo wytlumaczenie
dlaczego pozycja para pierscienia B lub tez brak podstawnika przy tym pierscieniu (ligandy
(113 — 123)) ma korzystny wptyw na aktywnos$¢ do receptora 5-HT7 (Rysunek 24.B,C). Ot6z
okazuje si¢, ze rozbudowane podstawniki (ligandy (121 — 123), K; > 756 nM) nie mieszczg
si¢ w kieszeni wigzacej receptora powodujac utrate aktywnosci o czym $§wiadczy zwigkszona
ilos¢ wykrytych zawad sterycznych (ang. steric clashes) pomiedzy ligandem
a kieszenig wigzacg. Ligandy (113), (115), (116), (119), (120) z malymi podstawnikami
W pozycji para i meta takie jak chlor lub fluor lub bez podstawnika, zdecydowanie lepiej

dopasowuja si¢ do kieszeni wiazacej (mniejsza ilo$¢ zawad sterycznych) o czym $wiadczy ich
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wysoka (dla para) lub umiarkowana (dla meta) aktywnos$¢ do receptora 5-HT7. Ttumaczy to
zatem fakt, Ze ligandy w pozycji para lub niepodstawione sg najbardziej uprzywilejowane i

najlepiej dopasowujace si¢ do receptora w obrebie badanej grupy zwigzkow.

Dwa ligandy (120) oraz (129) zostaly ocenione pod katem wczesnych parametrow
ADME-Tox in vitro. Zwiazek (120) cechowat si¢ umiarkowang stabilno$cig metaboliczng
(w badanej probce pozostato ponad 29 % pierwotnego zwiazku w trakcie inkubacji z mysimi
mikrosomami watrobowymi), podczas gdy zwigzek (129) charakteryzowatl si¢ nieco wyzsza
stabilno$cia metaboliczng (w badanej probce pozostato niemal 39 % pierwotnego zwigzku).
Oproécz tego, dla obu zwigzkéw zidentyfikowano siedem potencjalnych produktéw rozpadu
dla (120) oraz cztery dla (129) (Tabela 12). Oba zwigzki cechuja si¢ stabg mozliwoscia
wystgpienia potencjalnych interakcji miedzy lekowych. W przypadku zwigzku (120)
aktywno$¢ izoenzymu CYP3 A4 wynosi okoto 20 % (przy stezeniu 10 uM), podczas gdy dla
zwigzku (129) warto$¢ ta rdwna si¢ 58 % przy tym samym stezeniu (Rysunek 25).
Hepatotoksyczno$¢ na linii komoérkowej HepG2 (Rysunek 26) pojawita si¢ dopiero
w stezeniu 50 uM dla zwigzku (120) oraz 100 uM dla zwigzku (129).
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Rysunek 25. Wplyw zwiazku (120) (lewy) i (129) (prawy) oraz ketokonazolu na aktywnos$¢
CYP3A4.
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Tabela 12. Stabilno$¢ metaboliczna zwigzku (120) i (129) wraz z zaproponowanymi

sciezkami metabolicznymi po inkubacji z MLM. Na czerwono zaznaczono gtéwny

metabolit.
. o/ s Masa czasteczkowa metabolitu .
Zwiazek (m/%) "o niezmet. (m/z) Szlak metaboliczny

312.25 (M1) rozklad
423.30 (M2) hydroksylacja
405.29 (M3) odwodornienie

120 407.35 29.12 405.29 (M4) odwodornienie
439.31 (MS) Podwdjna hydroksylacja
423.30 (M6) hydroksylacja
405.02 (M7) odwodornienie
474.20 (M1) podwdjna hydroksylacja
458.25 (M2 hydroksylacja

129 44217 38.96 (2) g yad
458.19 (M3) hydroksylacja
440.18 (M4) odwodornienie
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Rysunek 26. Wptyw zwiazku (120) (lewy) i (129) (prawy) oraz doksorubicyny na

zywotno$¢ komorek HepG2.

Dla zwigzku (120) przeprowadzono wstepne testy in vivo majace na celu oszacowanie
potencjalu kardiotoksycznego oraz ekotoksycznego (Rysunek 27). Badany zwigzek
zmniejszal czestotliwo$¢ bicia serca o okolo 15% w stezeniu 7.5 pg/mL, przy czym
zauwazalne malformacje rozwojowe oraz pojawienie si¢ obrzgku osierdzia zaobserwowano
przy stezeniu powyzej 12 pg/mL. Stezenie prawie 17 pg/mL dla zwigzeku zostato

scharakteryzowane jako jego LDso.
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Rysunek 27. Ocena potencjatu kardiotoksycznego i ekotoksycznego dla zwigzku (120) w
modelu zwierzecym Danio rerio. A — wyznaczone LDso, B — zmiana czgstotliwos$ci bicia
serca w funkcji zmiennego stezenia zwigzku, C — malformacje rozwojowe w funkcji

zmiennego stgzenia.
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4.7. Charakterystyka zwigzkow w serii 5b (publikacja D05)

Wprowadzenie podstawnikow EWG (CN, F, Br, Cl) oraz EDG (OMe, Me) zasadniczo
nie wplyneto pozytywnie na zwigkszenie powinowactwa do receptora 5-HT7 (Tabela 13).
Jedynie ligand (131) (Ki = 8 nM) z podstawnikiem fluorowym (bioizoster wodoru) zachowat
takie same powinowactwo do receptora jak niepodstawiony ligand (127). Silnie elektrono-
wyciagajacy podstawnik CN oraz silnie dostarczajacy elektrony do pierscienia podstawnik
OMe powodowal najwigkszg utrate aktywnosci do receptora. Obserwowano catkowity brak
aktywno$ci do receptora 5-HTia oraz 5-HT2a. Przeprowadzone badania pokazuja, ze dalsze
modyfikacje pierscienia A by¢ moze beda mogly powodowaé wzrost powinowactwa do

receptora 5-HT5.

Tabela 13. Wyniki statej powinowactwa K; dla badanych zwiazkow serii Sb

R )N\Hz

OB S

Ki [nM]

Nr  linker R 5-HTia 5-HToa  5-HTs 5-HT7 D2 Funkcja
130 - CN 12980 927 1563 2883 - -
131 - F 13900 413 505 8 - antagonista'”
132 - Br 10950 942 234 126 - -
133 - Cl 3913 559 702 481 14530 -
134 - OMe 3128 883 509 629 - -
135 - Me 16560 835 714 100 - -

. . . * . .
I _w odniesieniu do receptora 5-HT7; “—dane nieopublikowane

Zaprojektowana seria zwigzkow nie nastreczyta zadnych problemoéw syntetycznych.
Pierwszy etap syntez stanowil otrzymanie w kilkuetapowej reakcji S-podstawionych
tryptamin 65 w postaci lepkich olejow z wydajnoscig pomigdzy 43 % a 68 %. W drugim etapie
nalezalo zsyntezowa¢ réwniez drugi substrat posredni (68), ktéry zostat otrzymany finalnie
z wydajnoscia 86 %. Ostatni krok stanowit synteze wiasciwych zwigzkéw koncowych
w reakcji bezrozpuszczalnikowej wspieranej polem promieniowania mikrofalowego
wychodzac z tryptamin 65 oraz substratu (68). Stosujgc analogiczne warunki jak dla serii Sa,

otrzymano koncowe czasteczki z wydajnoscig 52 — 67 % w postaci chlorowodorkow.
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Aktywny zwiazek (131) zostat zadokowany do modelu homologicznego receptora
5-HT7 dla ktérego wyznaczono konformacj¢ oraz kluczowe interakcje jakie zachodza
w kompleksie ligand — receptor. Badana czasteczka charakteryzuje si¢ takim samym
utozeniem w receptorze, jak i takim samym zestawem kluczowych oddziatywan z biatkiem

jak w przypadku ligandéw serii Sa.

Badajac stabilno$¢ metaboliczng ligandu (131) zauwazono pogorszong stabilno$¢
w stosunku do (120) oraz (129). Po inkubacji z MLM, w badanej probce pozostato niecate
20 % pierwotnego zwigzku. Zwigzek moze wykazywac potencjalne umiarkowane interakcje
miedzylekowe (% aktywnosci CYP3A4 wynosi 50). Efekt hepatotoksyczne pojawit si¢
w stezeniu 50 uM. Zwiazek rowniez cechowal si¢ nieco gorszymi wiasciwosciami

kardiotoksycznymi oraz ekotoksycznymi.

4.8. Charakterystyka zwigzkow w serii 5c (publikacja D06)

Ponizsze wyniki badan radioizotopowych (oraz ligandy (124) i (127)) pokazuja,
ze kluczowa jest odpowiednia diugos¢ linkera weglowego oraz obecno$¢ pierScienia
aromatycznego (Tabela 14). PierScien aromatyczny warunkuje pojawienie si¢ wigzalnosci do
receptora 5-HT7. Ligand (136) bez pierscienia aromatycznego byt catkowicie nieaktywny,
podczas gdy wprowadzenie grupy benzylowej (ligand (137) Ki = 709 nM) spowodowato
niemal 19 krotny wzrost powinowactwa do receptora 5S-HT7. Dalsze wydtuzenie tacznika do
dwoch atomow wegla (ligand (127), Ki = 8 nM) spowodowalo osiagnigcie najwyzszej
aktywno$¢ i1 selektywnosci dla 5-HT7R. Wydhuzenie tancucha weglowego o dodatkowy atom
tlenu (ligand (124), K; = 55 nM) delikatnie obnizylo powinowactwo, podczas gdy kolejne
wydtuzenie tacznika weglowego (ligandy(138) i (139)) powodowato poglebiajaca si¢ utrate

aktywnosci. Badane zwiazki nie byty aktywne do pozostatych receptorow.

Synteza tej grupy zwigzkoéw obejmowata reakcje pomiedzy substratem (49) oraz
komercyjnie dostepnymi aminami. Stosujgc takie same warunki jak dla poprzednich serii

otrzymano finalne ligandy z wydajnoscia powyzej 75 %.
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Tabela 14. Wyniki statej powinowactwa K; dla badanych zwigzkéw serii S

NH,
NJ\N
) N)\\N)'\N/nnker—R
HN H H
Ki [nM]
Nr linker R 5-HTia 5-HToa 5-HTe S5-HT7 Do Funkcja
136 Me - - - - 13410 - -

137  metyleno Ar 22960 4143 2511 709 10370 -
138  propoksy Ar 19050 1515 1148 243 4607 -
139 butoksy Ar 64700 758 1529 1036 5391 -

Aktywne ligandy (124) i (127) (ktére sg strukturalnie bliskie serii Se niemniej jednak
zasadnym jest ich analiza w rdwniez w tej podserii) zadokowano do modelu homologicznego
receptora 5-HT7 wyznaczajac konformacj¢ jaka przyjmuja w kieszeni wigzacej
z wyznaczeniem kluczowych interakcji. Wyniki byty zbiezne z tym co juz zostato ustalone
poprzednio, niemniej jednak postanowiono oceni¢ jaki jest charakter oddziatywania pomig¢dzy
ligandem (127) a aminokwasami: D3.32 oraz E7.34. Wybrano te dwa aminokwasy
ze nastepujacych wzgledow: (1) oddziatywanie z D3.32 jest klasycznym oddziatywaniem
charakterystycznym dla aminergicznych receptoréw GPCR oraz fakt, ze Kotaczkowski
i wspot'®! wskazuja wiasnie na to wigzanie biorace udzial w tworzeniu kompleksu ligand —
receptor; (2) we wlasnych badaniach niemal zawsze obserwowane byto oddzialywanie
z E7.34. Korzystajac z dynamiki molekularnej, gdzie symulacje trwalty 100 ns okazato sie,
ze mostek solny (ktory de facto przypomina wigzanie wodorowe) pomiedzy grupa NH (po
stronie tryptaminy) a D3.32 byl niestabilny i nie spelnial odpowiednich parametrow,
charakterystycznych dla oddziatywan wodorowych a takZze mostka solnego.'**!3°> Zupetng
przeciwnoscig okazato si¢ by¢ wigzanie wodorowe pomiedzy grupa NH; triazyny a E7.34.
Interakcja ta, przez caty okres symulacji byta trwata. Z tych wzgledoéw, dla pochodnych
aminotriazyn nie zawierajacych motywu piperazyny istotniejsze wydaje si¢ by¢ wigzanie
wodorowe z E7.34 niz z D3.32 (Rysunek 28). Dodatkowo przeprowadzone badania ADME-
Tox in vitro wskazaty, ze ligandy (124) oraz (127) nie zawierajace podstawnikoéw

w pierscieniu charakteryzujg si¢ slabszg stabilnoscig metaboliczng. Dla zwiazku (124),

% pozostalego zwiazku (po inkubacji z mysimi mikrosomami watrobowymi) wynosit nieco
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ponad 21 %, w przypadku zwigzku (127) % ten wynosil niecate 18. Pozostale parametry

ADME-Tox byty zblizone jak dla ligandow serii 5a.
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Rysunek 28. Poréwnanie parametrow (dtugosci oraz kata) mostka solnego utworzonego

z D3.32 oraz wigzania wodorowego utworzonego z E7.34 dla reprezentatywnego zwigzku
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5. PODSUMOWANIE

W ramach niniejszej pracy doktorskiej opracowano wydajna, ekologiczng 1 ekonomiczna
metode syntezy ipsapironu (40) na drodze dwuetapowej reakcji N-alkilowania.
W pierwszym etapie, produkt przejsciowy 38 uzyskiwano w ciggu 50 sekund z wydajnoscia
94 % stosujac promieniowanie mikrofalowe oraz weglan potasu (1,5 eq.), TBAB (0,1 eq.)
1 DMF (1% mas.) jako reagenty pomocnicze. W drugim etapie otrzymano ipsapiron (40)
w ciggu 2 minut z wydajnoscig 85 % réwniez prowadzac proces w obecnosci promieniowania
mikrofalowego oraz weglan potasu (3 eq.), TBAB (0,1 eq.) i DMF (1% mas.). Prace te
pozwolily na znaczne uproszczenie catego procesu syntezy oraz maksymalne zredukowanie
stosowania toksycznych reagentow, minimalizujgc takze zuzycie energii, co pozwala wpisac
preparatyke dla tego zwigzku w kanony green chemistry.

Opracowana metoda syntezy zostata z powodzeniem zaadaptowana do syntezy biblioteki
71 zwigzkéw koncowych omawianych w niniejszym autoreferacie (tacznie cykl szesciu
publikacji zawiera 88 nowych zwigzkéw), z czego 28 zwigzkéw stanowily pochodne
ipsapironu, natomiast pozostale 43 zwigzki zawieraly motyw 1,3,5-triazyny. Wszystkie
rozwazane zwigzki zostaty podzielone na 5 serii w zaleznosci od zaplanowanych modyfikacji
strukturalnych. Zdecydowana wigksza cz¢$¢ zwiazkow serii 1 oraz 2 wykazywata wysokie
powinowactwo, zazwyczaj do receptora 5-HTia. Oprocz wspominanej aktywnosci,
zaobserwowano réwniez aktywnos$¢ do receptora dopaminowego D>. Wydtuzenie tacznika
weglowego nie miato wigkszego wplywu na zmiang w stalej powinowactwa K; w przypadku
receptora 5-HTia. Istotniejszg rolg, majaca wplyw na powinowactwo wydaje si¢ mie¢ rodzaj
zastosowanej arylopiperazyny. Aktywno$¢ do receptora 5-HT7 w wigkszosci przypadkow
byla znikoma. Potwierdzono, ze zwigzek (85) jest agonista, podczas gdy (93) i (94)
sg antagonistami receptora 5-HTia. Ligandy tych dwoch serii zostaty otrzymane na drodze
kilkuetapowej $ciezki syntetycznej, w ktorej ostatni etap (synteza zwigzkow finalnych)
stanowitl bezrozpuszczalnikowa reakcj¢ wspierang polem promieniowania mikrofalowego.
W ciggu maksymalnie 2,5 minuty otrzymywano czasteczki z wydajnoscia powyzej 50 %.
W procedurze modelowania molekularnego wyznaczono jaka przestrzen biatka zajmuje
ipsapiron (40) w kieszeni wigzace] receptora 5-HTia. Dowiedziono, ze nowe analogi
ipsapironu (seria 1) réwniez przyjmuja podobne utozenie w receptorze, co thumaczy¢ moze

ich wysoka aktywnos$¢ biologiczna.
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Rozbudowa zwigzkow serii 2 o dodatkowa tryptaming (seria 3), nie zmienita znaczaco
wigzalno$ci czasteczek do receptora 5-HTia oraz D> ale spowodowata znaczny wzrost
wigzalnos$ci réwniez do receptora 5-HT7. Skrécenie tacznika weglowego z czterech atomoéw
do dwoch pogorszyto wigzalno$¢ do receptora 5-HTia oraz D;, natomiast nie wplyngto na
receptor 5-HT7 (zwigzek (109) bardziej selektywny w stosunku do pozostalych tej same;j
serii). Ligandy otrzymane zostaly na drodze reakcji bezrozpuszczalnikowej wspieranej polem
promieniowania mikrofalowego z wydajnoscia 38 — 64 %. Wybrane aktywne czasteczki
(106) i (109) po zadokowaniu do modelu homologicznego receptora 5-HT7 przyjmowaly
ulozenie w receptorze oraz tworzyly oddzialywania z biatkiem typowe jak dla wigkszosci
ligandow zrodziny LCAPs wykazujacych powinowactwo do receptora 5-HT;. Badane
czasteczki byly antagonistami receptora 5-HT7 i cechowaly si¢ umiarkowang stabilnos¢
metaboliczng oraz hepatotoksycznosci.

Zaskakujacym okazato si¢, ze catkowite wyeliminowanie lacznika weglowego (seria 4)
powodowato utrate powinowactwa do wszystkich badanych receptorow. Z kolei usunigcie
mostka etylowego piperazyny (seria 5) spowodowato ponowne odtworzenie powinowactwa
tylko do receptora 5-HT7. Aktywnos$¢ do receptora 5-HTia jak i do pozostalych nie byta
notowana. Analizujagc wyniki badan radioizotopowych zwiazkéw serii S5a, dostrzec mozna,
ze tylko zwigzki z niepodstawionym pierscieniem B oraz podstawione halogenem w pozycji
para byly najbardziej aktywne. Dekoracja pozostatych pozycji wiaczajac w to wigksze
podstawniki jak np. -OMe powodowata zauwazalny spadek aktywnosci. Czgsteczki
zawierajace tacznik etylowy (pochodne fenyloetyloaminy) charakteryzowaty si¢ najwyzszym
powinowactwem do receptora 5-HT7 w poréwnaniu do ich odpowiednikéw z tancuchem
etylowym rozszerzonym o grupe NH lub atomem tlenu. Réwniez 1 w wypadku serii Sa,
wybrane aktywne zwigzki powodowaty wzrost produkcji cAMP (antagonisci). Synteza
przebiegala w sposob analogiczny do poprzedniej serii zwigzkdéw, za wyjatkiem ligandow
(115), (120), (123), ktore zostaly otrzymane przy uzyciu weglanu sodu. Wyniki dokowania
wskazuja, ze aktywne struktury przyjmuja odwrotne utozenie jak ligandy poprzedniej serii.
Dominujgcym oddzialywaniem jest wigzanie wodorowe pomi¢dzy grupa aminowg triazyny a
E7.34, poza tym pozostate kluczowe oddzialywania sg zblizone do literaturowych. Badania
ADME-Tox dla (120) i (129) ujawnily, Zze zwiazki cechuja si¢ umiarkowang stabilno$cia
metaboliczng, mozliwoscia  wchodzenia ~w  interakcje miedzy lekowe oraz
hepatotoksyczno$cig. W modelu zwierzecym in vivo, zwigzek nr (120) charakteryzowat si¢

kardiotoksycznos$cig dopiero w stezeniu ponad 12 pg/mL.
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Pomimo, Ze istniejg dane literaturowe mowigce o mozliwosci zwigkszenia powinowactwa
do receptora 5-HT7 poprzez wprowadzenie podstawnikow w piata pozycje¢ indolu tryptaminy,
to w przypadku niniejszych badan nie zaobserwowano takiego zjawiska, za wyjatkiem
zwiazku (131), ktory byt nadal aktywny podobnie jak jego niepodstawiony analog (127). By¢
moze jest to spowodowane bioizosteryzmem podstawnika fluorowego. Podobnie jak
poprzednie ligandy tak i rowniez zwiazki serii Sb zostaly otrzymane na drodze reakcji
bezrozpuszczalnikowej wspieranej polem promieniowania mikrofalowego w ciggu 2,5
minuty z wydajnoscig 52 — 67 %.

Ostatnia seria zwigzkéw Se wskazuje na konieczng obecno$¢ pierscienia aromatycznego
B, a optymalna dlugo$¢ linkera taczaca rdzen triazyny z centrum aromatycznym B wynosi
dwa (tancuch etylowy) do trzech atomoéw (tancuch etoksylowy lub etyloaminowy).
W konteks$cie syntezy, badane zwigzki otrzymano w taki sam sposéb jak poprzednie. Wyniki
przeprowadzonych symulacji dynamiki molekularnej pokazaty ciekawa rzecz. Okazalo sig,
ze mostek solny (tutaj bardziej przypomina wigzanie wodorowe z D3.32), ktére postulowane
jest jako jedno z najwazniejszych majacych wplyw na powinowactwo do aminergicznych
receptorow GPCR, w przypadku badanych zwiazkow nie byto az tak istotne. Mato tego,
wigzanie to bylo niestabilne i nie spelnialo parametrow wigzania wodorowego/mostka
solnego. Znaczaca roleg odgrywa natomiast wigzanie wodorowe
z E7.34, ktore w trakcie badania byto stabilne 1 spetniato kryteria przypisane dla wigzania
wodorowego.

Podsumowujac, w niniejszej pracy doktorskiej zsyntezowano nowe zwiagzki z grupy
LCAPs wykazujace powinowactwo do receptora 5-HTia oraz dzigki stopniowym
modyfikacjom strukturalnym udato si¢ doj$¢ do zupeknie innej, nowej grupy pochodnych
aminotriazyn charakteryzujaca si¢ wysokim powinowactwem tylko do receptora 5-HT?.
W toku badan, oprocz selektywnych ligandow receptora 5-HT1a 1 5-HT7 udato si¢ réwniez
otrzymac potrdjny oraz multifunkcyjny ligand o numerze kolejno (93) i (96). W Tabeli 15
przedstawiono sze$¢ zwigzkdéw o obiecujacych parametrach farmakologicznych, ktére mozna
uzna¢ za lead compounds do dalszych badan. Interesujace wyniki w obrebie nowych
pochodnych aminotriazyn daty rowniez podstawe do zaprojektowania kolejnej, obszernej

biblioteki zwigzkdéw o potencjalnej aktywnosci do receptora 5-HT5.
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Tabela 15. Wytypowane struktury o najkorzystniejszych wlasciwosciach

farmakologicznych oraz ADME-Tox

antagonista 5-HT7R

Profil farmakologiczny ADMET Nr Struktura
0
Selektywny ligand _ 69 @E«/N
SN
5-HT:aR 6‘0_\_\_®
0
Potrojny ligand N
5-HTAR/5-HT,;R/D:R - 93 (‘f“o_\_\_\;
. /7 \
t ta 5-HT1aR
antagonista 1A NON O
0
Multifunkcyjny ligand ©:/</N
receptorow serotoninowych - 96 P Ne)
DR 0 N
1D \_/N \N/S
%nm > 29 NH,
Silny, selektywny FCYPIA4=20 NéI\N H
> %HepG2=100 w 120 HN A M ~ON
- N NN
antagonista 5-HT;R stez. 10uM N N \©\
Kardio. = $red. ]
NH,
%nm > 38 PY
Selektywny antagonista %CYP3A4=58 129 N )N\\ N g cl o
_ N7 NN
5-HT:R %HepG2=80 w N N jﬁj
stez. 10uM
%nm > 29 F "
Sil lek %CYP3A4=50 )\2
tlny, selektywny %HepG2=100 w 131 N X
AR

stez. 10uM

kardio.=podwyz.

%nm — % zwiazku, ktory nie zostat zmetabolizowany
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The currently applied synthetic methods of serotonin receptor ligands belonging to the group of long-
chain arylpiperazines, including ipsapirone, require the use of toxic solvents and comprise numerous syn-
thetic steps. Moreover, the reaction yield does not exceed 60% in the majority of cases. These factors lead
to an increased energy consumption and negatively impact the environment. This paper describes a more en-
vironmentally friendly method of ipsapirone synthesis that we decided to use. Ipsapirone was obtained in
two different methods. The first method involved N-alkylation of bromobutyl saccharin with
1-(2-pyrimidyl)piperazine dihydrochloride, while the second was a one-pot method. Neither of these requires
the use of toxic and expensive solvents. A shortened synthesis time, not exceeding 10 min due to the use of
microwave radiation, is also another advantage of these methods. The yield of the final product, ipsapirone,
was 85% and 67% in the first and the second method, respectively. We also attempted to obtain ipsapirone
using saccharin and arylpiperazine salt (method III) as starting materials, but to no avail in the tested condi-
tions. As described herein, the green chemistry method for ipsapirone synthesis is rapid, cost-effective, and
environment friendly.
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INTRODUCTION

According to reports by the World Health Organization
[1], depression and diseases affecting the central nervous
system (CNS) will be one of the main burdens hindering
the functioning of the human population [2,3]. Modern
methods of treatment for these conditions include using a
wide range of medications acting on the CNS, but each of
them can cause side effects, and as much as 30% of patients
do not respond to treatment at all. One of the known
compounds that can be used in the treatment of CNS
diseases is ipsapirone, belonging to the class of azapirones
[4]. Ipsapirone, 2-(4-(4-(pyrimidin-2-yl)piperazin-1-yl)
butyl)benzo[d]isothiazol-3(2H)-onel,1-dioxide, is a
known ligand with anxiolytic, anti-depressive [3], and
anti-aggressive effects, and a partial antagonist of the 5-
HT; 4 receptor [5]. It can also be used to treat alcohol
dependence [6]. From a chemical point of view, the
discussed compound is a long-chain arylpiperazine,
composed of a pyrimidylpiperazine linked via a butyl
moiety to saccharin. Ipsapirone synthesis has not been
widely described in the literature and patents. One of
several known methods of ipsapirone synthesis, claimed
in a patent, consists of a four-step reaction [7]. Such
synthesis, however, requires the use of toxic and
expensive solvents such as dimethylformamide (DMF) or
oxygenate-derived reagents, and the entire process is
long, taking about 24 h. The total yield of ipsapirone is
less than 40%. In turn, another patent reports that
ipsapirone can be synthesized by an alkylation reaction of
N-bromobutyl saccharin and 1-(2-pyrimidyl)piperazine
dihydrochloride [6]. Similarly to the previous patent, the
inventors use toxic DMF as a solvent, and the synthesis
time is 1 h, with yield amounting to 34%. The scientific
literature provides a general method for the synthesis of
ipsapirone analogues [8—10] (but not ipsapirone itself) by
alkylation of saccharin with a suitable alkylarylpiperazine
salt. As already described herein, the standard method
requires mixing substrates with potassium carbonate and
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a suitable solvent, such as DMF [9] or ACN [11] to
obtain a product with a yield below 60%. However,
ipsapirone can be obtained in another reaction.
N-Alkylation of bromobutyl saccharin with 1-(2-
pyrimidyl)piperazine dihydrochloride (Scheme 1) appears
to be the most obvious route. Moreover, ipsapirone can
also be synthesized in a one-pot approach by reacting
saccharin, 1,4-dibromobutane, and 1-(2-pyrimidyl)
piperazine dihydrochloride (Scheme 2). This approach is
advantageous by lack of need for intermediate isolation,
and resulting improvement of economic aspects of the
entire process. Having considered the previously
described economic and ecological aspects, we decided to
employ a cost-effective, innovative, and environmentally
friendly method: a solvent-free microwave-assisted
reaction, simultaneously being part of a green chemistry
trend.

RESULTS AND DISCUSSION

Chemistry. N-alkylation of saccharine. The initial
stage of our research involved the development of an
efficient method for the synthesis of N-bromobutyl
saccharin 3 in a solvent-free microwave-assisted reaction.
In our previous papers, we described N-alkylation of
imides under conventional methodology, in a solvent-free
conditions [12]. Fiorinoa et al. [13] describes a
microwave-assisted N-alkylation of saccharin 1, however,
with the use of solvents. In this paper, we decided to
combine these two methods and obtain an alkylated
saccharin 3 in solvent-free, microwave-assisted conditions
(Scheme 3). We have started our research with
determining the appropriate molar amounts of reactants.
As a starting point, 1 eq of saccharin 1, 3 eq of K,COj3 as
a base, and 1.1 eq of alkylating agent 2 were used.
Because reagents do not mix with each other, a phase
transfer catalyst, that is, 0.1 eq fert-butylammonium
bromide (TBAB), was used to facilitate the reaction. The

Scheme 1. Synthe%is of ipsapirone according to method 1.
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Scheme 3. N-Alkylation of saccharine. [Color figure can be viewed at wileyonlinelibrary.com]
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reaction was carried out in the presence of 1 wt% DMF
relative to saccharin 1, which was used as a medium to
transfer microwave energy [14]. The synthesis time was
50 s. The results are summarized in Table 1 (items 1-4).
The progress of the reaction was monitored by thin-layer
chromatography (TLC). Average yield of reaction
(item 1) is caused by formation of significant amounts of
the disubstituted product 9. Excess of 1,4-dibromobutane
(item 2) increases the selectivity of the reaction toward
the formation of N-bromobutyl saccharine 3. Impurities
observed in TLC were not isolated. It has been
determined that the optimal excess of alkylation agent is
2.5 eq. Larger excess does not have a major effect on the
reaction progress and may cause problem issues with the
crystallization of the product. Because Jaskowska et al.
[12] report that the optimal amount of potassium
carbonate in the N-benzylation of phthalimide is 3 eq,
while Fiorinoa et al. [13] uses only 1.5 eq of K,CO; in
the alkylation reaction of saccharin 1, we decided to
study and describe the effect of the amount of base on
the reaction yield. The results are shown in Table 1
(items 5-8). Based on the TLC analysis, an increased
amount of potassium carbonate promotes formation of
impurities. When 1.5 eq of K,CO; was used, we
observed only spots attributable to N-bromobutyl
saccharin 3 and traces of disubstituted product 9. In
addition, we decided to evaluate the effect of DMF
addition; therefore, a complete synthesis of N-bromobutyl
saccharine 3 was run without DMF addition. Having
analyzed by TLC, the reaction mixture after 50 s of
reaction, partial formation of product 3, and significant
amount of unreacted saccharin 1 were noticed. The
reaction was then continued for 2 min. After this time,

Table 1

Impact of 1,4-dibromobutane and base amounts on the yield in N-alkyl-
ation reaction of saccharine.

Ttem 1,4-Dibromobutane (eq) K,COj3 (eq) Yield (%)
1 1.1 3 45
2 2.0 3 67
3 2.5 3 79
4 3.0 3 80
5 2.5 1.0 70
[§ 2.5 1.5 94
7 2.5 2.0 85
8 2.5 2.5 80
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main product |

TLC indicated the presence of the desired product 3 a by-
product 9 and other impurities. In this case,
N-bromobutyl-saccharin 3 was not isolated. Our research
also compared the effects of addition of ACN instead of
DMF, and NaOH and Et;N instead of K,CO;5 as a base,
as well as the catalytic amounts of KI instead of TBAB.
In all the reactions with ACN, formation of numerous by-
products was observed in TLC. The desired product was
not isolated. Using NaOH as a base, TLC analysis
indicated that during the first 10 s of heating, only
product 3 was formed and the presence of unreacted
substrate 1 was observed as before, while longer reaction
times caused degradation of product 3 and led to
formation of vast amounts of impurities; in this case, the
product has not been isolated as well. Satisfactory results
(85% yield) were observed only in the case of using
triethylamine instead of potassium carbonate.

Synthesis of ipsapirone: Method 1.  Ipsapirone analogues
obtained by N-alkylation were presented as an examples of
the conventional method, and microwave-assisted method
between appropriate  bromoalkylimide and 1-(2-
pyrimidyl)piperazine dihydrochloride 4 and are well
known in the literature [15,16]. However, both of these
synthetic approaches need toxic solvents to be used.
Reaction times are also relatively long and, in microwave
syntheses, often exceed 1 h. The initial step of ipsapirone
5 synthesis using a solvent-free method supported by
microwave radiation is similar to this of N-bromobutyl
saccharin 3 synthesis described previously. In this
experiment, we determined the effect of addition of
various bases on the reaction yield, and the results are
presented in Table 2 (items 9-18). Values listed in the
table show that the synthesis of ipsapirone S gives higher
yields (of about 80%) in the presence of weak inorganic
bases, such as potassium carbonate or calcium hydroxide.
Carrying out the reaction in these conditions is also
advantageous in the context of reaction time, as the use
of K,CO; shortened the reaction time to 1 min, while
reaction in the presence of Ca(OH), took 2 min. TLC
analysis indicated the presence of the main product
ipsapirone 5 and traces of 1-(2-pyrimidyl)piperazine
dihydrochloride 4, which was used in 10% molar excess.
Using stronger inorganic bases, such as sodium
hydroxide or potassium hydroxide, decreased the reaction
yield to a point where no final product was isolated. TLC
analysis revealed the presence of ipsapirone 5 traces and
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Table 2

Impact of various bases and solvents (DMF/ACN) on the yield in
Ipsapirone synthesis.

Base DMF ACN Yield
Item (3 eq) (Wt%)" (Wt%)° (%)
9 K,CO; 0.1 — 85
10 K,COs — 0.1 0
11 K,CO; — — 43
12 Et;N 0.1 — 83
13 Et;N — 0.1 0
14 Et;N — — 35
15 NaOH 0.1 — 0
16 NaOH — 0.1 0
17 Ca(OH), 0.1 — 75
18 Ca(OH), — 0.1 0

“Hydrochloride salt crystallized from acetone.
PReaction time of up to 2 min.
“Reaction time of up to 10 min.

vast amounts of polar impurities. The mentioned weak
inorganic bases can be considered as environmentally
friendly, cost-effective, and easily available. Using
triethylamine as a base for ipsapirone 5 synthesis allowed
to obtain good yields over the reaction time of 2 min.
However, due to the toxicity of this compound, this
synthetic approach is not recommended. Investigating the
effects of using DMF as a medium facilitating the
reaction yielded interesting results. Reacting compounds
in the presence of DMF accelerated the process very
efficiently. In the case of K,COs, the content of 1 wt% of
DMF allowed to obtain the final product § with an 85%
yield, while its absence reduced the yield of the reaction
by 43%. When DMF was changed to ACN, no reaction
progress was seen. Attempts to obtain ipsapirone 5 in the
presence of ACN were repeated with addition of K,COs,
Ca(OH),, NaOH, and Et;N gave no measurable effects.
The final product was absent in the TLC analysis, even

Table 3

Impact of various bases on the reaction yield.

Item Base (3 eq) Yield (%)*
19 K,CO;° 52
20 Et;N¢ 67
21 Ca(OH)," 60

“Hydrochloride salt crystallized from acetone.
PReaction time of up to 2 min.
“Reaction time of up to 10 min.
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after prolonged heating for up to 10 min, although over
this period, some mixtures get burned.

Synthesis of ipsapirone: Method 2 (one pot).  So-called
one-pot synthesis is one of the approaches in organic
synthesis, which follows the principles of green
chemistry, allowing one to obtain compounds in a clean,
effective, economical, and quick manner [17]. In the case
of ipsapirone 5, the isolation step of N-bromobutyl-
saccharine 3 can be omitted, thus shortening the synthesis
time. Cybulski et al. [18] described the method for
synthesis buspirone derivatives by a simultaneous
reaction of 1-(2-pyrimidyl)piperazine dihydrochloride,
1,4-dibromobutane, and the corresponding imide. They
reported high reaction yields for the final product with
using xylene as a solvent and heating the mixture in a
flask. Encouraged by this report, we decided to obtain
ipsapirone 5 in a one-step reaction, without any solvents
used for enhancing the microwave-assisted reaction; 1 eq
of saccharin 1, 2.5 eq of 1,4-dibromobutane 2, and 1.1 eq
of 1-(2-pyrimidyl)piperazine dihydrochloride 4 were used
for the synthesis. The results are shown in Table 3.
Ipsapirone 5 yield (52%) was slightly lower compared
with the two-step synthesis, yet still acceptable. Lower
yield is mainly attributable to a troublesome removal of
1,4-dibromobutane 2 excess upon the purification stage.
TLC analysis of the reaction mixture revealed that
addition of potassium carbonate as a base leads to
formation of a greater number of impurities when
compared with using triethylamine.

Synthesis of ipsapirone: Method 3. An alternative version
of the N-alkylation reaction allowing to obtain ipsapirone 5
is a reaction between of 8-(pyrimidin-2-yl)-5,8-
diazaspiro[4.5]decan-5-ium bromide 6 and saccharin 1.
Using a similar approach, Malinka et al. [19] obtained a
series of imide derivatives (Scheme 4) with a high yield
(60-80%), using potassium carbonate as a base and
xylene as a solvent. Based on this report, we decided to
check the yield of ipsapirone 5. First, we obtained
8-(pyrimidin-2-yl)-5,8-diazaspiro[4.5]decan-5-ium
bromide 6 by a conventional method described in the
literature [19,20]. For this part of the research, we applied
the same method as the one used for synthesis of
N-bromobutyl saccharin 3. The use of K,COj; in line with
the literature reports failed to give the product of interest.
However, having exchanged K,CO; to NaOH, we
obtained the desired product with an 83% yield. In this
case, 1 wt% addition of DMF was essential. Upon the

Scheme 4. Imide derivatives obtained by Cybulski et al. [18].
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Scheme 5. Synthesis of ipsapirone and analogue according to method 3.
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next stage, a possibility to obtain ipsapirone 5 was tested in
accordance with Scheme 5, with determination of the effect
of used bases (K,COs3, Et;N, and Ca(OH),) and the reaction
time (1, 2, 5, and 10 min.) on the reaction yield. Ipsapirone
5 was not formed in any of the tested conditions, as shown
by TLC and HPLC. Saccharin 1, classified as moderately
nucleophilic, is not as easily alkylated as its analogue,
phthalimide 7, which is the probable reason for the
observed outcome. To check this further, we decided to
perform a similar synthesis with phthalimide 7 instead of
saccharin 1 (Scheme 5). In this reaction, 50% of the
substrate was converted to the desired product after just a
1 min. Conversion was confirmed by TLC and UPLC-MS
analyses. It was determined that the potentially attractive
way for ipsapirone 5 synthesis using 8-(pyrimidin-2-yl)-

5,8-diazaspiro[4.5]decan-5-ium  bromide 6 is not
achievable in the tested conditions. This phenomenon can
be explained by the molecular electron density theory
[21], which in recent years has been successfully used to
explain the reactivity of components in numerous
different types of bimolecular reactions [22-24]. The
global nucleophilicity descriptors needed for this purpose
(N) were obtained by calculating B3LYP/6-31G (d), using
the equation proposed by Domingo [25]:

N = Enomo — EHOMO(tetracyanoethene)

The calculated value of N index for saccharine 1 was
1.31 eV, which classifies this compound as a marginal
nucleophile. On the other hand, phthalimide 7 belongs to
the group of moderate nucleophiles (N = 1.82 eV) on the
Domingo reactivity scale [26]. This differentiation clearly
explains why phthalimide 7 reacts in mild conditions,
while the desired product cannot be obtained from
saccharin 1.

CONCLUSION

Ipsapirone 5, a ligand acting on the CNS, was obtained
in line with the green chemistry principles, with reduction
or complete elimination of toxic and expensive solvents.
Implementing a microwave-assisted approach shortened
the synthesis time from a few hours to minutes. The most

Journal of Heterocyclic Chemistry

efficient method for synthesis of ipsapirone 5 is a two-
step N-alkylation of saccharin 1 in the first step and then
N-bromobutyl saccharin 3 in the next. The one-pot
method also seems to be fast and somehow efficient;
however, difficulties with product separation may occur,
as 1,4-dibromobutane 2 is hard to eliminate. Conversely,
we failed to obtain ipsapirone 5 using method 3 due to
the moderate nucleophilic index for saccharin 1,
preventing it from reacting. This conclusion was
confirmed by quantum chemical calculations and the
successful reaction in which saccharin 1 was replaced by
phthalimide 7 (Scheme 5).

EXPERIMENTAL

All the reactants were purchased from commercial
available suppliers. '"H NMR spectra were recorded using
Bruker 300 and 400 MHz apparatuses with TMS as an
internal standard. Melting points were determined with
Boetius apparatus. Waters UPLC with a PDA detector
and 1.7 pm Aquity HPLC BEH CI8 column was used
for UPLC-MS analyses. Knauer HPLC with DAD
detector and C18 1.4 um column was used in HPLC
analysis, with MeOH : H20 + formic acid (4:6 + 0.1%)
as a mobile phase. Analytical TLC was performed using
0.2 mm silica gel precoated aluminum sheets (60 F254,
Merck), and UV light at 254 nm was used for
visualization. SAMSUNG ME73M at 300450 W of
power was used for all the microwave-assisted reactions.

2-(4-Bromobutyl)benzo|d]isothiazol-3(2H)-onel,1-dioxide
(3). Saccharine 1 (1 g, 5.46 mmol), potassium carbonate
(1.13 g, 8.18 mmol), and TBAB (0.17 g, 0.53 mmol) were
ground in the mortar. Next, 1,4-dibromobutane 2 (1.6 mL,
13.62 mmol) was added, followed by 53 pL of DMF.
Mixture was reacted in a microwave reactor at 300 W for
50 s. After this time, TLC indicated that the reaction
was completed. Mixture was purified via flash
chromatography using 100% hexane to 100% methanol
as eluents. Methanol phase was evaporated to dryness,
and crude product was crystallized from MeOH to give
1.65 g of pure product. Melting point 71-72°C (ref. 71—
72°C [27]); yield 95%; white solid; '"H NMR (300 MHz,
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CDCl;) 6 8.09-8.04 (m, 1H), 7.95-7.81 (m, 3H), 3.83 (t,
J = 6.7 Hz, 2H), 3.46 (t, J = 6.2 Hz, 2H), 2.05-1.97 (m,
4H). UPLC-MS: 98.9%, m/z = 318.

Ipsapirone (5) (method 1). 2-(4-Bromobutyl)benzo[d]
isothiazol-3(2H)-onel,1-dioxide 3 (0.2 g, 0.63 mmol),
potassium carbonate (0.26 g, 1.89 mmol), TBAB
(0.029 g, 0.063 mmol), and 1-(2-pyrimidyl)piperazine
dihydrochloride 4 (0.15 g, 0.63 mmol) were ground in
the mortar; 6.45 plL. of DMF was added, and the mixture
was reacted in the microwave reactor at on 300 W for
60 s. After this time, TLC indicated that the reaction was
completed. Mixture was diluted with water, extracted
with ethyl acetate (3 x 10 mL), and organic phases were
combined and evaporated. Crude product was dissolved
in acetone, acidified with 4 M HCI in dioxane and cooled
down in a freezer to obtain white crystals. The desired
product was obtained as a hydrochloride salt. Melting
point: 217-220°C (ref. 221-222°C [28]); yield 85%;
white solid; 'H NMR (300 MHz, DMSO-de) & 10.50 (s,
1H), 8.45 (d, J = 4.8 Hz, 2H), 8.16-7.97 (m, 4H), 6.77
(t, J = 4.8 Hz, 1H), 4.69 (d, J = 14.1 Hz, 2H), 3.79 (t,
J=6.6 Hz, 3H), 3.58-3.51 (d, J = 12 Hz, 2H), 3.43-3.36
(d, J = 20 Hz, 2H), 3.18 (m, 2H), 3.02 (dd, J = 20.6 Hz,
8.9 Hz, 2H), 1.82 (m, 4H). UPLC-MS: 93%, m/z = 401.14.

Ipsapirone (5) (“one-pot” method 2).  Saccharine 1
(0.5 g, 2.73 mmol), potassium carbonate (1.13 g,
8.18 mmol), and TBAB (0.087 g, 0.27 mmol) were
ground in the mortar. Next, 1,4-dibromobutane 2
(0.8 mL, 6.9 mmol) was added, followed by 33 uL of
DMF. Mixture was reacted in the microwave reactor at
300 W for 50 s, then 1-(2-pyrimidyl)piperazine
dihydrochloride 4 (0.15 g, 0.63 mmol) was added and
mixed in with a spatula. Mixture was placed again in the
microwave reactor and reacted at 300 W for 120 s. After
this time, TLC indicated that the reaction was completed.
Mixture was diluted with water and extracted with ethyl
acetate (3 x 10 mL), and organic phases were combined
and evaporated. Crude product was dissolved in acetone,
acidified with 4 M HCI in dioxane and cooled down in a
freezer. The desired product was obtained as a
hydrochloride salt. Melting point: 216-219°C (ref. 221—
222°C [28]); yield 50%; white solid; UPLC-MS: 90%, m/
z=401.52.

8-(Pyrimidin-2-yl)-5,8-diazaspiro[4.5]decan-5-ium bromide
(6). 2-(Piperazin-1-yl)pyrimidine dihydrochloride 4 (1 g,
4.24 mmol), sodium hydroxide (0.5 g, 12.5 mmol), and
TBAB (0.13 g, 0.40 mmol) were ground in the mortar.
Next, 1,4-dibromobutane 2 (1.22 mL, 10.54 mmol) was
added, followed by 38 puL of DMF. Mixture was reacted
in the microwave reactor at 450 W for 2 x 60 s. After
this time, TLC indicated that the reaction was completed.
The reaction mixture was cooled down to room
temperature, diluted with i-PrOH, and boiled for a few
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minutes. Insoluble inorganics were filtered off, and the
filtrate was evaporated to dryness. The resulting semi-
solid material was crystallized from i-PrOH. Melting
point 245-247°C (ref. 241.5-242.5°C [29]); yield 83%;
white solid; 'H NMR (400 MHz, CDCl;) & 8.40 (d,
J = 4.8 Hz, 2H), 6.70 (t, J = 4.8 Hz, 1H), 4.22 (4,
J =72 Hz, 4H), 4.13 (t, J = 7.2 Hz, 4H), 3.82 (t,
J = 3.9 Hz, 4H), 2.44-2.39 (m, 4H). UPLC-MS = 100%,
m/z =219 [M-Br].

Synthesis of ipsapirone (5) (method 3).  8-(Pyrimidin-2-
yl)-5,8-diazaspiro[4.5]decan-5-ium bromide 6 (0.3 g,
1 mmol), potassium carbonate (0.41 g, 2.97 mmol),
TBAB (0.032 g, 0.1 mmol), and saccharine 1 (0.36 g,
2 mmol) were ground in the mortar; 23 pL. of DMF was
added to the mixture, and the mixture was placed in the
microwave reactor and reacted at 300 W for 120 s. After
this time, TLC and UPLC-MS indicated the presence of
starting materials only.

2-(4-(4-(Pyrimidin-2-yl)piperazin-1-yl)butyl)isoindoline-
1,3-dione  (8). 8-(Pyrimidin-2-yl)-5,8-diazaspiro[4.5]
decan-5-ium bromide 6 (0.3 g, 1 mmol), potassium
carbonate (0.41 g, 2.97 mmol), TBAB (0.032 g,
0.1 mmol), and phthalimide 7 (0.29 g, 2 mmol) were
ground in the mortar; 22 pl. of DMF was added to the
mixture, and the mixture was placed in the microwave
reactor and reacted at 300 W for 60 s. After this time,
TLC indicated the presence of the desired product,
unreacted substrates, and impurities. Mixture was diluted
with water and extracted with ethyl acetate (3 x 10 mL),
and organic phases were combined and evaporated.
Crude product was crystallized from MeOH to give pure
product. Melting point 137-139°C (ref. 138-139°C [30]);
55% yield; white solid; "H NMR (300 MHz, CDCls) &
8.30 (s, 2H), 7.78 (d, J = 36.8 Hz, 4H), 6.47 (s, 1H),
3.77 (d, J = 25.4 Hz, 6H), 2.45 (d, J = 22.6 Hz, 6H),
1.66 (d, J = 47.0 Hz, 2H). UPLC-MS = 92%, m/z = 366
[m + HJ.
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ARTICLE INFO ABSTRACT

Keywords: Schizophrenia and depression are diseases that significantly impede human functioning in society. Current an-
Ipsapirone tidepressant drugs are not fully effective. According to literature data, the effect on DaR or 5-HT1sR can effec-
Microwave chemistry tively reduce the symptoms of depression or schizophrenia. Recent research hypothetized that the synergism of
Eﬁ?lﬁim ds both of these receptors can improve the effectiveness of therapy. Ipsapirone, a representative of long-chain
D, ligands arylpiperazines, is a known 5-HTjaR ligand that has antidepressant effect. This compound has no affinity for
SAR study the DoR. Bearing in mind, we decided to design ligands with improved affinity to DaR and confirmed that in some

cases elongation of the carbon linker or arylpiperazine exchange may have beneficial influence on the binding to
D2R and 5-HT1AR. Four groups of ligands being ipsapirone analogues with butyl, pentyl, hexyl and stiffened
xylene chains were designed. All compounds were obtained in solvent-free reactions supported by a microwave
irradiation with an efficiency mainly above 60%. All ligands containing 1-(2-pyrimidinyl)piperazine exhibited
high affinity to 5-HT14R. In this case, chemical modifications within the chain did not affect the affinity to DaR.
In the case of ligands containing 1-phenylpiperazine, 1-(3-trifluoromethylphenyl)piperazine, 1-(1-naphthyl)
piperazine, and 1-(4-chlorophenyl)piperazine, elongation of carbon linker increases of affinity to DyR. For li-
gands containing 1- (2-pyridyl) piperazine, and 1-(2,3-dichlorophenyl)piperazine, we observed an opposite ef-
fect. For ligands containing 1-phenylpiperazine, 1-(2-methoxyphenyl)piperazine and 1-(2-pyridyl)piperazine,
chain elongation had no effect on 5-HT1sR binding. In turn of ligands containing 1-(3-trifluoromethylphenyl)
piperazine and 1- (2,3-dichlorophenyl)piperazine, we observed that elongation of carbon linker has a positive
influence to 5-HT;4R. Molecular modelling was used to support the SAR study.

Central nervous system (CNS) disorders such as depression or
schizophrenia in the near future may become one of the main dysfunc-
tions that impede human functioning in society. Despite the advances
made in pharmacy in the context of CNS disorders, the currently used
drugs still have numerous side effects.! Treatment of depression or
schizophrenia is related with affecting on DR, 5-HT1aR as well as 5-
HT¢R or 5-HT7R.2 % 5-HTy4R and DsR are involved in depression or
schizophrenia disorders.””® In major depressive disorders (MDD) pa-
tients, 5-HT7 AR agonists (such as buspirone or gepirone) are thought to
act synergistically to increase 5-HT neurotransmission in postsynaptic
structures (in the cortex and the limbic areas) and thus may exhibit
antidepressant properties.”'? Nevertheless, improvement in therapy can
be obtained by acting additionally on DyR. Dual DoR/5-HT;aR action
seems to be more effective than single one. In a rat study, stimulation of

* Corresponding author.
E-mail address: damian.kulaga@doktorant.pk.edu.pl (D. Kutaga).
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the 5-HT1aR was shown to increase dopamine secretion in prefrontal
cortex resulting in a reduction of schizophrenia-specific symptoms.
Sumiyoshi et al.'” showed that buspirone or tandospirone in combina-
tion with haloperidol significantly improved the cognitive abilities of
patients suffering from schizophrenia. Thus dual D2R/5-HT1AR ligands
seem to be much more promising, with a broader spectrum of activity
than single ones, however this hypothesis must be confirmed in further
research.”

Ipsapirone belongs to a well-characterized group of azapirones. As it
was mentioned above an anti-depressant effect is related to the release of
serotonin in synaptic cleft in corticolimbic structures due to the sub-
stance’s high affinity to postsynaptic 5-HTaR. Affecting these receptors
may have additional modulatory effect on other neurotransmitter sys-
tems such as the glutamatergic system in various parts of brain.'
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Ipsapirone exhibits anxiolytic, anti-depressant, and anti-aggressive
properties in animal models.'? as it acts as a postsynaptic partial
agonist to 5-HT7zR with K; = 7.9 nM and no activity to D,R."*'° In the
literature'®'® there is described only one analogue of ipsapirone with
ethyl linker (A) that does not bind to 5-HTj4R, two analogues of ipsa-
pirone with propyl linker that bind to 5-HTj5R with K; = 400 nM for B
and K; = 2 nM for C (revospirone) and four four-carbon analogues of
ipsapirone with known affinity to DoR (four analogues) as well as 5-
HT1aR/5-HT25R (one analogue) (Table 1). In our previous research'®
with saccharin being a terminal moiety of LCAP, we demonstrated that
carbon linker extended up to six carbons may have a beneficial influence
on affinity mostly to DoR (Table 1). Taking into account that acting on
both DR and 5-HT;aR may have a beneficial influence in treatment of
depression or schizophrenia, the aim of our work is to perform the full
structure activity relationship analysis for ipsapirone analogues to
confirm our hypothesis that elongation of carbon linker has a beneficial
influence on affinity to DoR/5-HT75R.

In the medicinal chemistry, hit-to-lead is a well-known approach,
where a desirable pharmacological profile for protein/receptor is ex-
pected via various chemical modifications.?’ In the literature there are
numerous reports about SAR (Structure Activity Relationship) study
within LCAPs (Long Chain Arylpiperazines) including carbon linker and
various arylpiperazine exchange (Table 2).”*1"%* In general, N-arylpi-
perazine itself exhibits moderate affinity and selectivity to the following
receptors: serotonin®', dopamine””, noradrenaline’® as well as mono-
amine transporters.” '° The functionalization of N-arylpiperazine by
introducing a long chain core attached to the basic nitrogen of pipera-
zine core may have beneficial influence on affinity to receptors.’! For
example, 1-(2-methoxyphenyl)piperazine binds to 5-HT1aR with K; =
68 nM. Introducing phthalimide with ethyl linker (I)to basic nitrogen
atom resulted in loss of activity to 5-HT15R (K; > 1000 nM) (Table 2).
Further elongation of carbon linker resulted in gain of affinity to 5-
HT14R in the following pattern: propyl linker (J) K; = 13 nM*’, butyl
linker (K — NAN-190) K; = 0.6 nM>" pentyl linker (L) K; = 7.2 nM?’,
hexyl linker (M) K; = 22 nM.?” According to the NAN-190 SAR study,
optimal carbon linker length is around 4 atoms. Shorter linker decreases
affinity, and similar effects are observed for longer linkers as well. For
salicylamide and 1,3-benzoxazine-2,4-dione in terminal position, the
same trend has been observed (Table 2). Considering the SAR study for
trazodone, elongation of carbon linker up to 6 atoms resulted in a near 5-
fold increase of affinity to 5-HT1aR.>® Further research revealed that
using other N-arylpiperazines such as 1-(2-methoxyphenyl)piperazine
or 1-(3-methoxyphenyl)piperazine instead of 1-(3-chlorophenyl)piper-
azine dramatically increased affinity to DoR/5-HT1aR (Table 3).

Table 1

Saccharin carbon linker comparison on affinity (K; [nM]) to D,R/5-HT; AR/5-HT5R. '

Bioorganic & Medicinal Chemistry Letters 42 (2021) 128028

In light of the above consideration, to fully perform structure activity
relationship study of ipsapirone, we designed four groups of compounds.
Compounds with flexible butyl, pentyl, hexyl chain and more rigid
xylene linker have been chosen to find out the optimal length of carbon
linker. Additionally, these four groups include various N-arylpiperazines
in order to find their influence on binding to selected receptors (Fig. 1).
In this study, we focused mostly on dual DoR/5-HT14R effect, however,
to examine their selectivity, binding to 5-HT25R, 5-HTgR and 5-HT;R
were examined as well. We used molecular modelling to support the SAR
study.

Designed compounds were obtained in solvent-free reactions with
microwave irradiation. The procedure has already been described in our
previous publications.'®®! Ligands from groups I, II and IV were ob-
tained in three independent synthetic routes using two-step reactions
(Scheme 1 and Scheme 2). For SAR study, ligands from group of IIl were
taken from our previous publication.'?

In the first step, a saccharin 1 is N-alkylated with appropriate alkyl
halide 2i-2k. The first step was carried out in the presence of 3 equiv-
alents of potassium carbonate, 0.1 equivalents of tetrabutylammonium
bromide (TBAB), and 2-3 drops of N,N-dimethylformamide (DMF) or
acetonitrile (ACN). Intermediates 3i and 3k were purified via crystalli-
zation from methanol, while 3j was purified using column chromatog-
raphy. Reaction conditions for the second step were similar to those for
the first one. Final products were purified using column chromatog-
raphy. Pure ligands were transformed into HCI salts and subjected to
radioligand assays.

The aim of this research was to elucidate SAR of LACPs being
saccharin derivatives with increased affinity to DoR/5-HT1aR. All li-
gands were tested in radioligand binding assays according to a known
procedure.®? The assays were performed via the displacement of the
respective radioligands from cloned human receptors, all stably
expressed in HEK293 cells (except for 5-HT2aR which was expressed in
CHO cells): [°H]-8-OH-DPAT for 5-HT 4R, [°H]-ketanserin for 5-HT24R,
[®H]-LSD for 5-HTeR, [H]-5-CT for 5-HT,R and [®H]-raclopride for
DoR.

According to Structure — Linker Relationship, most of the obtained
ligands exhibited affinity to the mixed DyR/5-HTjaR profile. In the
group of ligands with no substituents of the N-arylpiperazine moiety
(5a, 5b, 5¢), slightly decreased activity was observed upon linker chain
elongation. Ligands still exhibited high affinity to 5-HT;aR with Kj < 20
nM. The opposite pattern was observed with respect to DyR. We
observed moderate or no affinity to the remainder of tested receptors.
Because saccharin core is structurally similar to phthalimide, we ex-
pected that in case of 1-(2-methoxyphenyl)piperazine (ligands 5b, 6b

19

Ligand No. n Ar h-D1 h-D2 h-D3 h-D4 h-D5 h-5-HT1A h-5-HT2A h-5-HT2C h-al
A 2 3-CF3-Ph nd nd nd nd nd NA nd nd nd
B 3 3-CF3-Ph nd nd nd nd nd 400 700 NA nd
Cc* 3 2-Pyrimidinyl nd nd nd nd nd 2 nd nd nd
D 4 Ph nd 38 66 136 1629 nd nd nd nd
E 4-Cl-Ph nd 177 287 36 230 nd nd nd nd
F=5e 3-CF3-Ph NA 113 107 NA 1756 100 2250 NA 1500
G 2-OMe-Ph nd 360 187 79 1132 nd nd nd nd
H** 2-Pyrimidinyl nd 1600 nd nd nd 7.9 14,980 nd 229
=5f

7a 6 Ph nd 48 nd nd nd 20 321 nd nd
7d 4-Cl-Ph nd 28 nd nd nd 84 nd nd nd
7e 3-CF3-Ph na 7 nd nd nd 25 167 nd nd
7b 2-OMe-Ph na 61 nd nd nd 91 nd nd nd
7f 2-Pyrimidinyl na 51 nd nd nd 24 183 nd nd

NA - not active (Ki > 5 pM) nd - not determined, * - revospirone, ** - ipsapirone, h-human receptor type
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Table 2
Phthalimide, benzoxazine and salicylamide effects of carbon linker on affinity to h-5-HT1,R%” "
o o) H,N
N H‘N /w N (’\)nN ™~ A
K/N o/go K/N‘Ar 0"y N-ar
o SAr
Ligand No Ar n K; [nM] Ligand No n K; [nM] Ligand No n K; [nM]
I _O 2 >1000 I-1 2 na I-2 2 155
J \Q 3 13 J-1 3 46 J-2 3 21
K 4 0.6* K-1 4 3.2 K-2 4 38
L b 5 7.2 L1 5 20 L2 5 4
M 6 22 M-1 6 18 M-2 6 3
N 2 >1000 N-1 2 na N-2 2 na
o © 3 200 O-1 3 402 0-2 3 143
P A 4 10 P-1 4 2.8 P-2 4 na
R 5 8.5 R-2 5 na R-2 5 na
S 6 1 S-1 6 na S-2 6 na
*NAN-190, na — not available, h — human receptor type.
Table 3
O
K; [nM] & SEM of radioligand binding for all synthetized compounds for tested receptors. N N N
g / _@
I \\O
o
Ligand No. R linker h-DoR h-5-HT1 AR h-5-HT25R h-5-HT¢R h-5-HT;R
5a H butyl group I 249 3 474 4664 631
5b 2-OMe 7 8 382 161 96
5c 2,3-diCl 26 1 2580 2662 372
5d 4-Cl 571 78 318 2729 536
Se 3-CF3 113%** 100%** 2250%* na na
5f 2-Pyrimidyl 1224 15 14,980 16,800 1406
6a H pentyl group IT 165 16 313 1836 148
6b 2-OMe 20 3 584 1991 125
6C 2,3-diCl 17 29 126 197 149
6d 4-Cl 254 101 139 703 191
6e 3-CF3 34 21 162 1354 35
6f 2-Pyrimidyl 954 6 6306 7097 2673
6g 2-Pyridyl 92 13 1438 2626 179
6h 1-Naphtyl 20 16 105 101 36
7a H hexyl* group III 48* 20* 321* 971* 192*
7b 2-OMe 1 10 764 779 105
7c 2,3-diCl 132* 58* 209* 920* 119*
7d 4-Cl 28* 84* 299 72 487
7e 3-CF3 7* 25% 167* 52% 58*
7f 2-Pyrimidyl 3274 56 3530 5708 2515
7g 2-Pyridyl 239 13* 1290% 2352* 552
7h 1-Naphtyl 12* 13* 44* 77* 23*
8b 2-OMe xylene group IV 2 77 4754 10,090 97

na - not available, * - Ref.'”; ** - Ref.”"; high affinity K; < 50 nM, moderate affinity 50 nM < K; < 500 nM, low affinity 500 nM < K; < 1000 nM, not active K; > 1000 nM.
Each compound was tested in triplicate at 7 concentrations (0.1 nM — 100 uM). The inhibition constants (K;) were calculated from the Chenge-Prusoff equation®.
Results were expressed as means of at least two separate experiments (SEM < 25%; h — human receptor type.

7N
(0)

o
/

N—R

hydrogen bond

salt bridge
hydrophobic bond/halogen bond/hydrogen bond

LINKER: R:
a%' VAVl %A
group I AR, o c
(5a-5f) >
group II ‘14/\/\/\5‘5 2 b c cl
(6a-6h) o o A
group 11 E/\/W‘z% N
(7a-Thy MR . CO
3
group IV _< >_/ d e f
(8b) U, N “j\\’
NTSN
L

Fig. 1. Structure — Activity Relationship analysis plan leading to dual DoR/5-HT;4R ligands.
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Scheme 1. Synthetic pathway leading to new compounds with flexible linker.
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Scheme 2. Synthetic pathway leading to new compounds with rigid linker.

and 7b) the binding pattern to 5-HT;aR would be similar to I-M. Ligands
with four (5b) or five (6b) carbon atoms in the linker showed the highest
affinity with K; = 8 nM and K; = 3 nM, respectively. Adding an extra
carbon to the linker (6 carbons in total) resulted in slight loss of affinity
(7b, K; = 10 nM). Increased rigidity of the carbon linker by introducing
xylene moiety resulted in further loss of activity to 5-HTaR (8b, K; = 77
nM). In this case increasing rigidity did not have any effect on affinity to
DoR. Ligands 5b, 6b, 7b and 8b did not exhibit affinity to 5-HT25R and
5-HTgR, however, exhibited moderate affinity to 5-HT;R. A different
binding pattern was observed when 1-(2,3-dichlorophenyl)piperazine
was present in the ligands. Elongation of the carbon linker resulted in a
decrease of affinity to 5-HT7R in the following pattern: 5¢ K; = 1 nM, 6¢
K; = 29 nM and 7c K; = 58 nM. According to D3R, ligand with propyl
linker was the most active in this group (6¢c, Kj = 17 nM). Shortening
(5c¢) as well as elongation (7c¢) of the carbon linker resulted in a decrease
of activity when compared to 6¢ with K; = 26 nM and K; = 132 nM,
respectively. Ligands with para-Cl substituent of arylpiperazine moiety
were less active than those with 2,3-dichloro substituents. Ligand with
four carbons (5d) as well as six carbons (7d) exhibits similar affinity to
5-HTAR, while ligand with five carbons (6d) exhibits slight worse af-
finity with K; = 101 nM. Elongation of the carbon linker resulted in
increased of affinity only in term to DoR. The same ligands exhibited
moderate affinity to 5-HT5R, 5-HT¢R and 5-HT7R or were not active
towards these receptors. With respect to 1-(3-trifluoromethylphenyl)
piperazine ligands, elongation of carbon linker resulted in increased
affinity to

5-HT;aR. Ligand with short ethyl chain (A) linker was inactive.
Elongation of ethyl chain to 3 atoms (i.e., propyl) (B) resulted in
increased affinity with K; = 400 nM.'®'® Further elongation caused
increase of affinity in the following pattern: 5e K; = 100 nM, 6e K; = 25
nM and 7e K; = 21 nM. The same pattern was observed in term of DoR.
Ligands exhibited high affinity to 5-HT;R as well. With respect to 5-
HT; 4R, the binding pattern of ligands with 1-(2-Pyrimidinyl)piperazine
was similar to those with 1-(2-methoxyphenyl)piperazine. Ligands with
short linkers: propyl (C), butyl (5f), and pentyl (6f), exhibited high af-
finity to 5-HT;aR with the K; = 2 nM, K; = 15 nM and K; = 6 nM,
respectively. So far, we reported that investigated ligands exhibit af-
finity to DoR. Ligands with 1-(2-pyrimidinyl)piperazine do not exhibit

16-18

the mentioned affinity, making them highly selective towards tested
receptors. For 1-(2-pyridinyl)piperazine ligands (6g and 7g, K; = 13
nM), we did not observe differences in the binding to

5-HTjAR. During conducted research, we found that ligands 6h and
7h showed multifunctional binding, where the structure-carbon length
relationship may be difficult to analyse. According to Structure — Aryl-
piperazine Relationship, in the first group of ligands (5a-5¢, 5f) where
four-carbon linker was present, high affinity to 5-HT;sR was observed in
the range of K;j between 1 and 15 nM. Introduction of para-Cl substituent
to N-arylpiperazine core (5d, K; = 78 nM) as well as meta-CF3 substit-
uent (5e, Kj = 100 nM) resulted in considerable decrease of affinity.
Generally, we observed less affinity of the ligands 5a-5f to D2R than to 5-
HT1aR. Ligands with ortho-OCHjs (5b) and 2,3-dichloro (5¢) substituent
only exhibited high affinity with K; = 7 nM and K; = 26 nM, respectively.
In most cases, these ligands were not active toward 5-HT25R, 5-HTgR
and 5-HT7R. In the second group of ligands where five-carbon linker was
present, the affinity to 5-HT;4R was also very high — K; < 29 nM. One
exception was 6d, where introducing of para-Cl substituent resulted in
the decrease of activity with K; = 101 nM. For DyR, an interesting
relationship was observed with respect to ligands with only ortho and/or
meta positions occupied (6b, 6¢, 6e and 6i). In that case, ligands
exhibited high affinity with K; < 34 nM. We indicated that most of li-
gands with pentyl linker (6a-6i) did not exhibit high affinity to 5-HT2xR,
5-HTeR and 5-HT7R except of ligand 6i which behaved as a multifunc-
tional ligand. Ligands with six-carbon linker seem to be less selective
than those with five or four carbons. Ligand 7e exhibits high affinity to
four types of receptors: Do, 5-HT14, 5-HTg and 5-HT5. Ligands 6h and 7h
exhibit affinity to three type of receptors:Dy, 5-HT14 and 5-HTy.

We confirmed a fully conducted SAR study based on in vitro assays via
molecular modelling approach using docking for selected ligands (Fig.2,
Fig.3) Due to lack of crystalline structure of 5-HT;sR, a homology model
based on 5-HT;gR (PDB 4IAR) template with ergotamine was created
using Swiss-Model server.>* The 5-HT;4R homology model was vali-
dated using also Swiss-Model server as well as QMEAN by parameter
determination. The amino acids sequence identity was>41% and the
coverage was 0.89 — such values correspond with literature.* >° The
percent of residues in favoured regions of the Ramanchadron plot was
also determined (Supplementary Material). For DaR, we used the crystal
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Fig. 2. Aligned poses of selected ligands to DoR structure crystal (PDB: 6LUQ) obtained in the docking. Green ligands represent hexyl linker, magenta ligands
represent pentyl linker, yellow ligands represent butyl linker, silver ligand represents propyl linker, purple ligand represents xylene linker.

m—CF3
Se, 6e, Te

2-pyrimidinyl >
C, 5f, 6f, 7f \

Fig. 3. Aligned poses of selected ligands to the homology model of 5-HT; oR obtained in the docking. Green ligands represent hexyl linker, magenta ligands represent
pentyl linker, yellow ligands represent butyl linker, silver ligand represents propyl linker, purple ligand represents xylene linker.

structure of DoR (PDB 6LUQ) with endogenously bound haloperidol.
Selected forms for all docked ligands as well as interactions are pre-
sented in Supplementary data. Endogenously bound haloperidol adopts
a linear conformation and forms a conservative hydrophobic n-n stack-
ing with W407 and F411 which are located in a hydrophobic binding
pocket deep in the receptor. In general, the ligands considered (Fig. 2)
adopt a coherent haloperidol binding mode. In the opposition to 5-
HT1aR ligands, D2R ligands adopt more linear conformation. All ligands
form salt bridge with D3.32. In case of 5e, 6e and 7e, 1-(3-tri-
fluoromethylphenyl)piperazine reaches out hydrophobic binding pocket
deep in the receptor which is located between transmembrane helix
(TMh) 3 and TMh6 (CH-x stacking with: F411 — 7e; F410 - 7e, 6e; W407
—6e, 5e). Terminal moiety of the ligands is orientated in the outer part of
receptor in the direction to TMh2 and TMh7. Carbonyl group forms
hydrogen bond interaction with W100 for 7e and 5e as well as hydrogen
bond with T433 for 6e. Very high affinity to D2R of 7e may be explained
through additional occurrence of hydrophobic CH-x stacking with W100
and aromatic ring of saccharin. On the other hand, lowered affinity of 5e
may be caused through lack of CH-n stacking with F411 or F410. In this
case we observed worse parameters of salt bridge (Table 4, Supple-
mentary Material). According to ligands with 1-(2-methoxyphenyl)

piperazine 5b — 8b very high affinity with K; < 20 nM may be explained
through coherent binding mode and formation of conserve salt bridges
with D3.32 as well as hydrogen/hydrophobic bonds with appropriate
amino acids. The N-phenylpiperazine binding pocket is hydrophobic
and located deeper in the receptor, where o-methoxyphenyl rings bind
preferentially in the cavity between TMh3, TMh6 helices forming CH-n
type interactions with W407 and F411. Saccharin which is placed in
outer part of the receptor interacts with hydrogen bond with T433 (for
7b and 6b), and W100 (for 8b, 6b and 5b). Stiffened carbon linker
additionally interacts with F189 via CH- = interaction.

Because groups of ligands with meta-CF3 (A, B, 5e, 6e, 7e) are well
characterised in in vitro assays, we chose them as the first group to
perform docking in the range of 2-6 carbons to 5-HT7R. All ligands are
characterized by a bent form and key salt bridge interaction with D3.32.
Ligands with high affinity (6e, K; = 21 nM and 7e, K; = 25 nM) to 5-
HTiaR exhibit consistent binding mode for azapirone37 as well as for
saccharin derivatives.'? 1-(3-trifluoromethylphenyl)piperazine in the
ligands reaches out to a hydrophobic binding pocket placed deep in the
receptor, which is located near TMh3 and TMh6. Aromatic ring of N-
arylpiperazine interacts with F6.51 and F6.52 via CH-n stacking. Ter-
minal moiety of the ligands is oriented in the outer part of receptor in the



D. Kutaga et al.

direction toward TMh6, TMh7 and extracellular loop (ECl) 2. Carbonyl
group of 7e forms conservative hydrogen bond interaction with N7.38.
Sulfonyl group forms hydrogen bonds with K191 for 7e and 6e as well as
with Y96, G97 and N7.38 for 6e. Sulfonyl group of ligand 7e forms an
additional hydrogen bond with T188 and K191. Ligand 6e forms an
additional n-cation interaction between the saccharin aromatic ring and
K191. Shortening the linker by one carbon atom resulted in the decrease
of affinity (5e, K; = 100 nM). It may be a result of lacking CH-n inter-
action with F6.51, however, ligands adopt the same conformation as 6e.
Further shortening (ligand B, K; = 400 nM and ligand A, inactive) caused
further decrease of affinity. It may be caused by the following changes in
the binding mode: conformation of ligands A and B are not fully
coherent with the rest of ligands; N-piperazine moiety does not fit
directly in the hydrophobic binding pocket and point out more in the
direction TMh6; both ligands do not form hydrophobic interactions,
while ligand A does not form a salt bridge. The second group of ligands,
with a widely known affinity to 5-HTisR, are ligands with 1-(2-pyr-
imidinyl)piperazine, such as revospirone (C), ipsapirone (H = 5f) and
their analogues (6f, 7f). In this case, all ligands exhibit high affinity with
K; <15 nM (C, 5f and 6f). The binding mode for these ligands is similar.
Ligands form a salt bridge with D3.32 and adopt bent conformation. As
typical for azapirones, aromatic part of 1-(2-pyrimidinyl)piperazine
reaches hydrophobic binding pocket in deep part (parallel to TMh3 or
more perpendicular toward TMh6) of the receptor forming CH-x stack-
ing with F6.52 (C, 5f, 6f, 7f) or F6.51 (6f) and W6.48 (C, 5f, 7f). All
carbonyl groups interact with N7.38 and additional with Q97 (for 6f) via
hydrogen bonds. Sulfonyl groups interact with K191or 1189 through
hydrogen bonds as well. Ligand 6f, additional interacts with T188.
Slightly higher affinity of 6f than 5f may be explained through addi-
tional interactions such as n-cation between D3.32 and F3.28. Ligand 7f
(Ki = 56 nM) exhibits slightly lower affinity. It could be explained by
inferior salt bridge characteristics (Table 5). Similar affinity for ligands
with 1-(2-methoxyphenyl)piperazine (5b, 6b and 7b) to 5-HT;sR may
be explained through their coherent binding mode as well as bio-
conformation. Ligands form a salt bridge with D3.32 and adopt bent
conformation. Interactions with amino acids are the same as previously.
Increasing rigidity of the chain by introducing a xylene substituent (8b,
K;i = 77 nM) resulted in the decrease of affinity. Such phenomenon may
be caused by a slightly different binding mode. In this case we observed
inferior salt bridge characteristics with D3.32 (Table5, Supplementary
Material). N-arylpiperazine reaches hydrophobic binding pocket in deep
part of the receptor which is consistent with previous ligands. Intro-
ducing xylene substituent instead of flexible carbon linker resulted in
ligand adopting an “S-like” bioconformation (Fig. 2). Saccharin points
toward TMh7 and forms hydrogen bonds with Q2.64 and Y2.63 as well
as ECI2 and forms hydrogen bonds with K191.

In summary, the aim of this work was to confirm the hypothesis
whether that elongation of carbon linker has beneficial influence on
affinity to selected receptors by examining the influence of the carbon
linker and various arylpiperazines on affinity to dopamine D3R and se-
rotonin 5-HT receptors. We focused mostly on mixed profile DoR/5-
HT4R. All designed ligands were obtained with a quick, eco-friendly
approach using solvent-free microwave supported reactions where
overall yield generally exceeded 60% (salt form). We demonstrated that
positive changes in DR binding profile of ipsapirone may be achieved
only by arylpiperazine exchange. In this case, elongation of carbon
linker have no influence on the affinity to D2R (ligands inactive) as well
as to 5-HTaR (ligands active). For ligands such as 1-phenylpiperazine
(5a, 6a, 7a), 1-(4-chlorophenyl)piperazine (5d, 6d, 7d), 1-(3-tri-
fluoromethylphenyl)piperazine (5e, 6e, 7e) and 1-(1-naphthyl)pipera-
zine (5h, 6h, 7h), derivatives, elongation of carbon linker increases of
affinity to DaR. For 1-(2-pyridyl)piperazine, and 1-(2,3-dichlorophenyl)
piperazine derivatives we observed an opposite effect. We also indicated
that carbon linker has no influence on affinity to 5-HT;5R for ligands
such as 1-phenylpiperazine (5a, 6a, 7a), 1-(2-methoxyphenyl)pipera-
zine (5b, 6b, 7b) and 1-(2-pyridyl)piperazine derivatives (6g, 7g). All of

Bioorganic & Medicinal Chemistry Letters 42 (2021) 128028

them (except of 8b) exhibited high affinity to 5-HT; 4R with K; < 20 nM.
Carbon linker of ligands such as 1-(4-chlorophenyl)piperazine (5d, 6d,
7d) has also no influence on affinity to 5-HT;5R, however, ligands
exhibited moderate affinity. For ligand such as 1-(3-tri-
fluoromethylphenyl)piperazine (5e, 6e, 7e), we observed that elonga-
tion of carbon linker has a positive influence to 5-HTj oR. Affinity to DoR
and 5-HT;AR of considered ligands was elucidated in docking tests. Li-
gands’ binding mode is coherent with that of typical azapirones.
Conserve salt bridge with D3.32 as well as appropriate hydrogen/hy-
drophobic bonds were identified. The conducted SAR study provides us
with useful information as to which ligand should be chosen for further
in vitro/in vivo studies as well as for the design of new series of ligands.
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Due to numerous side effects of current antidepressants, the search for new, safer bioactive compounds is still a
valid research topic in medical chemistry. In our research we decided to synthesize and determine SAR for new
hexyl arylpiperazines (LACPs) derivated with saccharin moiety. High biological activity has been explained
using molecular modelling methods. The compounds obtained show high affinity for the 5-HT;, (compound 18,
K; = 4nM - antagonist mode) and D, (compound 15, K; = 7 nM - antagonist mode) receptor, and in some cases
also 5-HT; receptor (compound 17, K; = 20 nM). A preliminary ADME analysis showed that the compounds

exhibit CNS drugability properties. We have proved that carbon-chain lengthening may have a beneficial effect
on increasing the activity towards serotonin and dopamine receptors.

Introduction

Diseases associated with central nervous system disorders are an
increasingly serious problem in a developing society. Despite the sig-
nificant progress that has been made over the decades, the currently
used antidepressants have a number of adverse effects.' Introduced to
treatment 70 years ago, tricyclic benzodiazepines revolutionized con-
temporary methods of treating such disorders. Despite numerous side
effects,” they are still often prescribed. With the above in mind, the
development of new bioactive compounds acting on the CNS is a topic
still valid in today's pharmacy.

Long chain arylpiperazines (LCAPs) are a well-known group of
compounds with a broad spectrum of activity. They exhibit anti-
depressant,”” antineoplastic,® antibacterial® and anti-inflammatory
activity.'® From the chemical point of view they consist of arylpiper-
azine attached to a suitable carbon linker with imide, amide, sulfona-
mide'’! or heterocyclic ring.'? in the terminal part (Fig. 1). One of the
representatives of long-chain arylpiperazine is ipsapirone 1, being a
buspirone analogue 2, which is a known anxiolytic and an anti-
depressant.' Ipsapirone 1 is a compound from the group of azapirones,
composed of saccharin attached to a 4-carbon chain with pyr-
imidinylpiperazine.'? It is an agonist of 5-HT;, receptor and shows
anti-anxiety and antidepressant effects.'*'> Scientific literature, in the
context of serotonin receptor activity, does not provide much in-
formation about the structure-activity (SAR) correlation for ipsapirone

* Corresponding author.
E-mail address: dkulaga@chemia.pk.edu.pl (D. Kulaga).
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1, moreover, the information it does provide (only binding to D, 5-
HT:a and 5-HT54),'®'® refers mainly to ligands with a 4-carbon (or
shorter) linker (Table 1).

The trend of using a 4-carbon linker is very popular in the long-
chain arylpiperazines area, which results in a number of drugs acting on
the CNS marketed. Our previous preliminary research suggests that the
extension of the carbon chain positively affects the activity and se-
lectivity of the 5-HT and dopamine.?>?* ligands, therefore we have
decided to obtain new ligands derived from saccharine with a hexyl
alkyl chain, and then determine the SAR relationship in the studies.

An important disadvantage of drugs acting on CNS is that they bind
to various receptors (including serotonin, dopamine, adrenergic or
muscarinic receptors, etc.) from the GPCR family, which results in
undesirable adverse effects.!''>* On the other hand, in the treatment of
depression, schizophrenia, anxiety or bipolar disorder, the drugs used
show a mixed mechanism of action. The therapeutic effect of ar-
ipiprazole 4 and brexpiprazole 3 is mainly due to partially agonistic/
antagonistic action towards DoR and

5-HT; AR and antagonism to 5-HT,5R.%>?® Considering the above,
the analogues of saccharin with an extended carbon chain (Fig. 2) have
been designed with high affinity for the dopamine D, and serotonin 5-
HT A receptors (dual ligands). This article describes the synthesis of li-
gands and discusses the bioactive conformation and key interactions
between ligands and conserve amino acids and then finally the radi-
oligand binding to D, and 5-HT; 4 receptor. In order to select the best
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Fig. 1. Typical antidepressants with LCAPs motif, [*] — data provided by our
team. (See above-mentioned references for further information.)

Table 1
K; (nM) for an exemplary analogues of ipsapirone with a 4-carbon chain
NA - not available.
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1I 4-Cl 177 NA NA
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1. Ipsapirone

Fig. 2. Designing new compounds.

ligands, extended pharmacological profile towards 5-HT,4, 5-HTg and
5-HT, receptor has been determined, too.

All designed ligands were obtained in line with the methodology
described in our previous studies.?” The procedure of synthesis new
ligands includes two reactions (Scheme 1). The first reaction consists of
alkylating the saccharin 22 with 1,6-dibromohexane 23. The resulting
intermediate 24 is next subjected to a condensation with commercially
available arylpiperazines. All reactions are carried out under solvent-
free conditions using microwave radiation. In the case of 6-bromohexyl
saccharine 24, 3 eq of 1,6-dibromohexane 22 and 1.5 eq of potassium
carbonate were used for the alkylation reaction. 1% by mass of DMF
was used as an enhancer for the reaction. The reaction was carried out
in a microwave pressure reactor for 1 min with the microwave power of
50 W. A similar procedure was adopted to obtain final compounds

o o}
©j«NH P BIINSNANE L N

S, S, Br

0 WO

[o] [¢)

22 23 24
o ° (NR
. . NS
%r;;\/\/\/Br + HN N-R ——— $=0
S o
commercially available 521

24
arylpiperazines

Scheme 1. Two-step synthesis of designed ligands. Reagents and conditions: (i)
K»CO3 (1.5 eq), TBAB, DMF, MW; (ii) K,CO3 (3 eq), TBAB, ACN, MW.
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5-21. The only difference was that we increased the amount of po-
tassium carbonate to 3 eq and used ACN as a reaction enhancer instead
of DMF.

In most cases, the new compounds were isolated with a yield greater
than 50% of hydrochloride salt.

All compounds obtained were subjected to in vitro tests to determine
the affinity towards the serotonin 5-HT;, and dopamine D, receptors.
For compounds with high activity (Ki < 50nM), an extended phar-
macological profile (5-HT»5R, 5-HT¢R and 5-HT,R) was determined. To
increase the clarity, ligands were divided into 6 subgroups: 1) halogen
derivatives, 2) methoxy derivatives, 3) trifluoromethyl derivatives, 4)
benzene derivatives, 5) nitrogen ring containing derivatives, and 6)
benzoisothiazole derivatives (Table 2). All ligands belonging to halo
derivatives exhibited high (K; < 50nM) or moderate
(50 < K; < 100 nM) affinity towards both 5-HT; 5 and D, receptors. In
this subgroup, compound 6 with the 2-F substituent showed the highest
activity (5-HT;x K; = 12nM, D, K; = 24nM) when compared to the
other compounds containing one or two chlorine atoms. Dichloro-
compounds 9 (K; = 132nM) and 10 (K; = 105nM) have an affinity
towards the D, receptor lower than monochloro- compounds (com-
pound 5 K;=45nM compound 7 K;=39nM and compound 8
K; = 24nM). Ligands containing OMe group in the arylpiperazine
moiety showed slightly decreased activity towards both 5-HT;,R and
D,R when compared to halogen substituents. With respect to the 5-
HT; 5 receptor, the m-OMe ligand showed the highest binding affinity,
(compound 12 K; = 19 nM) while the p-OMe ligand showed the lowest
(compound 13 K; = 327 nM). In case of the D, receptor, para sub-
stitution also turned out to be less favourable due to the loss of activity
(compound 13 K; =950nM). In vitro studies indicate that tri-
fluoromethyl subgroup ligands have greater activity towards the D,
receptor than 5-HT;, receptor. With this regard, compound 15 (D,R
K; = 7nM, 5-HT;,R K; = 25nM) is about 5 times more active than
compound 14 (DR K; = 27 nM, 5-HT AR K; = 156 nM). Compound 16
is a ligand without any substitutions in the arylpiperazine moiety. It is
characterized by high affinity towards both types of receptors (5-HT; AR
K; = 20nM, D, K; = 48 nM), thus indicating that the presence of sub-
stituents may, in various cases, increase or decrease affinity towards 5-
HT; AR or DoR. Our studies demonstrated that the system of two fused
phenyl rings, as in compound 17 (5-HT;4R K; = 9nM D,R K; = 8 nM),
is beneficial for activity, which was confirmed in the docking, where an
additional phenyl ring is responsible for additional s-;t interactions.
Aromatic compounds containing nitrogen atom (i.e., compounds 18,
19, 20) are also characterized by high activity towards both receptors
(with the exception of compound 19 DoR K; = 239 nM). Similarly to
compound 17, s-rt interaction with the phenyl ring of the arylpiper-
azines moiety occurs also for compound 18, making this ligand the
most active (5-HT;5R K; = 4nM D,R K; = 15nM) within the fifth
subgroup. Surprised by the high affinity of compounds 16-21, we
decided to perform an extended binding profile for 5-HT2sR, 5-HT¢R
and 5-HT,R receptors, whose involvement may be related to the ther-
apeutic effects in the treatment of depression.”® According to our as-
sumptions, compounds 17, 18, 20 and 21 showed quite high activity
towards 5-HT,R (Ki < 45nM). Moderate activity towards 5-HTyaR
(K; = 91 nM) occurred for compound 17, and the remaining ligands did
not show any activity towards the 5-HT,, and 5-HT¢ receptors. Sur-
prisingly, compound 21 exhibited high affinity (K; < 58 nM) towards
all receptor types tested. In this case, it is an undesirable phenomenon
because low selectivity of this ligand may entail occurrence of adverse
effects in further studies. In addition, we performed extended binding
tests for other ligands with K; < 50 nM from all subgroups. It turned
out that almost all compounds did not bind to the 5-HT,5R, 5-HT¢R and
5-HT,R, thus being selective ligands.

We decided to explain the high activity of the compounds 15, 17, 18
towards the D, and 5-HT;, receptors utilising the docking process.
Serotonin and dopamine receptors belong to a larger family of G-
Protein Coupled Receptors (GPCR).?° A characteristic feature for
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Table 2

K; (nM) of radioligand binding for all synthetized compounds. N/A - not available.
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Set No Compound No R D, 5-HTqa 5-HTa 5-HTe 5-HT,
1 5 2-Cl-Ar 45 26 266 459 120
1 6 2-F-Ar 24 12 307 1619 322
1 7 3-Cl-Ar 39 21 361 372 233
1 8 4-Cl-Ar 28 84 N/A N/A N/A
1 9 2,3-diCl-Ar 132 58 209 920 119
1 10 3,4-diCl-Ar 105 54 283 132 258
2 11 2-OMe-Ar 61 91 N/A N/A N/A
2 12 3-OMe-Ar 113 19 342 921 305
2 13 4-OMe-Ar 950 327 N/A N/A N/A
3 14 2-CF3-Ar 27 156 922 1272 195
3 15 3-CF3-Ar 7 25 167 52 58

4 16 Phenyl 48 20 321 971 192
4 17 1-Naphtyl 8 9 91 157 20

5 18 8-Quinoline 15 4 205 1716 21

5 19 2-pyridinyl 239 13 1290 2352 552
5 20 2-pyrimidinyl 51 24 183 104 35

6 21 3-benzoisothiazol 9 23 23 58 45

Ipsapirone 1

TMH2 v

Fig. 3. Binding mode for ipsapirone 1 and active analogues to 5-HT;sR. Conserve amino acids are shown in colour; cyan = imide pocket, magenta = arylpiperazine

pocket, green = salt bridge.

serotonin and dopamine receptors is the formation of a strong non-
covalent salt bridge between the aspartic acid residue (Asp3.32) and the
positively charged nitrogen atom in the piperazine ring in long-chain
arylpiperazines (LCAPs).'"*° Due to the unavailability of the crystal
structure for the 5-HT;, receptor our considerations were based on a
homologous model of a crystal structure of the 5-HT;5 (PDB: 4IAR). To
the best of our knowledge, there is no information on the location of
ipsapirone 1 reference molecule in the binding pocket of the D, and 5-

HT; 5 receptor, therefore the first step we chosen was to determine the
binding mode of ipsapirone 1. There are several hypotheses describing
the general binding mode of azapirone-group ligands showing affinity
towards the 5-HT;4 receptor.’°~>®> Their common features are: a) bent
ligand conformation, b) the binding site is separated between two
pockets, namely “arylpiperazine pocket” and “imide pocket” (Figs. 3
and 6.), c) the arylpiperazine pocket is located deeply in the TMH re-
gions 3, 5, 6 and 7, d) the imide pocket is located in the TMH regions 1,
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2 and 7 and placed towards the outer surface of the receptor. Ipsapirone
1 assumes a bent form (folding on the first and second carbon atoms of
the saccharin moiety). The arylpiperazine pocket is occupied by the
pyrimidinyl substituent, with a concurrent formation of 5-i interaction
with: Phe6.51 (sandwich type) in TMH6 and Thr6.48 (T-type) in THM6.
Positively charged nitrogen atom of the piperazine forms a salt bridge
with Asp3.32 in THM3. According to the hypothesis of Nowak et al.,>”
the arylpiperazine molecule lays parallel to TMH3. The imide pocket is
occupied by the saccharin molecule in such a way that hydrogen bonds
are formed between the carbonyl group of the saccharin amide and
Asn7.38 in TMH?7 and the sulfonyl group of the saccharin and Ile189 in
ECL2. In the case of compounds 15, 17, 18 the binding mode coincides
with the binding mode for ipsapirone 1 (Fig. 3). For each compound
(for both receptors) there a key salt bridge is formed with Asp3.32
(length below 3A from N* (piperazine) to O~ (Asp3.32); angle more
than 130° between N*—H—0-), affecting the affinity towards D, and
5-HT; 5 receptors.>®. Compounds 17 and 18 form hydrogen bonds be-
tween oxygen atoms of saccharin and Asn7.38 and Ile189, compound
15 interacts with GIn2.64 (TMH2) and Thr188 (ECL2). An arylpiper-
azine pocket for compounds 15, 17, 18 is located between TMH3 and
TMH6. Compound 17 forms two rni-it interactions between naphthalene
rings and Phe6.52 (2 X T type), while compound 18 forms also two -1t
interactions between the quinoline substituent and Phe6.52 and two -
7t interactions more between the quinoline substituent and Phe6.51
(2 x T type). In the case of compound 15 n-n interaction is also ob-
served between m-CF3-Ar and Phe6.52 (T-type) and Trp6.48 as well. In
case of the dopamine D, receptor, a known crystal structure of the
protein (PDB: 6CM4) with endogenously bound risperidone has been
used.”” Benzisoxazolepiperidine moiety is located deep within the
binding pocket between TMH 3, 5 and 6 (Cys3.36, Phe5.47, Phe6. 52,
Trp6.48), and the pyrimidinone system in turn interacts with ECL1
(Trp100), TMH 2, 3, 7 (Val2.61, Phe3.28, Tyr7.34) — Fig. 8. The ar-
ylpiperazine pocket for ipsapirone 1 occupies the space between TMH3
and TMH6 and relates to the formation of m-m interaction between
pyrimidinyl and Phe6.52 and Trp6.48. The imide pocket is located
between ECL1 and TMH?7, and forms hydrogen bonds with Trp100 and
Thr7.38 (Fig. 4.). Ipsapirone 1 and its analogues 15, 17, 18 are more
linear than those active towards the 5-HT; 5 receptor and show a similar
binding mode to risperidone. The arylpiperazine pocket for compounds
15 and 18 is located near TMH3 and TMH6 (s-;t interactions with
Phe6.52 and Trp6.48). In the case of compound 17, such pocket is

Ipsapirone 1

Fig. 4. Binding mode for ipsapirone 1 and active analogues to D,R. Conserve
amino acids are shown in colour; cyan = imide pocket, magenta = arylpiper-
azine pocket, green = salt bridge.
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Fig. 5. The imposition of compounds (in 5-HT;4R) 1, 15, 17, 18. 1 = green
15 = red; 17 = yellow; 18 = blue.

Fig. 6. Binding site of azapirone analogues to 5-HT;, subdivided into two
binding pockets.

Fig. 7. The imposition of compounds (in D,R) 1, 15, 17, 18. 1 = green
15 = red; 17 = yellow; 18 = blue.

Fig. 8. Binding site of azapirone analogues to D,R subdivided into two binding
pockets.



D. Kutaga, et al.

= 15 Ko=319nM
= 17 Kv=14nM

1007 § - 18 Ko=10nM

501

cAMP production

0 . 7 . .
-10 -8 6 4

log [compound] M

Fig. 9. D, dose — response curves (D,) and Kj, values for tested antagonists 15,
17, 18.

enlarged by TMH5 (st-;t interaction with Phe5.39), whereas the imide
pocket for compounds 15, 17, 18 includes ECL1 (Trp100) and TMH7
(for compounds 15 and 18: hydrogen bonds with Thr7.38, while for
compound 17: hydrogen bond with Trp7.39) (Fig. 4). Structures of
compounds 15, 17, 18 overlapped with the structure of ipsapirone 1
reveal a very high degree of similarity between both the 5-HT; 5 (Fig. 5)
and D, (Fig. 7) receptor.

Analysis of the functional profile experiments show that considered
compounds (15, 17, 18) exhibited full antagonist to D, receptor
(Fig. 9). According to functional profile experiments compounds with
fused aromatic arylpiperazine (17 and 18) act as full antagonist to 5-
HT; A while compound 15 acts as a full agonist similar to 8-OH-DPAT —
well known agonist (Fig. 10).

In the drug design process, many molecules with high biological
activity are rejected at the stage of clinical studies. This is most often
associated with poor pharmacokinetic and/or pharmacodynamic
properties. Therefore, in order to minimize the risk of rejection of
compounds at further stages of research, it is worth considering ADME
parameters at an early stage of designing.”® A useful tool for this is CNS
MPO (central nervous system multiparameter optimization) developed
by Wager et al.>* This algorithm takes into account 6 parameterized
physicochemical properties (clogP, clogD, MW, TPSA, pKA and HBD),
which, when sum up to 6, indicate the molecule with the most pro-
mising parameters for CNS drugs, while the sum of 0-1 is obtained
compounds with non-favourable parameters for CNS drugs.***° The
average CNS MPO value for the compounds we obtained is about 4.12,
which means that ligands may exhibit high CNS drugability. According
to CNS MPO, ligands 19 and 20 have the best properties, while ligands
15 and 21 have the worst properties (Table 3). In silico analysis also
indicated that the compounds have high absorbability from the GI tract,
and the majority of them crosses the blood-brain barrier. PAINS (Pan
Assay Interference Compounds) alert occurred only in case of com-
pound 13: anil di_alk C. Statistical analyses have shown that despite
PAINS alerts obtained for already registered drugs, these should be
avoided at the design stage due to a possibility of false-positive results
they can give at later stages.*!

-e- 15 (agonist) EC50=56nM
-+ 17 (antagonist) Kb=14nM
-# 18 (antagonist) Kb=7nM

-¥- 8-OH-DPAT (agonist)

ECs50=6nM
o = S

T T 1

-12 -10 -8 -6 -4 -2

1004

¢AMP production

log [compound] M

Fig. 10. 5-HT;5 dose — response curves and Ky/ECs, values for tested com-
pounds 15, 17, 18.
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Table 3
Early in silico ADME properties.

Cmpd No CNS MPO GI absorption BBB permeant PAINS alert
5 4.1 high Yes No
6 4.5 High Yes No
7 4.0 High Yes No
8 4.0 High Yes No
9 3.4 High Yes No
10 3.3 High Yes No
11 4.7 High Yes No
12 4.7 High Yes No
13 4.7 High Yes Yes
14 3.4 High No No
15 3.3 High No No
16 4.8 High Yes No
17 3.4 High Yes No
18 4.2 High No No
19 5.2 High No No
20 5.3 high No No
21 3.1 high No No

Based on the analysis of the literature data, we found that existing
ipsapirone short-chain carbon analogues (containing 4 atoms) are
characterized by poor binding to the 5-HT;sR, 5-HT;,R and D,R
(Table 1). As it was mentioned, in our previous preliminary studies, we
determined that the carbon chain extension from 3 to 6 carbon atoms as
in salicylamide derivatives, increased activity towards serotonin and
dopamine receptors.”® Our study has revealed that elongation of the
carbon chain increases activity towards the above-described receptors
(Table 4). In the case of the compound 15 (3-CF3), the extension of the
carbon chain from 4 to 6 atoms resulted in a 4-fold increase in activity
towards the 5-HT; 4 receptor; a 13-fold increase in activity towards the
5-HT,, receptor, and a 16-fold increase in activity towards the D, re-
ceptor. In case of compound 8 (4-Cl), binding with D, receptor in-
creased by more than 6-fold, with similar results for compound 11 (2-
OMe). Comparison between described ligands with a 4-carbon chain
and new 6-carbon chain ligands is shown it Table 4. By docking the 5-
HT; 5 receptor ligands, it was found that compounds with alkyl chains
longer than 4 carbon atoms are bent in a similar manner, while inter-
actions with significant amino acids remain the same. within the case of
D, receptor, the arrangement in the binding pocket of our compounds is
similar to that of risperidone. In our research, we synthesized a library
of compounds derived from ipsapirone 1, in which ligands are char-
acterized by high affinity and selectivity towards serotonin 5-HT; and
dopamine D, receptors (Table 2). The most active compounds 17 and
18 additionally show affinity towards the 5-HT, receptor while com-
pounds 6 and 16 are both active and selective towards 5-HT; 4R and/or
D,R. On the other hand, compounds 12 and 19 show strong selectivity
only towards the 5-HT; 5 receptor. Functional assays show that the most
promising compounds (15, 17, 18) are full antagonist to D,R. Com-
pound 17 and 18 are also antagonists to 5-HT; 5 while 15 is full agonist
to 5-HT;,. Because of an interesting binding profile to our screening
receptor panel it’s important to evaluate other targets like D3R or 5-
HT;p. Acting on this receptors may be also important for developing
more effective antipsychotics.**** The preliminary in silico parameters
of ADME indicate that the ligands have CNS drugability potential.

Table 4
Comparison of described ligands with a 4-carbon chain and new 6-carbon chain
ligands, NA - not available.

Cmpd No D, 5-HTqa 5-HT;,  Cmpd No D,y 5-HTya 5-HToa
C4 linker Cg linker

I 38 N/A N/A 16 48 20 N/A

11 177 N/A N/A 8 28 84 N/A

I 113 100 2250 15 7 25 167

v 360 N/A N/A 11 61 91 N/A
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Almost all compounds can potentially be absorbed from the GI tract and
cross the blood-brain barrier. It is worth mentioning that the ligands
were obtained is environmentally friendly reactions, with a reduced
amount of toxic reagents and a shortened synthesis time of up to 2 min.
The yield for the obtained compounds exceeded 50% (as a salt form).
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Owing to their multifunctional pharmacological profiles (including dual 5-HT;4/5-HT7 action), arylpi-
perazine derivatives are widely used for treating central nervous system diseases including the
depression or neuropathic pain. Herein we describe the design, synthesis and evaluation of biological
activity of novel 5-HT7 ligands derived of 2,4,6-triamino-1,3,5-triazine. The studied compounds showed
affinity and high selectively towards 5-HT; receptor with the two most active compounds 34

(Kj = 61 nM), 22 (Kj = 109 nM) showing good metabolic stability and moderate affinity to CYP3A4
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isoenzyme. Compound 22 had high hepatotoxicity at a concentration below 50 uM, while compound 34
showed low hepatotoxicity even at a concentration above 50 pM.

© 2021 Elsevier Masson SAS. All rights reserved.

1. Introduction

The signaling pathways related to functional central nervous
system (CNS) disorders are activated mainly by a system of neu-
rotransmitters, such as serotonin-5-HT, dopamine, norepinephrine,
glutamine and y-aminobutyric acid (GABA) [1]. Serotonin and se-
rotonin receptors are thought to be one of the most important
molecular targets [1] in the context of treating mood disorders
[2,3], cognitive deficit [4], schizophrenia [3,5] or neuropathic pain
[6]. This action has been reported for the 5-HT7 (5-HT-R) serotonin
receptor. The 5-HTR is also responsible for: thermoregulation,
circadian rhythm, memory, learning [7—9]. Apart from the acting
on the CNS, the 5-HT7R may play an important role in the human
immune system [10] as well as cardiovascular system [9,11].
Because this receptor was discovered as the latest of serotonin re-
ceptors, new functions are still being discovered. For example, 5-
HT7 receptor antagonists could be used as potential anticancer
agents against triple-negative breast cancer [12], non-small cell
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lung cancer [13] and prostate cancer [14]. Owing to the broad
applicability of the receptor, it is an attractive therapeutic target for
treating CNS disorders or in oncology.

Long-chain arylpiperazine compounds (LCAPs) are among the
most extensively studied groups of compounds in terms of affinity
to 5-HT7R [7,15—17]. As well as having affinity to 5-HT7R [15—18],
the compounds also show affinity to other serotonin receptors,
such as 5-HT14 (5-HT14R) [19]. Other multifunctional LCAPs are also
known, with simultaneous affinity to serotonins, dopamines and
other receptors. Aripiprazole (Fig. 1) is an example of a well-known
antipsychotic drug that exhibits such activity [20]. The multi-
functionality of ligands with LCAP structures is related to the
structural similarity of receptors and the similarity of the binding
site of the same family. For 5-HT;p and 5-HT; receptors, the
resemblance is as high as 49% [21]. NAN-190 and its analog (Fig. 1)
are another examples of bioactive compounds belonging to LCAPs,
showing dual 5-HTaR/5-HT5R activity [19,22].

Changing the chemotype of a compound is one of the strategies
to reduce affinity to 5-HT;a receptors. Recently [23] we developed a
group of 2,4,6-triamino-1,3,5-triazine compounds being active
(Ki < 60 nM) and selective 5-HT; receptor ligands (Fig. 2). The
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Fig. 1. Examples of 5-HT;4 and 5-HT; receptor ligands bearing arylpiperazine moiety as well as multifunctional aripiprazole [19,20,22].
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Fig. 2. Affinity (K;) of 5-HTR ligands with triazine cores to 5-HT;a and 5-HT7 receptors.

compounds have three-point structures without nitrogen atoms
which can be protonated at pH of about 7.4.

It follows from these data that novel selective 5-HT7 receptor
ligands could be designed without an arylpiperazine core. With this
in mind, we wanted to investigate the effect of selected structural
modifications that changed the direction of affinity from the 5-HT15
receptor to the 5-HT; receptor, with the ultimate aim of changing
the chemotype of the compounds (Fig. 3). However, to evaluate
selectivity of the compounds, the ligands were also tested in terms
of affinity to other receptors, including 5-HT»a, 5-HTg and D;
dopamine receptors. Structural modifications were also evaluated
by molecular modeling to determine bioconformation and the key

interactions involved in the formation of the ligand-5-HT;R com-
plex. In addition, their intrinsic function was found for selected
compounds and they were evaluated in terms of safety and
bioavailability in ADME-Tox screening.

Our previous studies have shown that ipsapirone derivatives
(19 [24]) exhibit high affinity to 5-HTq4 receptor and moderate
affinity to 5-HT7 receptor. Therefore, this group of compounds have
become the starting point for the design of new molecules [24]. We
mainly focused on derivatives containing unsubstituted phenyl
piperazine and phenyl piperazine substituted with an 0-OMe group
(present e.g. in NAN-190) or 2,3-Cl; (present e.g. in aripiprazole). As
the derivatives with an aminotriazine core show affinity to 5-HT7

NH NH
i I e
@k TN XA XA
! n P
Ss, = N
o ()| 7R:> N N HAM;NK/ R:} HN" N u/\H:\K/N \/R
7 & L
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n=3 n=3 n=2
R=H (4), 0-OMe (5), 2,3-Cl, (6) R=H (13), 0-OMe (14), 2,3-Cl, (15) R=H (20), 0-OMe (21), 2,3-Cl, (22)
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X=not present
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Fig. 3. Structures of 2,4,6-triamino-1,3,5-triazine derivatives studied herein.
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receptors, we first replaced a saccharin fragment with amino-
triazine to obtain the first type of compounds 10—18. We showed
[23] that aminotriazines with an indole motif could also be active
only toward the 5-HT; receptor and therefore, we attached a
tryptamine molecule to the first type of compounds and thus ob-
tained the second type of compounds 19—22. As for this set, we
mainly focused on ligands having a butylene linker between aryl-
piperazine and triazine because longer linkers contributed to
poorer ADME parameters in silico (according to SwissADME plat-
form). Another step was to shorten the chain from butylene to
ethylene and subsequently to remove the linker completely; the
third type of compounds was thus obtained 23—25. In the last step,
we evaluated the effect of the ethylene bridge in the piperazine on
affinity to the 5-HT; receptor; the fourth type of compounds was
obtained 26—34.

2. Results and discussion
2.1. Chemistry

Compounds type 1 were prepared according to Scheme 1. In the
first step, phthalimide 35 was alkylated with an excess of alkyl
halides 36—38 in microwave reactor (P = 50 W) for 60 s, and
desired products 39—41 were obtained with 76—91% yield [25]. The
resulting w-bromoalkylphthalimide 39—41 were further reacted
using slight excess (1.1 eq.) of corresponding 1-arylpiperazines
42—-44 according to the reported procedure [26]. After comple-
tion of the reaction (15 h, TLC analyzed) the reaction was quenched
and desired products 45—53 were isolated by column chromatog-
raphy with 83—93% yield. The resulting intermediate was subjected
to Gabriel reaction and free amines 54—62 were obtained with
90—100% yield. Next, commercially available 2-chloro-4,6-
diamino-1,3,5-triazine 63 reacted with an excess of 54—62 in the
presence of 5 %wt. of DMF in microwave reactor (P = 50 W) for
2.5 min. After completion of the reaction (confirmed by TLC anal-
ysis) the final products 10—18 were isolated by column chroma-
tography. The obtained products were converted to hydrochloride
salts by dissolving free bases in acetone then acidification to pH
2—3 with 4 M HCI in 1,4-dioxane. Overall yield of the desired
compounds was in the range of 61—78%.

Compounds of type 2 were synthesized from cyanuric chloride
64 according to Scheme 2. First, 64 was transformed to amine 65
according to the reported procedure [27] which was further reacted
with piperazines 54—56. The reactions were performed in boiling

European Journal of Medicinal Chemistry 227 (2022) 113931

1,4-dioxane with DIPEA for 20 min and the products 66—68 were
isolated with 85—90% of yield. The resulting compounds were
subsequently reacted with tryptamine 69 for 2.5 min in microwave
reactor (P = 50 W) [23] and compounds of type 2, 20—22 were
obtained in 38—64% of yields. The obtained 20—22 were converted
to hydrochloride salts by treating with HCl in the acetone solution.

The compounds of type 3 and 4 were synthesized from readily
available 70 [23] according to Scheme 3. The later compounds
reacted with appropriate amines 42—44, 71—77 and 78 according to
reported procedure [23] leading to the desired compounds 19,
23—-25 and 26—34 isolated with 40—79% yield. Free bases were
converted to hydrochloride salts according to the same procedure
as for compounds type 2. It is important to note that compounds of
type 2 (20—22) were initially synthesized according to Scheme 3
through N-alkylation of amines 54—56 with 70; unfortunately, no
product formation was seen on TLC. Interestingly, it was found that
the same reaction had 82% yield for commercial amine 78 (finally
ligand 19).

Amines 71-73 were prepared according to Scheme 4. The re-
actions involved one-step reaction of appropriate aniline 79—81
with 2-chloroethylamine hydrochloride 82. The reaction was con-
ducted in boiling toluene for 20 h. Thereafter, desired product
71-73 was isolated with 62—77% yield.

Synthesis of amines 74—75 was more complex. Initially we tried
to prepare the desired products in a reaction of phenols 83—84 with
2-chloroethylamine hydrochloride 82, but product 74—75 forma-
tion was not observed. However, 1,2-dibromoethane 85 was suc-
cessfully used as an alkylating agent. The synthesis of compounds
leading to amines 74—75 (Scheme 5) was conducted as reported by
Groszek et al. [28] The resulting product 86—87 was reacted with
potassium phthalimide 88 in the presence of potassium iodide. The
reaction was conducted in DMF at 50 °C for 5 h; subsequently,
water was added and the resulting precipitate was stirred at room
temperature for 12 h. Creamy precipitate 89—90 was subsequently
subjected to Gabriel reaction and desired amines 74—75 were ob-
tained (analytical data, see the Supplementary material). Amines 76
and 77 used for the synthesis of set 4 compounds were acquired
commercially.

2.2. Radioligand binding and SAR

The affinity of the studied compounds to 5-HT14, 5-HT24, 5-HTs,
5-HT7 and D, receptors was evaluated by a radioligand assay as
reported previously (Table 1) [29]. The affinity values of previously

7 7 HCl o
i S\ /R ii /. /= R
NH —_— N Br ~ " o P
CEé + e e @ié P N N7 @qéN/\M’n\N N@
o o o)
35 n=2 (36) n=2 (39) R=H (42) n=2
n=3 (37) n=3 (40) R=0-OCHj (43) R=H (45), 0-OMe (46), 2,3-Cl, (47)
n=4 (38) n=4 (41) R=2,3-Cl, (44) n=3
iii  R=H (48), 0-OMe (49), 2,3-Cl, (50)
n=4
HoN R=H (51), 0-OMe (52), 2,3-Cl, (53)
N N NH )N\Hz R /\
) —
— iv NTSN & )N N NH
LTS P G W N,
2 7 HN"N">cl
n=2 63 n=2
R=H (10), 0-OMe (11), 2,3-Cl, (12) R=H (54), 0-OMe (55), 2,3-Cl, (56)
n=3 n=3
R=H (13), 0-OMe (14), 2,3-Cl, (15) R=H (57), 0-OMe (58), 2,3-Cl, (59)
n=4 n=4
R=H (16), 0-OMe (17), 2,3-Cl, (18) R=H (60), 0-OMe (61), 2,3-Cl, (62)

Scheme 1. Synthesis pathway of compounds of type 110—18. i — K;CO3, TBAB, MW, 50 W, 60 s; ii — K,COs3, ACN, 90 °C, 15 h; iii — MeNH,, NaOH, rt, 20 h; iv — K,CO3, TBAB, MW,

50 W, 2.5 min.
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Scheme 3. Synthetic pathway for type 2 19, type 3 23—25 and type 4 26—34. i — K,CO3, TBAB, MW, 50 W, 2.5 min.
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Scheme 4. Synthetic pathway for amines 71-73. i — toluene, reflux, 20 h.

reported ipsapirone derivatives [24,25] were considered starting
points for further proceeding and they are listed in Table 1. It is
noted in a review of the available data on the affinity of ipsapirone
derivatives 1-9 to 5-HT; and 5-HT5 receptors that the compounds
had higher activity (K; < 50 nM) toward 5-HTq4 than toward 5-HT>
receptors [24,25]. High affinity was observed for D;R as well
[24,25].

Replacement of the saccharin core in ipsapriones with 2-chloro-
4,6-diamino-1,3,5-triazine moiety yielded ligands 10—18 active

toward the 5-HTa receptor with Kj < 100 nM, while affinity to the
5-HT7 receptor drastically dropped. The activity of compounds of
type 1 toward 5-HT;4 receptor strongly depends on the aryl sub-
stituents in arylpiperazine moiety and alkyl-chain length. Com-
pounds bearing an unsubstituted aryl ring 10, 13, 16 possess the
lowest activity toward 5-HTis receptor (Kj = 56 nM for 10,
Ki; = 71 nM for 13 and K; = 82 nM for 16). Also, the extension of the
alkyl-chain length led to a decrease in the affinities. The replace-
ment of the phenyl group with 2,3-chlorophenyl moiety in com-
pounds of type 1 results in significant increase the affinity toward
5-HT4 receptor, i.e. compound 12 K; = 7 nM, 15 K; = 5 nM, 18
K; = 4 nM. Conversely, 2-methoxyphenyl analogues exhibit some-
what smaller activity than 2,3-Cl; analogues, i.e. 11 Kj = 48 nM, 14
K; = 12 nM, 17 K; = 4 nM,; for the latter, the Kj value was identical as
for 18. In addition, we observed that increase of the alkyl-chain
length led improve the affinity of the substituents-bearing com-
pounds toward 5-HT4 receptor.

Each compound was tested in triplicate at 7 concentrations
(0.1 nM—100 pM). Inhibition constants (K;) were calculated from
the Chenge-Prusoff equation [30]. Results were expressed as means
of at least two separate experiments + standard deviation (SD),
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Table 1
Affinity (K; in [nM]) of the previous studied ligands (1—-9) [24] and novel derivatives containing triazine motifs to 5-HTRs and D,R.
Type No. Ligand No. n R X 5-HT AR 5-HT>aR 5-HTgR 5-HT7R D,R
o 1* 2 H — 3 474 4664 631 249
N 2% 2 0-OMe — 8 382 161 96 7
%:O n D 3% 2 2,3-Cl, — 1 2580 2662 372 26
o N XR 4% 3 H — 16 313 1836 148 165
2 5+ 3 0-OMe - 3 584 1991 125 20
6* 3 2,3-Cl, — 29 126 197 149 17
7% 4 H — 20 321 971 192 48
8* 4 0-OMe — 10 764 779 105 1
9+ 4 2,3-Cl, — 58 209 920 119 132
NH, 10 2 H — 56 2619 17350 1500 366
/KN 1 2 0-OMe — 48 9581 10870 1447 46
HQNJ\N/)\u/\M“N/ﬁ 12 2 2,3-Cl, - 7 24 136 167 7
n b“ R 13 3 H — 71 4408 9302 1039 1039
| A 14 3 0-OMe — 12 6521 6652 947 38
& 15 3 2,3-Cl, - 5 17 282 343 8
16 4 H — 82 3265 13650 984 1009
17 4 0-OMe — 4 1455 7704 713 20
18 4 2,3-Cl, - 4 13 389 193 5
NH, 19 0 H — 405 67 277 8 418
N‘*\N 20 2 H — 32 24 506 8 52
o uﬁ&f\@ R 21 2 0-OMe - 12 344 1706 156 13
? i i 22 2 2,3-Cl, — 73 222 109 109 39
A
NH
NH, 23 — H — 12960 10640 3220 798 8333
NygN 24 - 0-OMe — 12970 27660 2907 7872 13460
HNT N 'Gu /R 25 - 2,3-Cl, — 6806 7910 1781 1650 3207
NH
NH, 26 - H NH 38220 11050 4736 18 8749
)N‘\*N 27 - 0-OMe NH 37040 14390 2798 5823 3907
HNT N7 NH " 28 - 2,3-Cl, NH 23590 18190 475 1576 5003
F K/X\@ 29%* - H (0] 8047 1352 530 55 6428
N Z 30 - 0-OMe (0] 3177 12830 1183 428 4402
NH 31 - 2,3-Cl, (0] 1188 2637 771 474 4402
32 - H — 2836 1388 665 8 1490
33 - 0-OMe — 10280 2749 585 196 13300
34 — 2,3-Cl, - 706 5967 575 61 3077

SEM < 25%; * - according to Ref. [24]; ** - according to Ref. [23];
As for affinity to 5-HT7R, increased ligand affinity was seen with
increasing carbon chain length (even though the ligands had no or
poor activity) for ligands with unsubstituted arylpiperazine (10
Ki=1500 nM, 13 K; = 1039 nM, 16 K; = 984 nM) and with the 0-OMe
substituent (11 K; = 1447 nM, 14 K; = 947 nM, 17 K; = 713 nM). As
with ipsapirone derivatives, some of the type 1 compounds had
very high affinity also to DR (12 K; = 7 nM, 15 K; = 8 nM, 18
Ki = 5 nM). The compounds with the 2,3-Cl, substituent (12, 15, 18)
may be considered multifunctional ligands due to their very high
affinity with K; < 25 nM to as many as three receptor types,

including 5-HTja, 5-HT;a and D,. For the type 2 compounds
(20—22), addition of tryptamine did not cause any significant
change in affinity to 5-HT;4 and D, receptors. Shortening the linker
from four (20, K; = 32 nM) to two carbon atoms (19, K; = 405 nM) in
the same type caused almost 13-fold lower affinity to the 5-HTq5
receptor. Interestingly, however, the addition of tryptamine resul-
ted in increased affinity to 5-HT7R compared to type 1. For example,
an almost 190-fold increase in activity was found for compound 20
(Ki = 8 nM) compared to compound 10 (K; = 1500 nM). The carbon
linker shortened to two atoms did not change affinity to 5-HT7R:
ligands 20 and 19 had K; = 8 nM. By introducing substituents to
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arylpiperazine, activity toward 5-HT7R decreased. Complete
removal of the carbon linker (type 3 ligands) caused further loss of
activity toward 5-HT1aR according to a trend: 20 (Kj = 32 nM), 19
(Kj = 405 nM) and 23 (Kj = 12960 nM). Unfortunately, it was found
that the modification also caused total loss of activity toward 5-
HT7R and the other receptors. In the last stage of research, absent
activity toward the 5-HT receptor was obtained by removing the
ethyl bridge in piperazine, while activity toward 5-HT7R dramati-
cally increased. It seems that the flexible chain that connects
triazine with the aryl fragment (compound 26 K; = 18 nM vs. 23
Ki = 798 nM) is important to maintain high activity and selectivity
toward the 5-HT7 receptor. For all the type 4 ligands, addition of a
substituent (0-OMe or 2,3-Cly) to the aryl ring caused decreased
affinity to 5-HT7R, and the effect was strongest when substituent X
was NH group and weakest when substituent X was absent. All the
designed type 4 compounds had no affinity toward the 5-HT3a, 5-
HTg and D, receptor.

2.3. Atlas Activity analysis: 3D-SAR

To study the chemical structure-activity relationship (SAR), we
used the Atlas Activity tool, a component of Forge (Cresset work-
bench). Based on probabilistic SAR analysis (Bayesian approach),
Atlas Activity creates activity maps as functions of electrostatics,
hydrophobicity and ligand shapes. In this work, we focused on the
set 4 ligands due to their high activity and selectivity toward the 5-
HT7 receptor, and we evaluated hydrophobicity and ligand shapes
(Fig. 4). Ligand 32 previously docked to a homological 5-HT7 re-
ceptor model was used as the reference compound [23]. When
analyzing the structure it is found that the phenyl ring of active
ligands (e.g. 26, 29, 34) occupies favorable hydrophobic space
(checkered green area) in which stabilizing m-m bonds can be
formed with the amino acid in the receptor's binding pocket. The
hydrophobically favorable space overlaps the space (plain green
area) in which sterically bulky substituents have a positive effect on
biological activity. For inactive ligands in which arylpiperazine is
directly attached to the triazine ring (23, 24, 25) and those without
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the ethyl linker in piperazine (27, 28), the phenyl ring is more linear
than in ligands 26, 29, 34 and it occupies a hydrophobically unfa-
vorable region (checkered red area). As before, the region overlaps
the space (plain red area) in which sterically bulky substituents
have a negative effect on biological activity.

2.4. Molecular modeling

We decided to investigate the increased activity toward the 5-
HT7 receptor using molecular modeling in a docking experiment
(Fig. 5). The following compounds were analyzed: 1 (K; = 631 nM),
10 (K; = 1500 nM), 19 (K; = 8 nM), 20 (K; = 8 nM), 23 (K; = 798 nM),
26 (K; = 18 nM), 34 (K; = 61 nM). Ligands 1 and 10 are typical long-
chain arylpiperazines and therefore, the binding site and the
binding mode are expected to be similar for this type of compounds
[31]. Both ligands occupy an aromatic binding pocket reported by
Kotaczkowski et al. [31] in which phenylpiperazine group interacts
with F6.52 and W6.48 through hydrophobic interactions (-7
stacking). The crucial salt bridge is found between the protonated
nitrogen and D3.32 [32,33] with a length of below 3.0 A. Unfortu-
nately, typical hydrogen bonds characteristic of this group of
compounds, for example with S5-42/Y7.43, were not found in
either case [34]. It may be due to this fact that ligands 1 and 10
(even though additional hydrogen bonds exist) have no affinity
toward the 5-HT; receptor. Addition of a tryptamine molecule to
the triazine core caused dramatically increased biological activity
to 5-HTR (20, K; = 8 nM). Even though the chemical structure of
compound 20 is spatially larger than 10, the ligand fits in the same
binding site as for previous compounds. Phenylpiperazine occupies
a hydrophobic binding pocket and interacts with F6.52 and W6.48
through a w7 stacking hydrophobic bond. Another key interaction
typical of all aminergic receptors is a salt bridge with D3.32 which
forms a bond with the protonated piperazine nitrogen. The triazine
and indole fragment faces the external side of the receptor. The
triazine nitrogen atom interacts through hydrogen bonding with
R7.36, the key amino acid [35]. Additional stabilizing bonds
(hydrogen bonds) are seen between the amine group attached to

Fig. 4. Activity cliff summary map. A — favorable (checkered green)/unfavorable (checkered red) hydrophobics for 26 (blue), 29 (red), 34 (yellow); B — favorable (plain green)/
unfavorable (plain red) shape for 26 (blue), 29 (red), 34 (yellow); C — favorable (checkered green)/unfavorable (checkered red) hydrophobics for 23 (green), 24 (turquoise), 25 (pink),
27 (yellow), 28 (black); D — favorable (plain green)/unfavorable (plain red) shape for 23 (green), 24 (turquoise), 25 (pink), 27 (yellow), 28 (black).
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CYX231

- R7.36

E7.34

Fig. 5. Binding mode obtained in a docking study for the compounds. A — representative typical long-chain arylpiperazines: compound 1 (yellow) and 10 (orange). Color codes for
the amino acids; magenta: hydrophobic binding pocket; green: conserved salt bridge, cyan, cyan: additional amino acid with no effect on ligand binding. B — representative type 2
compounds: compound 19 (cyan) and 20 (light green). Color codes for the amino acids; magenta: hydrophobic binding pocket; green: conserved salt bridge, red: hydrogen bond
acceptors (R7.36 as donor), yellow: m-cation interaction. C — representative type 4 compounds: compound 26 (blue) and 34 (purple). Color codes for the amino acids; magenta:
hydrophobic binding pocket; red: hydrogen bond acceptors, yellow: m-cation interaction; orange: halogen bond. D — superimposed compounds (1, 10, 19, 20, 26, 34) and their

visualization in the receptor.

triazine and E7.34 and L7.32. A bent indole fragment interacts with
F2.60 (-t stacking) and with F3.28 in its vicinity. Shortening the
carbon linker by two atoms (19 K; = 8 nM) had no effect on receptor
affinity. The ligand is anchored between TMh3, TMh5, TMh6 and
TMh?7 and it adopts a deeply bent conformation; however, the key
interactions, including w7 stacking with hydrophobic aromatic
ring F6.52, salt bridge with D3.32, hydrogen bonding with R7.36
and E7.34, are still observed. In addition, one further interaction
was found, including cation-m between the indole aromatic system
and R6.58 as well as hydrogen bonding between the indole NH
group and S6.55. Removal of the carbon linker caused complete
elimination of activity (23, K; = 798 nM). Nitrogen protonation
(pH = 7.4 + 2.0) in piperazine was not observed and, therefore, the
key salt bridge with D3.32 did not form. In addition, no other
characteristic hydrogen bonds, for example with R7.36 or E7.34,
were found. Removal of the ethyl bridge in piperazine (26,
Ki = 18 nM) increased affinity to the 5-HT; receptor. However, the
ligand arrangement in the protein is unlike in those discussed
earlier. The indole fragment occupies the internal receptor part in
which the aromatic system interacts with F6.52 through -7
stacking hydrophobic interactions and the indole NH forms a
hydrogen bond with S5.42. The triazine ring amine group interacts
with E7.34 through a hydrogen bond. The interaction seems to be
important for the aminotriazine derivatives that do not form a salt
bridge with D3.32 [23]. For this ligand, a stabilizing cation-7 bond
was found between the phenyl ring (N-phenylethyl fragment) and

R7.36. For ligand 34 (K; = 61 nM), a binding mode identical to that
in the previously published compounds was found [23]. All the
interactions typical of this group of compounds were maintained:
F6.52, E7.34, D3.32 (hydrogen bond-like). Furthermore, an addi-
tional hydrogen bond was found between the indole NH nitrogen
and T3.37 and also a halogen bond between the chlorine atom and
CYX231.

2.5. Functional assay towards 5-HT; receptor

The most active compounds (19, 22, 26, 32, 34) toward 5-HT>
receptor were tested in functional assay to evaluate their intrinsic
function (Table 2). All of tested compounds showed antagonistic
mechanism. K values mainly correspond to radioligand assay
values (Kj).

Table 2
The results of functional assays for compound 19, 22, 26, 32, 34.
Ligand No. 5-HT; K;i [nM] 5-HT7 Kp [nM]
19 8 7
22 109 53
26 18 31
32%% 8#* 34
34 61 300

** - according to [23].
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2.6. Metabolic stability

Metabolic stability testing of compounds 22 and 34 (Table 3)
was performed using mouse liver microsomes (MLMs). UPLC-MS
analysis showed that after 2 h of incubation with MLMs, 40% and
39% of compound 22 and 34, respectively, remained in the test
samples. Verapamil, easy metabolized drug was used as control in
the test: 24% remained in the test sample. This shows that test
compounds 22 and 34 have higher stability than the reference
compound. Two chlorine atoms introduced to the alkylaromatic
ring (compound 34) increased stability more than twice compared
to a compound without chlorine atoms (compound 32 [23]). As for
compound 22 eight possible metabolites (Supplementary material)
were identified, while for compound 34 three possible metabolites
(Supplementary material) were found. Using MetaSite 6.0.1 soft-
ware, potential sites in the structure susceptible to enzymatic ac-
tion were simulated (Fig. 6).

2.7. CYP3A4 interaction

CYP3A4, of the cytochrome P340 enzyme group, is important for
the biotransformation of many xenobiotics [36]. Therefore, poten-
tial interactions between the enzyme and compounds tested
should be considered at an early stage when designing novel
compounds with biological activity. We found that the most active
compounds possess moderate (22, ¥CYP3A4 = 56.8) or weak (34, %
CYP3A4 = 58.8) possible drug-drug interactions with respect to
ketoconazole, a reference drug. We also noted that addition of
chlorine atoms decreased the risk of potential drug interactions
compared to an unsubstituted compound (32, CYP3A4 = 34.7
[23]). The results are shown in Fig. 7.

2.8. Hepatotoxicity

Within preliminary safety assessment, the test compounds (22
and 34) were evaluated using a HepG2 cell line. Ligand 22 (Fig. 8A)
had a strong cytotoxic potential at above 50 uM, and almost 100% of
cells were killed above this level. It was not cytotoxic at 1-10 uM.
Ligand 34 (Fig. 8B) had lower cytotoxicity than compound 22. At

Table 3
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1-10 uM, the ligand had no cytotoxicity, while at 50 uM, cell
viability slightly decreased by approx. 65%. With 100 uM of ligand
34, cell viability was approx. 30%.

3. Conclusion

The goal of this paper was to design novel ligands in which the
effect of structural modifications on changing affinity from the 5-
HT1a to the 5-HT7 receptor will be observable. To evaluate selec-
tivity of the studied compounds, the radioligand binding assay was
extended to include Dy, 5-HT,a and 5-HTg receptors. Long-chain
arylpiperazines with the terminal triazine moiety (compounds
type 1) showed affinity mainly to 5-HTq4 (Kj < 82 nM) and D, re-
ceptors. Addition of a tryptamine molecule (type 2: 20, 21, 22) did
not change the affinity profile toward 5-HT14R/D2R and it further
increased affinity toward 5-HT7R. The carbon chain shortened to
two atoms (type 2: 19) decreased affinity toward 5-HTq4 and D;
receptors. Complete removal of the carbon linker (type 3) caused
loss of affinity to all the tested serotonin receptors and the dopa-
mine D, receptor. The following conclusion is made here: to
maintain certain affinity to the receptors tested, rotatability be-
tween the triazine core and arylpiperazine should be maintained.
The conclusion is additionally supported by the fact that removal of
the ethylene linker in piperazine (type 4) dramatically increased
affinity, but only toward the 5-HT7 receptor (except for ligands 27
and 28). For type 4, the effect of various substituents X on receptor
binding was also tested. It was found that affinity toward the 5-HT>
receptor was lowest for ligands with X = N (27, 28), higher for li-
gands with X = O and highest for ligands without substituent X. The
ligands (type 2 and 4) with an unsubstituted ring maintained the
highest affinity to 5-HT7R compared to those with a substituted
ring. SARs for the resulting compounds were also evaluated using
3D-QSAR computed methods and molecular modeling (docking).
For the ligands with the arylpiperazine present (type 1 and 2), the
compounds had binding modes typical of arylpiperazines with
formation of a characteristic salt bridge between the protonated
nitrogen in piperazine and D3.32. The piperazine nitrogen in type 3
compounds was not protonated and, therefore, salt bridge forma-
tion was not observed. The compounds without the arylpiperazine

Metabolic stability summary: molecular masses (see Supplement) and metabolic pathways of compounds 22, 34 and Verapamil (reference unstable drug) after incubation with

mouse liver microsomes (MLMs). Main metabolic pathways are marked in red.

293.34

defragmentation/hydroxylation

Substrate Molecular mass (m/z) % remaining Molecular mass of the metabolite (m/z) Metabolic pathway
22 554.22 39.95 552.23 (M1) dehydrogenation
340.23 (M2) decomposition
570.30 (M3) hydroxylation
586.25 (M4) double hydroxylation
356.24 (M5) decomposition and hydroxylation
242.28 (M6) decomposition and dehydrogenation
231.05 (M7) decomposition
586.25 (M8) double hydroxylation
32+ 373.45 17.36 406.33 (M1) double hydroxylation or oxidation
404.33 (M2) dehydrogenation and double hydroxylation
390.31 (M3) hydroxylation
372.33 (M4) dehydrogenation
422.35 (M5) triple hydroxylation or oxidation
34 44217 38.96 474.20 (M1) double hydroxylation
458.25 (M2) hydroxylation
458.19 (M3) hydroxylation
440.18 (M4) dehydrogenation
Verapamil 455.54 23.93 44142 (M1) demethylation
441.42 (M2) demethylation
291.35 (M3) defragmentation
(M4)
(M5)

277.33

defragmentation

** - according to [23].
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Fig. 6. MetaSite 6.0.1. software prediction of the most probable sites of metabolism for compounds 22 (left) and 34 (right). The darker red color the higher probability to be involved
in the metabolic pathway. A blue circle marks the site in a compound with the highest probability of metabolic bioconversion.
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Fig. 7. Influence of 22, 34 and the reference inhibitor (ketoconazole, KE) on CYP3A4
activity. Statistical significance (****p < 0.0001) was analyzed by Graph Pad Prism 8.0.1
software using One-way ANOVA and Bonferroni's Multiple Comparison Post Test. The
compounds were examined in triplicate.

motif (type 4) adopted a reverse arrangement in the receptor, and
the hydrogen bond with D3.32 being formed was probably tem-
porary only. The hydrogen bond between the triazine amine sub-
stituent and E7.34 was important during formation of the ligand-
receptor complex [23]. All examined compounds (19, 22, 26, 32,
34) showed antagonistic mechanism. The tested compounds 22
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and 34 had higher metabolic stability than verapamil and moderate
or weak potential drug-drug interactions with respect to ketoco-
nazole, the reference drug. Compound 22 had strong cytotoxicity in
the HepG2 cell line already at concentrations above 50 pM. Com-
pound 34 had reduced cytotoxicity. Based on this research we
designed new one compounds with increased affinity to 5-HT7R
which will be described in our further publication.

4. Experimental section
4.1. Chemistry

4.1.1. General

All the reactants were purchased from commercial sources. 'H
and 3C NMR spectra were recorded using Bruker 400 MHz systems
with TMS as an internal standard. Melting points were determined
with the Boetius apparatus. UHPLC-MS analyses were performed
on Shimadzu Nexera XR system equipped with PDA (SPD-M40) and
LCMS-2020 detectors. Analyses were performed on Phenomenex
XB-C18 1.7 mm (50 x 2.1 cm) column with isocratic or gradient of
solvents as a mobile phase. Solvent A (0.01% HCOOH in water),
solvent B (0.01% HCOOH in MeOH) and solvent C (0.01% HCOOH in
MeCN), flow rate 0.3 ml min~!, the UV—VIS detection was per-
formed in a range of 240—700 nm, the MS data were collected in
ESI + mode in a range of m/z 100—800 with scan speed 15000 u/s
and event time 0.1 s. For samples 16 and 21: the UPLC MS/MS
system consisted of a Waters ACQUITY UPLC (Waters Corporation,
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Fig. 8. Effect of cytostatic drug doxorubicin (DX) and 22 (left), 34 (right) on hepatoma HepG2 cell line viability after 72 h of incubation at 37 °C, 5% CO,. Statistical significance
(GraphPad Prism 8.0.1) was evaluated by one-way ANOVA, followed by Bonferroni's Comparison Test (**p < 0.01, ****p < 0.0001 compared with negative control (DMSO 1% in

growth media)).
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Milford, MA, USA) coupled to a Waters TQD mass spectrometer
electrospray ionization mode ESI tandem quadrupole). Chromato-
graphic separations were carried out using the Acquity UPLC BEH
(bridged ethyl hybrid) C18 column; 2.1 x 100 mm and 1.7 pm
particle size, equipped with Acquity UPLC BEH C18 VanGuard
precolumn; 2.1 x 5 mm, and 1.7 um particle size. The column was
maintained at 40 °C and eluted under gradient conditions using
from 95% to 0% of eluent D over 10 min, at a flow rate of
0.3 ml min~.. Eluent D: (0.1% HCOOH in water); eluent E: (0.1%
HCOOH in MeCN). Chromatograms were recorded using Waters ek
PDA detector. Spectra were analyzed in 200—700 nm range with
1.2 nm resolution and sampling rate 20 points/s. MS detection
settings of Waters TQD mass spectrometer were as follows: source
temperature 150 °C, desolvation temperature 350 °C, desolvation
gas flow rate 600 1/h, cone gas flow 100 I/h, capillary potential
3.00 kV, cone potential 30 V. Nitrogen was used for both nebulizing
and drying gas. The data were obtained in a scan mode ranging
from 50 to 1000 m/z in time 0.5 s intervals. Data acquisition soft-
ware was MassLynx V 4.1 (Waters). Method A (UHPLC-MS)—
gradient of solvents: t = 0 min, A = 100%; t = 2 min, A = 1 00%;
t =4 min, A = 10%, B = 45%, C = 45%; t = 4.5 min, A = 10%, B = 45%,
C =45%; t = 7 min, A = 100%, analysis stop time 10 min. Method B
(UHPLC-MS)- isocratic flow: 20% of B, 20% of C and 60% of A.
Method C (UPLC-MS) — gradient of solvents 95%—0% of eluent D
and E. Analytical thin-layer chromatography (TLC) was performed
using 0.2 mm silica gel precoated aluminum sheets (60 F254,
Merck) and UV light at 254 nm was used for visualization. A CEM
Discover™ Focussed Microwave System at 50 W power was used
for all microwave-assisted reactions in order to obtain final com-
pounds. Within 2.5 min of reaction with a power of 50W, the
temperature increased up to 120 °C, while the pressure increased
up to 9 bar. Characterization of the intermediates and spectra for
the final compounds can be found in Supporting Information.

4.1.2. General procedure for the synthesis of compounds 39—41
(microwave-assisted)

Phthalimide 35 (4 g, 27 mmol), potassium carbonate (11.3 g,
81 mmol) and TBAB (0.87 g, 2.7 mmol) were ground in a mortar and
transferred to a round bottom flask. Subsequently, an appropriate
alkyl halide 36—38 (81 mmol) was added followed by addition of
5 wt % DMF. The mixture was reacted in a microwave reactor at
50 W for 60 s while the pressure increased up to 3 bar. Reaction
progress was monitored via TLC (hexane: EtOAc 10:10 v/v). The
mixture was cooled down and extracted with chloroform
(3 x 30 mL). Organic layers were combined, dried over MgSO4 and
concentrated. The resulting slurry was purified via flash chroma-
tography with elution from 100% hexane to 100% methanol. The
methanol phase was evaporated to dryness, and the crude product
was crystallized from MeOH to yield white solid 39—41.

4.1.3. General procedure for the synthesis of compounds 45—53
(conventional heating)

Intermediate 39—41 (3.5 mmol), an appropriate arylpiperazine
42—-44 (3.85 mmol), potassium carbonate (10.5 mmol) followed by
ACN (40 mL) were placed in a round bottom flask and heated at
90 °C for 15 h. Reaction progress was monitored via TLC (chloro-
form: MeOH 90:10 v/v). After 15 h of heating, the mixture was
filtered immediately through a Schott funnel and then a crude
product precipitated which was then filtered again. A yellowish
crude product was purified via crystallization from methanol or
column chromatography (with isocratic elution using EtOAc: MeOH
95:5 v/v) to yield pure solid product 45—53.
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4.1.4. General procedure for the synthesis of compounds 54—62 and
74—75: Gabriel reaction

Intermediate 45—53 and 89—-90 (3 mmol) was dissolved in
40 wt % methylamine solution in H,0 (26.7 mL, 300 mmol) and the
resulting mixture was stirred at room temperature for 20 h. Af-
terwards, the solid intermediate dissolved, and TLC (chloroform:
MeOH 90:10 v/v) indicated disappearance of the starting material.
20% NaOH solution (25 mL) was added and the mixture was stirred
for further 20 min and then extracted with chloroform (3 x 30 mL).
Organic layers were combined, dried over MgSO,4 and concentrated.
Crude product 54—62 and 74—75 was used in the next step without
any further purification.

4.1.5. General procedure for the synthesis of final compounds 10—18
(microwave-assisted)

2-Chloro-4,6-diamino-1,3,5-triazine 63 (0.1 g, 0.7 mmol), 54—62
(1.75 mmol), potassium carbonate (0.29 g, 2 mmol) and TBAB
(0.02 g, 0.07 mmol) were ground in a mortar and transferred to a
sealed tube. Subsequently, 5 wt % DMF was added. The mixture was
reacted in a microwave reactor at 50 W for 2.5 min. Reaction
progress was monitored via TLC (chloroform: MeOH 80:20 v/v). The
mixture was cooled down and extracted with chloroform
(3 x 15 mL). Organic layers were combined, dried over MgSO4 and
concentrated. The crude product was purified via column chro-
matography with elution using chloroform: MeOH 95:5 v/v, then
chloroform: MeOH 90:10 v/v, then chloroform: MeOH 85:15 v/v.
The white solid was then dissolved in acetone and pH was adjusted
to 2—3 with 4 M HCl in 1,4-dioxane. The resulting mixture was
placed in the fridge. The precipitated white or beige powder was
then filtered, rinsed with acetone and dried.

4.1.6. N°-(4-(4-phenylpiperazin-1-yl)butyl)-1,3,5-triazine-2,4,6-
triamine hydrochloride (10)

White solid (68% yield), mp: 244—247 °C; 'H NMR (400 MHz,
CD30D) 6 7.33(dd, J = 8.6, 7.4 Hz, 2H), 7.11 (d, ] = 7.9 Hz, 2H), 7.00 (t,
J=73Hz,1H),3.86 (d,] = 11.4 Hz, 2H), 3.73 (d, ] = 10.3 Hz, 2H), 3.50
(t,J] = 6.6 Hz, 2H), 3.33—3.22 (m, 6H) — superimposed with solvent
residual, 1.96—1.85 (m, 2H), 1.78—1.69 (m, 2H); '3C NMR (101 MHz,
CDs0D) ¢ 161.0, 159.9, 156.7, 148.9, 129.0, 128.9, 121.8, 116.9, 56.2,
51.5, 47.0, 39.4, 25.9, 20.7; UHPLC-MS analysis t = 0.42 min (99.5%
purity, method A), calc. for C17HpgNg m/z = 342.2, found m/z = 343.1
[M+H]*™

4.1.7. N?-(4-(4-(2-methoxyphenyl)piperazin-1-yl)butyl)-1,3,5-
triazine-2,4,6-triamine hydrochloride (11)

White solid (61% yield), mp: 162—167 °C; 'H NMR (400 MHz,
CD50D) 6 7.58 (dd, J = 8.1, 1.4 Hz, 1H), 7.46—7.39 (m, 1H), 7.24 (dd,
J = 8.3, 1.1 Hz, 1H), 7.14—7.08 (m, 1H), 4.02 (s, 3H), 3.97—3.64 (m,
8H), 3.51 (t, J = 6.7 Hz, 2H), 3.40—3.37 (m, 2H), 1.99—1.89 (m, 2H),
1.80—1.71 (m, 2H); '*C NMR (101 MHz, CDs0D) § 160.7159.7, 156.6,
152.2, 131.8, 129.2, 121.2, 120.7, 112.9, 56.2, 55.3, 49.9, 49.0, 394,
25.8, 20.7; UHPLC-MS analysis t = 7.40 min (100% purity, method
A), calc. for C1gHgNgO m/z = 372.2, found m/z = 373.1 [M+H]*

4.1.8. N?-(4-(4-(2,3-dichlorophenyl)piperazin-1-yl)butyl)-1,3,5-
triazine-2,4,6-triamine hydrochloride (12)

White solid (71% yield), mp: 164—168 °C; 'H NMR (400 MHz,
CD3s0D) 6 7.33 (s, 1H), 7.31 (d,J = 2.1 Hz, 1H), 719 (dd, ] = 5.9, 3.7 Hz,
1H), 3.72 (d, ] = 11.5 Hz, 2H), 3.52 (dd, J] = 15.5, 9.0 Hz, 4H),
3.38—3.34 (m, 1H) — superimposed with solvent residual, 3.27 (dd,
J = 22.5,10.2 Hz, 4H), 1.97—1.86 (m, 2H), 1.78—1.69 (m, 2H); 13C
NMR (101 MHz, CD30D) ¢ 160.7, 159.8, 156.6, 149.3, 133.6, 127.9,
127.2, 125.6, 119.2, 56.3, 52.0, 48.1, 39.4, 25.9, 20.8; UHPLC-MS
analysis t 6.21 min (99.2% purity, method A), calc. for
C17H24C1bNg m/z = 410.2, found m/z = 411.0 [M+H]*"
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4.1.9. N?-(5-(4-phenylpiperazin-1-yl)pentyl)-1,3,5-triazine-2,4,6-
triamine hydrochloride (13)

Beige solid (69% yield), mp: 239—241 °C; 'H NMR (400 MHz,
CD30D) 6 7.33—7.27 (m, 2H), 7.04 (dd, J = 8.8, 0.9 Hz, 2H), 6.94 (¢,
J=173Hz,1H), 3.57—3.37 (m, 10H), 3.24—3.13 (m, 2H), 1.93—1.80 (m,
2H), 1.74—1.64 (m, 2H), 1.55—1.43 (m, 2H); >C NMR (101 MHz,
CD30D) 6 162.4,162.3,149.8,128.9,120.9, 116.6, 56.5, 51.9, 51.7, 39.7,
28.4, 23.3, 23.3; UHPLC-MS analysis t = 7.42 min (100% purity,
method A), calc. for CigHpgNg m/z = 356.2, found m/z = 357.1
[M+H]*

4.110. N°~(5-(4-(2-methoxyphenyl)piperazin-1-yl)pentyl)-1,3,5-
triazine-2,4,6-triamine hydrochloride (14)

White solid (67% yield), mp: 157—160 °C; 'H NMR (400 MHz,
CD30D) 6 7.33—7.24 (m, 2H), 7.13 (dd, J = 8.2, 1.1 Hz, 1H), 7.04 (td,
J = 7.8, 13 Hz, 1H), 3.95 (s, 3H), 3.83—3.71 (m, 4H), 3.66—3.57 (m,
2H), 3.55—3.43 (m, 4H), 3.28 (dd, J = 9.5, 7.0 Hz, 2H), 1.95—1.86 (m,
2H), 1.76—1.67 (m, 2H), 1.54—1.46 (m, 2H); 3C NMR (101 MHz,
CD30D) 6 160.6, 156.7, 152.3, 135.1, 126.9, 121.0, 119.6, 112.2, 56.5,
55.0, 50.9, 48.3, 39.9, 28.2, 23.2, 23.1; UHPLC-MS analysis
t = 0.91 min (100% purity, method A), calc. for CigH30NgO m/
z = 386.3, found m/z = 387.2 [M+H]|*"

4.1.11. N°-(5-(4-(2,3-dichlorophenyl)piperazin-1-yl)pentyl)-1,3,5-
triazine-2,4,6-triamine hydrochloride (15)

White solid (78% yield), mp: 144—148 °C; 'H NMR (400 MHz,
CD30D) 6 7.33 (s, 1H), 7.31(d,J = 2.1 Hz,1H), 7.20(dd, ] = 5.9, 3.7 Hz,
1H), 3.72 (d, J = 11.2 Hz, 1H), 3.54 (d, ] = 11.7 Hz, 1H), 3.47 (t,
J = 6.9 Hz, 1H), 3.32—3.22 (m, 6H) — superimposed with solvent re-
sidual, 1.95-1.86 (m, 2H), 1.75—1.67 (m, 2H), 1.55—1.45 (m, 2H); 13C
NMR (101 MHz, CD3;0D) ¢ 160.3, 159.8, 156.6, 149.3, 133.6, 127.9,
127.2,125.6,119.2, 56.6, 52.0, 48.1, 39.9, 28.2, 23.3, 23.2; UHPLC-MS
analysis t = 1.10 min (100% purity, method A), calc. for CigHgCI2Ng
m(z = 424.2, found m/z = 425.0 [M+H]"

4.1.12. N°-(6-(4-phenylpiperazin-1-yl)hexyl)-1,3,5-triazine-2,4,6-
triamine hydrochloride (16)

White solid (73% yield), mp: 172—175 °C; '"H NMR (400 MHz,
CD30D) 6 7.49 (d, J = 7.4 Hz, 1H), 7.05—6.97 (m, 3H), 3.84—3.64 (m,
4H), 3.54 (d,J = 11.6 Hz, 2H), 3.22—3.04 (m, 6H), 1.81-1.70 (m, 4H),
1.47—1.31 (m, 4H); '3C NMR (101 MHz, CDs0D) 6 160.3,159.0, 156.4,
149.7,129.6,121.9,116.5, 55.66, 50.8, 45.9, 39.0, 28.1, 26.1, 26.0, 23.2;
UPLC-MS analysis t = 5.20 min (100% purity, method C), calc. for
C19H30Ng m/z = 370.0, found m/z = 411.3 [M + ACN]"

4.113. N?~(6-(4-(2-methoxyphenyl)piperazin-1-yl)hexyl)-1,3,5-
triazine-2,4,6-triamine hydrochloride (17)

White solid (67% yield), mp: 153—156 °C; 'H NMR (400 MHz,
CD;0D) 6 7.44 (dd, | = 8.0, 1.4 Hz, 1H), 7.37—7.31 (m, 1H), 7.18 (dd,
J =83, 1.1 Hz, 1H), 7.07 (td, ] = 7.9, 1.3 Hz, 1H), 3.98 (s, 3H), 3.81 (bs,
J = 6.3 Hz, 6H), 3.59 (bs, ] = 4.7 Hz, 2H), 3.44 (t, ] = 7.0 Hz, 2H),
3.32—3.26 (m, 2H), 1.93—1.83 (m, 2H), 1.71-1.62 (m, 2H), 1.54—1.45
(m, 4H); 3C NMR (101 MHz, CDs0D) é 160.3, 160.0, 156.7, 152.2,
133.6,128.0,121.1,120.1, 112.5, 56.6, 55.1, 50.4, 48.6, 47.1, 40.2, 28 .4,
25.7, 23.4; UHPLC-MS analysis t = 6.08 min (100% purity, method
A), calc. m/z = 400.3, found m/z = 401.1 [M+H]"

4.114. N?~(6-(4-(2,3-dichlorophenyl)piperazin-1-yl)hexyl)-1,3,5-
triazine-2,4,6-triamine hydrochloride (18)

White solid (65% yield), mp: 152—155 °C; 'H NMR (400 MHz,
CD30D) 6 7.35—7.29 (m, 2H), 7.20 (dd, J = 6.4, 3.2 Hz, 1H), 3.71 (d,
J=12.3Hz,2H),3.55(d,J = 13.2 Hz, 2H), 3.43 (t,] = 7.0 Hz, 2H), 3.36
(bs, J = 9.8 Hz, 1H) — superimposed with solvent residual, 3.31—3.18
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(m, 5H),1.91-1.82 (m, 2H), 1.71-1.62 (m, 2H), 1.54—1.43 (m, 4H); B¢
NMR (101 MHz, CD30D) ¢ 159.7, 149.3, 133.7, 127.9, 127.2, 125.6,
119.1, 56.6, 52.0, 48.1, 47.1, 40.2, 28.5, 25.8, 23.5; UHPLC-MS analysis
t = 7.90 min (100% purity, method A), calc. for Cy;oH33NgO m/
z = 438.2, found m/z = 439.1 [M+H]|*"

4.1.15. Synthesis of 2-amino-4,6-dichloro-1,3,5-triazine (65)

In a round bottom flask, cyanuric chloride 64 (2.0 g, 10 mmol)
was suspended in 10 mL dichloromethane. The mixture was cooled
to 0—5 °C and then 0.8 mL of 25% ammonia solution was added
dropwise. The resulting mixture was stirred at room temperature
for 20 min. Subsequently, the white solid was filtered, rinsed with
dichloromethane and dried to yield 0.9 g (mp: 227—229 °C) of the
title compound. The crude product was used in the next step
without further purification. ESI + MS calc. for C3HyClbNg m/
z = 164.9; found m/z = 187.9 [M+Na] "

4.1.16. General procedure for the synthesis of compounds 66—68
(conventional heating)

In a round bottom flask, 2-amino-4,6-dichloro-1,3,5-triazine 65
(0.2 g, 1.2 mmol) was suspended in 5 mL of 1,4-dioxane. To the
resulting suspension, a mixture of appropriate amine 54—56
(1.3 mmol) in 3 mL of 1,4-dioxane was added. Subsequently, N,N-
diisopropylethylamine (0.52 mL, 3 mmol) was added and the
mixture was stirred at 100 °C for 20 min. When TLC (chloroform:
MeOH 90:10 v/v) indicated full conversion of starting material 65,
the reaction was cooled to room temperature. pH-dependent
extraction was performed: reaction mixture was diluted with
10 mL of water then acidified to reach pH 4—5 with 0.1 M HCI
followed by extracted with EtOAc (3 x 20 mL). Water layer was
alkalized to reach pH 10 with 1 M NaOH then extracted with EtOAc
(3 x 20 mL). Organic layers were combined, dried over MgSO4 and
concentrated to yield creamy solid 66—68.

4.1.17. General procedure for the synthesis of final compounds
20—22 (microwave-assisted)

Tryptamine 69 (0.1 g, 0.6 mmol), intermediate 66—68
(1.5 mmol), potassium carbonate (0.25 g, 1.8 mmol) and TBAB
(0.02 g, 0.06 mmol) were ground in a mortar and transferred to a
sealed tube. Subsequently, 5 wt % DMF was added. The mixture was
reacted in a microwave reactor at 50 W for 2.5 min. Reaction
progress was monitored via TLC (chloroform: MeOH 90:10 v/v). The
mixture was cooled down and extracted with chloroform
(3 x 15 mL). Organic layers were combined, dried over MgSO4 and
concentrated. The crude product was purified via column chro-
matography with elution using chloroform: MeOH 95:5 v/v, then
chloroform: MeOH 90:10 v/v. The pure beige solid was then dis-
solved in acetone and pH was adjusted to 2—3 with 4 M HCl in 1,4-
dioxane. The resulting mixture was evaporated and the product
was collected as a hygroscopic, sticky dark semi-solid.

4.1.18. N°~(2-(1H-indol-3-yl)ethyl)-N*-(4-(4-phenylpiperazin-1-yl)
butyl)-1,3,5-triazine-2,4,6-triamine hydrochloride (20)

Beige, hygroscopic semi-solid (41% yield), mp: 149—152 °C; 'H
NMR (400 MHz, CD3;0D) ¢ 7.60 (dd, J = 18.7, 7.7 Hz, 1H), 7.40—7.30
(m, 3H), 7.17-6.98 (m, 6H), 3.85 (bd, ] = 9.3 Hz, 1H), 3.81-3.66 (m,
4H), 3.54—3.39 (m, 3H), 3.33—3.21 (m, 4H), 3.16—3.00 (m, 4H),
1.94-1.65 (m, 4H); 3C NMR (101 MHz, CD30D) 6 159.3, 156.1, 148.9,
136.7, 129.0, 127.3, 122.3, 121.9, 121.1, 117.8, 117.0, 111.4, 111.1, 110.9,
56.1, 514, 51.2, 41.4, 39.7, 25.8, 24.9, 20.9; UHPLC-MS analysis
t = 6.80 min (100% purity, method A), calc. for Cy;H3sNg m/
z = 485.3, found m/z = 486.3 [M+H]"
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4.1.19. N°-(2-(1H-indol-3-yl)ethyl)-N*-(4-(4-(2-methoxyphenyl)
piperazin-1-yl)butyl)-1,3,5-triazine-2,4,6-triamine hydrochloride
(21)

Beige, hygroscopic semi-solid (38% yield), mp: 148—150 °C; 'H
NMR (400 MHz, CD30D) ¢ 7.59 (dd, ] = 19.2, 7.8 Hz, 1H), 7.37 (t,
J=6.6 Hz, 1H), 719—7.07 (m, 4H), 7.04 (dd, ] = 8.0, 0.9 Hz, 2H), 6.97
(t,J =7.5Hz,1H),3.90 (s, 3H), 3.81—3.40 (m, 9H), 3.31—3.20 (m, 3H),
3.13—3.06 (m, 4H), 1.93—1.64 (m, 4H); >C NMR (101 MHz, MeOD)
0 160.7, 155.1, 152.5, 137.9, 136.8, 127.3, 124.9, 122.3, 121.1, 120.8,
118.8, 118.3, 117.8, 111.7, 111.1, 56.2, 54.7, 51.8, 51.6, 41.4, 39.7, 25.8,
24.9, 21.0; UPLC-MS analysis t = 3.78 min (99.2% purity, method C),
calc. for CagH37Ng0O m/z = 515.7, found m/z = 516.5 [M+H]| "

4.1.20. N°-(2-(1H-indol-3-yl)ethyl)-N*-(4-(4-(2,3-dichlorophenyl)
piperazin-1-yl)butyl)-1,3,5-triazine-2,4,6-triamine hydrochloride
(22)

Brown, hygroscopic semi-solid (64% yield), mp: 122—123 °C; 'H
NMR (400 MHz, CD30D) ¢ 7.59 (dd, J = 19.1, 7.9 Hz, 1H), 7.39-7.27
(m, 3H), 7.21-6.98 (m, 4H), 3.81—-3.66 (m, 4H), 3.63—3.38 (m, 6H),
3.31-3.17 (m, 2H), 3.14—3.05 (m, 4H), 1.93—1.66 (m, 4H); 3C NMR
(101 MHz, CD30D) 6 159.1, 156.0, 149.3, 136.7, 133.7, 127.9, 127.2,
125.6, 122.3, 121.1, 119.1, 118.3, 117.8, 111.1, 110.9, 66.7, 63.0, 56.2,
52.0, 414, 39.7, 25.9, 24.9; UHPLC-MS analysis t = 6.99 min (100%
purity, method A), calc. for Cy7H33CI;Ng mfz = 553.2, found m/
z = 554.3 [M+H]"

4.1.21. General procedure for the synthesis of final compounds 19,
23—25, 26—34 (microwave-assisted)

Intermediate 70 [23] (0.25 g, 0.8 mmol), appropriate amine
42-44, 71-77, 78 (2 mmol), potassium carbonate (0.34 g,
2.4 mmol) and TBAB (0.03 g, 0.08 mmol) were ground in a mortar
and transferred to a sealed tube. Subsequently, 5 wt % DMF was
added. The mixture was reacted in a microwave reactor at 50 W for
2.5 min. Reaction progress was monitored via TLC (chloroform:
MeOH 90:10 v/v). The mixture was cooled down and extracted with
chloroform (3 x 20 mL). Organic layers were combined, dried over
MgS04 and concentrated. The crude product was purified via col-
umn chromatography with elution using chloroform: MeOH 95 : 5
v/v, then chloroform: MeOH 90 : 10 v/v. The pure solid was then
dissolved in acetone and pH was adjusted to 2—3 with 4 M HCl in
1,4-dioxane. The resulting mixture was evaporated and the product
was collected as a white or dark solid.

4.1.22. N°-(2-(1H-indol-3-yl)ethyl)-N*-(2-(4-phenylpiperazin-1-yl)
ethyl)-1,3,5-triazine-2,4,6-triamine hydrochloride (19)

White solid (79% yield), mp: 166—170 °C; 'H NMR (400 MHz,
CDs0D) 6 7.60 (dd, ] = 17.6, 7.8 Hz, 1H), 7.32 (dt, ] = 16.8, 8.2 Hz, 3H),
7.17—7.01 (m, 4H), 6.94 (dd, J = 13.5, 7.4 Hz, 2H), 3.92—3.44 (m,
10H), 3.24—3.05 (m, 5H); >C NMR (101 MHz, CD50D) 6 149.4, 136.8,
128.9, 127.2,122.3, 121.2, 118 4, 118.3, 117.7, 116.7, 111.1, 110.9, 52.1,
51.8, 46.5, 46.3, 41.3, 34.8; UHPLC-MS analysis t = 6.46 min (96.5%
purity, method A), calc. for Co5H31Ng m/z = 457.3, found m/z = 458.3
[M+H]*

4.1.23. N°-(2-(1H-indol-3-yl)ethyl)-6-(4-phenylpiperazin-1-yl)-
1,3,5-triazine-2,4-diamine hydrochloride (23)

Brown solid (43% yield), mp: 161-164 °C; 'H NMR (400 MHz,
CD30D) 6 7.74 (d, ] = 8.1 Hz, 2H), 7.65—7.53 (m, 4H), 7.35 (d,
J = 8.0 Hz, 1H), 7.13 (s, 1H), 7.04 (dt, ] = 14.8, 7.0 Hz, 2H), 4.25 (d,
J = 56.8 Hz, 4H), 3.81 (t, ] = 6.7 Hz, 2H), 3.64 (d, | = 48.7 Hz, 4H),
3.09 (t, ] = 6.6 Hz, 2H); 13C NMR (101 MHz, CD30D) 6 162.3, 156.7,
155.2,142.0,136.8,130.2,129.6, 127.3,120.6, 118.3, 117.7, 111.2, 111.0,
54.1,41.2,40.8, 24.7; UHPLC-MS analysis t = 3.63 min (99.6% purity,
method B), calc. for Cy3HysNg m/z = 414.2, found m/z = 415.2
[M+H]*
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4.1.24. N°~(2-(1H-indol-3-yl)ethyl)-6-(4-(2-methoxyphenyl)
piperazin-1-yl)-1,3,5-triazine-2,4-diamine hydrochloride (24)

Brown solid (64% yield), meting point: 153—158 °C 'H NMR
(400 MHz, CD30D) 6 7.65 (dd, J = 8.2, 1.1 Hz, 1H), 7.57 (dd, ] = 14.2,
7.4 Hz, 2H), 7.34 (dd, J = 7.7, 5.8 Hz, 2H), 7.19 (t, ] = 7.4 Hz, 1H), 7.13
(s, 1H), 7.11—-6.99 (m, 2H), 4.22 (d, ] = 62.0 Hz, 4H), 4.07 (s, 3H), 3.82
(t,J = 6.6 Hz, 2H), 3.65 (d, ] = 54.7 Hz, 4H), 3.09 (t, ] = 6.6 Hz, 2H);
13C NMR (101 MHz, CD30D) § 162.2, 156.8, 155.2,136.8, 131.0, 127.3,
122.6, 1214, 121.0, 120.9, 118.2, 117.7, 113.0, 111.2, 111.0, 55.7, 52.8,
41.1, 40.8, 24.7; UHPLC-MS analysis t = 7.17 min (88.6% purity,
method A), calc. for C4HygNgO m/z = 444.2, found m/z = 445.3
[M+H]*"

4.1.25. N°-(2-(1H-indol-3-yl)ethyl)-6-(4-(2,3-dichlorophenyl)
piperazin-1-yl)-1,3,5-triazine-2,4-diamine hydrochloride (25)

Beige solid (55% yield), mp: 153—158 °C; 'H NMR (400 MHz,
CDs0D) 6 7.57 (d, J = 7.9 Hz, 1H), 7.35 (d, ] = 8.1 Hz, 1H), 7.27 (d,
J=1.7Hz, 1H), 7.25 (s, 1H), 7.12—7.06 (m, 3H), 7.01 (t,] = 7.2 Hz, 1H),
3.93 (d, J = 38.7 Hz, 4H), 3.77 (t, ] = 6.8 Hz, 2H), 3.07 (t, ] = 6.7 Hz,
2H), 2.98 (d, J = 22.2 Hz, 4H); *C NMR (101 MHz, CDs0D) § 161.9,
156.4,150.7,136.8,133.5,127.7,127.1,124.8,122.4,121.0,119.1, 118.2,
117.6, 111.2, 111.0, 50.7, 43.8, 41.1, 24.8; UHPLC-MS analysis
t = 1.97 min (92.6% purity, method A), calc. for Co3H24CloNg m/
z = 482.2, found m/z = 483.1 [M+H]|*

4.1.26. N*-(2-(1H-indol-3-yl)ethyl)-N*-(2-(phenylamino ethyl)-
1,3,5-triazine-2,4,6-triamine hydrochloride (26)

Beige solid (59% yield), mp: 147—152 °C; 'H NMR (400 MHz,
CD30D) 6 7.62—7.44 (m, 6H), 7.36 (d, ] = 8.1 Hz, 1H), 7.16—6.97 (m,
3H), 3.84—3.66 (m, 5H), 3.59 (s, 1H), 3.06 (dt, ] = 20.0, 6.9 Hz, 2H);
13C NMR (101 MHz, CD30D) 6 161.3,158.1,156.2, 136.8, 135.0, 134.6,
130.1, 130.0, 129.7, 127.3, 122.5, 121.0, 118.3, 117.7, 110.9, 49.7, 41.3,
36.3, 24.7; UHPLC-MS analysis t = 7.66 min (96.6% purity, method
A), calc. for C1Ha4Ng mfz = 388.2, found m/z = 389.1 [M+H]"

4.1.27. N?~(2-(1H-indol-3-yl)ethyl)-N*-(2-((2-methoxyphenyl)
amino )ethyl)-1,3,5-triazine-2,4,6-triamine hydrochloride (27)

Beige solid (42% yield), mp: 133—137 °C; 'H NMR (400 MHz,
CD50D) 6 7.58 (d, ] = 7.5 Hz, 1H), 7.35 (t, | = 6.4 Hz, 1H), 7.31-7.22
(m, 2H), 7.14—7.06 (m, 2H), 7.03 (d, ] = 7.1 Hz, 1H), 6.94 (d, ] = 6.3 Hz,
2H), 4.48 (s, 3H), 416—4.07 (m, 2H), 3.79 (t, ] = 6.3 Hz, 1H),
3.76—3.67 (m, 3H), 3.06 (t, ] = 7.0 Hz, 2H); '3C NMR (101 MHz,
CDs;0D) 6 161.6, 158.6, 156.3, 136.8, 129.2, 129.1, 127.3, 122.3, 121.3,
120.9, 120.6, 118.2, 117.7, 114.2, 114.1, 111.4, 110.9, 65.6, 54.9, 41.3,
40.0, 24.9; UHPLC-MS analysis t = 1.45 min (93.4% purity, method
B), calc. for CooHagNgO mfz = 418.2, found m/z = 419.2 [M+H]*

4.1.28. N°-(2-(1H-indol-3-yl)ethyl)-N*-(2-((2,3-dichlorophenyl)
amino )ethyl)-1,3,5-triazine-2,4,6-triamine hydrochloride (28)

Beige solid (63% yield), mp: 141-144 °C; 'H NMR (400 MHz,
CD50D) 6 7.55 (t, | = 7.3 Hz, 1H), 7.35 (d, ] = 8.1 Hz, 1H), 7.14—6.85
(m, 4H), 6.75 (dd, J = 19.2, 7.9 Hz, 1H), 6.67 (dd, J = 8.1, 1.4 Hz, 1H),
3.72 (t,J = 7.2 Hz, 1H), 3.67 (s, 1H), 3.60 (t, J = 7.1 Hz, 1H), 3.51 (t,
J=5.8 Hz, 1H), 3.44 (s, 1H), 3.38 (t,] = 5.9 Hz, 1H), 3.06 (t, ] = 7.1 Hz,
1H), 3.01 (t, J = 7.0 Hz, 1H); '3C NMR (101 MHz, CD30D) 6 160.6,
158.7,156.0, 145.6,145.4,136.8,132.4,127.7,127.3,122.3,121.0,118.2,
117.7, 117.2, 111.3, 110.9, 108.8, 42.5, 41.3, 39.0, 24.8; UHPLC-MS
analysis t 5.08 min (100% purity, method B), calc. for
C21H22Cl3Ng mfz = 456.1, found m/z = 457.2 [M+H]|*

4.1.29. N°-(2-(1H-indol-3-yl)ethyl)-N*-(2-(2-methoxyphenoxy)
ethyl)-1,3,5-triazine-2,4,6-triamine hydrochloride (30)

White solid (52% yield), mp: 87—92 °C; 'H NMR (400 MHz,
CD50D) 6 7.57 (d, ] = 7.9 Hz, 1H), 7.34 (d, ] = 8.0 Hz, 1H), 7.12—7.07
(m, 2H), 7.04—6.87 (m, 5H), 4.12 (dt, ] = 18.1, 4.9 Hz, 2H), 3.82 (s,
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3H), 3.79—-3.65 (m, 4H), 3.05 (dd, J = 14.1, 6.9 Hz, 2H); >C NMR
(101 MHz, CD30D) ¢ 156.0, 149.5, 147.8, 136.8, 127.9, 127.3, 122.7,
122.3,121.6, 120.9, 120.8, 118.2, 117.7, 115.1, 114.2, 112.0, 110.9, 67.3,
65.8, 55.0,40.0, 24.9; UHPLC-MS analysis t = 1.50 min (95.2% purity,
method B), calc. for CouHa5N70, mfz = 419.2, found m/z = 420.2
[M+H]*

4.1.30. N°-(2-(1H-indol-3-yl)ethyl)-N*-(2-(2,3-dichlorophenoxy)
ethyl)-1,3,5-triazine-2,4,6-triamine hydrochloride (31)

Beige solid (40% yield), mp: 139—146 °C; '"H NMR (400 MHz,
CD50D) 6 7.35 (d, ] = 8.1 Hz, 1H), 7.30 (t, ] = 8.2 Hz, 1H), 7.21 (dd,
J =82, 1.4 Hz, 1H), 714—7.00 (m, 5H), 4.21 (dt, ] = 20.2, 5.2 Hz, 2H),
3.75—3.68 (m, 2H), 3.45 (t, ] = 4.9 Hz, 2H), 3.09—2.98 (m, 2H); 13C
NMR (101 MHz, CD30D) ¢ 160.1, 155.4, 154.9, 136.7, 1334, 133.2,
127.7,127.3,123.1,122.1, 121.6, 120.9, 118.2, 117.7, 112.2, 111.5, 110.9,
67.3, 66.7, 65.8, 38.7; UHPLC-MS analysis t = 4.60 min (97.8% purity,
method B), calc. for C21H»1CloN70 m/z = 457.1, found m/z = 458.1
[M+H]*

4.1.31. N°-(2-(1H-indol-3-yl)ethyl)-N*-(2-methoxyphenethyl)-
1,3,5-triazine-2,4,6-triamine hydrochloride (33)

Beige solid (59% yield), mp: 236—239 °C; 'H NMR (400 MHz,
CD30D) ¢ 7.56 (d, J = 7.9 Hz, 1H), 7.36 (d, J = 8.1 Hz, 1H), 7.17 (d,
J = 8.4 Hz, 1H), 713—6.93 (m, 4H), 6.87 (d, J = 7.5 Hz, 1H), 6.76 (d,
J=8.4Hz,1H), 3.79—3.69 (m, 5H), 3.57 (dt, ] = 16.5, 7.3 Hz, 2H), 3.08
(bs, ] = 7.1 Hz, 2H), 2.87—2.77 (m, 2H); '3C NMR (101 MHz, CD;0D)
6 158.4, 158.3, 155.8, 136.8, 130.5, 129.4, 127.3, 124.5, 123.8, 122.1,
120.9, 118.3, 117.7, 113.5, 111.4, 110.9, 54.2, 42.2, 304, 29.3, 22.3;
UHPLC-MS analysis t = 1.78 min (100% purity, method B), calc. for
C22Hy5N70 mfz = 403.2, found m/z = 404.1 [M+H]"

4.1.32. N°-(2-(1H-indol-3-yl)ethyl)-N*-(2,3-dichlorophenethyl)-
1,3,5-triazine-2,4,6-triamine hydrochloride (34)

Brown solid (44% yield), mp: 98—102 °C; 'H NMR (400 MHz,
CD30D) 6 7.41 (d, J = 8.1 Hz, 1H), 7.32—7.16 (m, 6H), 7.14—7.00 (m,
2H), 3.77—3.68 (m, 2H), 3.62 (t, J = 7.0 Hz, 1H), 3.55 (t, ] = 7.3 Hz,
1H), 3.07 (t, ] = 6.6 Hz, 2H), 2.93—2.82 (m, 2H); '*C NMR (101 MHz,
CD30D) 4 160.0, 158.6, 155.9, 138.9, 136.7, 132.6, 131.8, 129.4, 129.3,
128.5, 127.3, 127.2, 122.2, 120.9, 118.2, 117.7, 110.9, 41.3, 39.7, 33.9,
24.8; UHPLC-MS analysis t = 5.84 min (96.7% purity, method B),
calc. for C31Hp1CloN7 m/z = 441.1, found m/z = 442.1 [M+H]"

4.1.33. General procedure for the synthesis of compounds 71—73

In a round bottom flask 2-chloroethanamine hydrochloride 82
(2.0 g, 17.2 mmol) was suspended in 16 mL of toluene. To the
resulting mixture, appropriate aniline 79—81 (103.4 mmol) was
added, and the mixture was refluxed for 20 h. Subsequently, pH-
depended extraction was performed: reaction mixture was
diluted with 20 mL of water then acidified to reach pH 4—5 with
0.1 M HCl followed by extracted with EtOAc (3 x 30 mL) Organic
layers were combined, dried over MgSO4 and concentrated. The
crude product was purified via flash column chromatography with
elution using chloroform: MeOH 90 : 10 v/v and then 100% MeOH.
The organic fractions were concentrated to yield the title
compound.

4.2. Radioligand binding

The cell culture, cell membranes, and radioligand binding assays
were performed in accordance with standard protocols [29].

4.3. Atlas Activity analysis: 3D-SAR

Activity maps were prepared using the Atlas Activity tool
available in Forge [37]. The type 2, 3 and 4 compounds were
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uploaded to the program and marked as the ‘test set’. Compound 32
previously docked to a homologous 5-HT7R model was marked as
‘reference’. Conformations of all test compounds were first deter-
mined (conformation hunt calculation method: very accurate and
slow) based on the conformation of the reference compound.
Subsequently, the compounds were superimposed (alignment
calculation method: substructure) and activity maps were deter-
mined automatically. The other program operating parameters
were default.

4.4. Molecular modeling

Docking was performed according to our previous publication
[23]. The homologous 5-HT7 receptors model was built on the 5-
HTqp receptor template (PDB: 5v54). The resulting model had
sequence identity of 37.89% and coverage of 0.67. In addition, it was
validated by docking (Induced Fit Docking (IFD), Schrodinger)
known aminotriazine [38] and indoleaminotriazine 5-HT; receptor
ligands [23]. The optimized three-dimensional structures for the
ligands were determined by LigPrep (OPLS3) and the protonation
state at pH 7.4 + 2.0 using Epik. Protein Preparation Wizard was
used to evaluate appropriate amino acid ionization states, to check
the steric clashes and to assign bond ordering. The ligands were
docked by Induced Fit Docking (IFD) with XP (extra precision) with
the OPLS3 force field. A grid box size of 15 A was centered on the
rest of D3.32. The resulting poses had binding modes comparable to
the literature data. Docking: The validated model was used for
docking appropriate ligands according to the procedure as before.
The selected ligand poses were additionally optimized through a
QM/MM approach using functional DFT-B3LYP and LACVP as the
basis set.

4.5. Functional assays

The functional properties of compounds were evaluated using
their ability to inhibit cAMP production induced by 5-CT (10 nM) - a
5-HT7pR agonist, in HEK-293 cells overexpressing 5-HT7,R. Each
compound was tested in triplicate at 8 concentrations (10~'-
10~% M). Cells (prepared with the use of Lipofectamine 2000) were
maintained at 37 °C in a humidified atmosphere with 5% CO, and
were grown in Dulbeco's Modifier Eagle Medium containing 10%
dialysed foetal bovine serum and 500 pg/ml G418 sulphate. For
functional experiments, cells were subcultured in 25 cm flasks,
grown to 90% confluence, washed twice with prewarmed to 37 °C
phosphate buffered saline (PBS) and were centrifuged for 5 min
(160xg). The supernatant was aspirated, the cell pellet was resus-
pended in stimulation buffer (1 x HBSS, 5 mM HEPES, 0.5 mM
IBMX, 0.1% BSA). Total cCAMP was measured using the LANCE cAMP
detection kit (PerkinElmer), according to the producer’s directions.
For cAMP levels quantification, cells (5 pul) were incubated with
compounds (5 ul) for 30 min at room temperature in 384-well
white opaque microtiter plate. After incubation, the reaction was
stopped and cells were lysed by the addition of 10 ul working so-
lution (5 pl Eu-cAMP and 5 pl ULight-anti-cAMP). The assay plate
was incubated for 1 h at room temperature. Time-resolved fluo-
rescence resonance energy transfer (TR-FRET) was detected by an
Infinite M1000 Pro (Tecan) using instrument settings from LANCE
cAMP detection kit manual.

4.6. 4.6—4.8 ADMET in vitro (metabolic stability; CYP3A4 activity,
hepatotoxicity)

All assays were performed according to the protocols described
previously [23,39—41]. References used during this study: doxo-
rubicin, ketoconazole and verapamil were obtained from Sigma-
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Aldrich (St. Louis, MO, USA). Luminescence and absorbance were
measured using an EnSpire microplate reader (PerkinElmer, Wal-
tham, MA, USA). UPLC-MS spectra were obtained using a Waters
ACQUITY TQD system with a TQ Detector (Waters, Milford, USA). In
silico prediction of the most probable sites of metabolism was done
by MetaSite 6.0.1 software (Molecular Discovery Ltd, Hertfordshire,
UK). Determination of metabolic pathways was performed using
mouse liver microsomes (MLMs) purchased from Sigma-Aldrich, St.
Louis, MO, USA. Potential drug-drug interactions were predicted
using CYP3A4 and an assay purchased from Promega (Madison, W],
USA). Hepatotoxicity was estimated using a hepatoma HepG2
(ATCC® HB-8065™) cell line. The CellTiter 96® AQueous Non-
Radioactive Cell Proliferation Assay (MTS) used for estimation of
cell viability was purchased from Promega (Madison, WI, USA).
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Abstract: Considering the key functions of the 5-HT7 receptor, especially in psychiatry, and the fact
that effective and selective 5-HT7 receptor ligands are yet to be available, in this work, we designed
and synthesized novel 1,3,5-triazine derivatives particularly based on the evaluation of the effect of
substituents at aromatic rings on biological activity. The tested compounds showed high affinity to the
5-HT; receptor, particularly ligands N2-(2-(5-fluoro-1H-indol-3-yl)ethyl)-N*-phenethyl-1,3 5-triazine-
2,4,6-triamine 2 (K; = 8 nM) and N2—(2—(1H—indol—3—yl)ethyl)—N4—(2—((4—ﬂu0r0phenyl)amino)ethyl)—
1,3,5-triazine-2,4,6-triamine 12 (K; = 18 nM) which showed moderate metabolic stability, and affinity
to the CYP3A4 isoenzyme. As for the hepatotoxicity evaluation, the tested compounds showed
moderate cytotoxicity only at concentrations above 50 uM. Compound 12 exhibited less cardiotoxic
effect than 2 on Danio rerio in vivo model.

Keywords: serotonin; microwave synthesis; CNS

1. Introduction

The 5-HTy receptor (5-HT7R) is one of seven types of protein G-coupled aminergic
serotonin receptors [1]. It is found in the central nervous system, mainly in the brain, in
which it has regulatory functions, for example (the day-night cycle), and may affect behav-
ior, mood, emotions, or memory [2,3]. The receptor is also expressed outside the central
nervous system, e.g., in the intestines [4], mammary glands [5], lungs [6], or prostate [7].

Three human splicing variants (h5-HT7(,), h5HT7(,), and h5-HTy4)) have been reported
so far. As long as the h5-HTy(,) and h5-HTy(,) variants do not differ significantly in
terms of the number of amino acids in the C-terminal tail, for example, and maintain
similar pharmacological properties, the h5-HT7(4) variant shows the greatest differences
in the C-terminal tail, which may lead to slightly different functionality [1]. The primary
signaling pathway for the 5-HT7 receptor involves the receptor binding the ligand, followed
by phosphorylation of subunit G combined with its dissociation into subunit Gg and
heterodimer Gy;. In the subsequent stage, protein Gg (canonical signaling) is activated,
which triggers isoform CA (adenyl cyclase) and leads to an intrinsic increase in cAMP (cyclic
adenosine monophosphate) levels. cAMP induces PKA (protein kinase A) expression,
which in turn induces further phosphorylation of other proteins, for example, on Ras, ERK,
and Akt pathways. It has also been shown that protein Gs and protein Gy, (non-canonical
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signaling) are activated by 5-HT7R, which leads to further signaling in the cell and results
in neurite outgrowth, synaptogenesis, and neuronal excitability [8,9].

It is well-known that 5-HT7R is a binding site for several bioactive compounds with
antidepressive or anxiolytic effects [2,3]. However, as the ligand-receptor complex may
indirectly affect downstream signalization, 5-HT7 receptor ligands may affect the expression
of respective kinases or proteins (whose overexpression occurs in tumor cells). It is owing
to this property, among other things, that some 5-HT7 receptor antagonists or agonists have
anticancer [10-12] or anti-inflammatory effects [13,14]. Based on the significant functions
of 5-HT7R and also the therapeutic effects that can be achieved owing to this receptor, it is
justified to discover novel, selective and safe ligands of the receptor.

We recently proved that it was possible to forgo the well-known arylpiperazine phar-
macophore while maintaining activity and selectivity toward 5-HT7R [15]. The lead motif
in the studies so far was an unsubstituted tryptamine core connected to aminotriazine.
However, literature reports are available in which the incorporation of substituents at the
indole C-5 position resulted in increased affinity toward 5-HT7R. A particular effect was
noted, with substituents being electron withdrawal groups (EWGs) [16,17]. Therefore, we
decided in this report to synthesize a group of compounds 1-6 (Scheme 1, type 1) with
a substituted indole C-5 position (by EWGs and EDGs (electron donating groups)) and sub-
sequently to evaluate their effect on affinity toward the 5-HTy receptor. Another argument
for synthesizing indole derivatives is the effect of heteroatoms on ADME-T parameters,
particularly the fluorine atom [18,19]. We showed [20] that the compounds tested without
any ring substituent (Figure 1A) had low in vitro metabolic stability. By incorporating
chlorine in the structure [15] (Figure 1B), metabolic stability increased with a slight decrease
in cytotoxicity in the HepG2 cell line. This correlation is also confirmed by the original
report by Mattson et al. [21], in which the incorporation of fluorine atoms in the molecule
increased stability almost five times compared to the unsubstituted compound (Figure 2).

TYPE 2
W= "N
H R
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= N)%N NWN\{‘S’"‘
H H “'xﬁj
R = o-CI (T}, m-Cl (&), p-Cl (9)
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Scheme 1. Structures of 2,4,6-triamino-1,3,5-triazine derivatives studied herein.
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Figure 1. Effect of the chlorine atom on in vitro metabolic stability—two additional chlorine
atoms (B) increase metabolic stability versus unsubstituted compound (A). % remaining: quantity of
the compound that remained after incubation with mouse liver microsomes (MLMs) [15].
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NN NN
L —— ‘
Cf A RA Lf N
H H H H
F F

Ki (5 HT;) = 31M Ki (5 HT;) = 21M
% remaining = 12 9% remajning = 57

Figure 2. Effect of the fluorine atom on metabolic stability. % remaining: quantity of the compound
that remained after incubation with human liver microsomes (HLMs) [21].

In our previous paper [15], we also investigated the effect of substituents (ortho-OMe
and 2,3-Cl,) at the phenyl ring attached to the aminoethyl chain on affinity toward 5-HT7R.
The substituents were found to reduce receptor affinity, but the effect of a specific sub-
stituent position on activity was not tested. To investigate this aspect, we decided to
synthesize a group of ligands 7-15 (Scheme 1, type 2) containing Cl, F, and OMe at posi-
tions ortho-, meta-, and para- and to evaluate their effects on affinity toward 5-HT7R. We also
decided to incorporate more complex substituents into the structures of studied compounds
(phthalimide 16 and benzimidazole 17-19 cores, Scheme 1, type 3) due to the potential
formation of hydrogen bonds to stabilize the ligand-receptor additionally. Unexpectedly,
we prepared compounds 20-22 without the aminoethyl chain in our synthesis experiments
(Scheme 1, type 4). To determine the effect of the lack of an alkyl linker between the triazine
and the aromatic system on affinity to the receptors in question, we also evaluated these
compounds in in vitro tests. All the resulting compounds were tested in an extended
receptor panel, including affinity toward 5-HT14, 5-HT2a, 5-HTg, and D, receptors, to
determine the selectivity of the compounds. Bioconformation and key interactions in-
volved in the forming the ligand-receptor complex were proposed for active structures.
The two best compounds were evaluated in terms of safety and bioavailability in in vitro
ADME-Tox tests.

2. Results
2.1. Chemistry

Final type 1 compounds were synthesized according to Scheme 2, starting from com-
mercially available 5-substituted indoles 23-28, converted to 3-substituted aldehydes 29-34
via Vilsmeier-Haack formylation with 90-100% yields. In a subsequent stage, the aldehydes
were subjected to the Henry reaction to obtain nitrovinyl derivatives 35-40. The synthesis
of the derivatives initially followed patent [22] under conventional reflux of the reaction
mixture. As long as yields of more than 90% were obtained in a small scale of 0.5-1 g, side
products formed in the reaction mixture (according to TLC) with low yields of 40-56% when
the scale was increased to 5 g. However, we found that performing the reactions under
microwave irradiation (P = 85 W) for 20 min allows obtaining desired products in more
than 90% yields, irrespective of the scale. Crude 35-40 were used in the next stage without
any further purification. As for compound 35, another two stages involved reduction: first
of the double bond using a mild reducing agent (NaBHy) to give 41 and subsequently
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reduction of the nitro group with zinc in boiling 36% HCI solution, to finally give com-
pound 47. As compounds 36—40 lacked the nitrile substituent, which could also be reduced
in harsher conditions, simultaneous reduction of the double bond and the nitro group
could be performed in the presence of LiAlH, to give final 5-substituted tryptamines 42-46,
respectively. The subsequent stage was the synthesis of core compounds 51. Cyanuric
chloride 48 was reacted with phenylethylamine 49 at 0 °C, and the resulting product 50 was
treated with ammonia water. Synthesis was conducted at room temperature for 5 h, and
core compound 51 was obtained in 86% yield, which further reacted with 5-substituted
tryptamines 42-47 to give final type 1 products with a yield of more than 50%. The synthe-
sis of compounds 1-6 was conducted under microwave irradiation, similar to our previous
reports [15].

H H
RTCN (29 RTCN (35 RTF (42
30) F (36) Br (43)
31) Br (37) Cl . (44)
(32) Cl (38) OM (45)
OME (33) OM€ (39, M€ 46
(34) ME& (40

NH,

NH,

NZ>N V||| N/ N
Cl)\ )\ N~ /(] C,)\NJ\H

50 51 R~ CN (47) RTCN (l)
F 42 F 2

(9 @

Br (43 Br @3

() )

oy ae®

OME (45) oM (9)

Me (6 ME  (6)

Scheme 2. Synthesis pathway for compounds of type 1 1-6. i-DMF, POCl3, O °C then rt., 1 h;
ii-ammonia acetate, nitromethane, MW, 20 min; 7ii-LiAlHy4, THF, rt, 3 days; iv-NaBH4, MeOH/DMF,
rt, 3 h; v-Zn, HC], reflux, 5 h; vi-DIPEA, THF, 0 °C, 2 h; vii-ammonia solution 20%, rt, 5 h; viii-K,CO3,
TBAB, DMF, MW, 2.5 min.

Type 2 compounds were synthesized according to Scheme 3. First, amines 61-68
were obtained in the reaction of 2-chloroethylamine hydrochloride 52 and appropriately
substituted aniline 53-60. Subsequently, the resulting compounds reacted with readily avail-
able [20] core compound 69 in the presence of K,CO3 and microwave irradiation (p = 50 W)
for 2.5 min [15]. Final type 2 compounds were isolated with yields of 43-75%. In spite
of the complete conversion of substrate 69 (according to TLC), compounds 8, 12, and 15
were not obtained. However, it was found that the ethyl bridge was probably eliminated
during the reaction (see the mass spectra, Supplementary Materials) to give compounds
20-22 (Scheme 1, type 4) in which aniline derivatives were attached directly to the triazine
system (Scheme 4). The resulting products were easily isolated during work-up as white
precipitates, which did not require purification. Their structures were confirmed using
spectroscopy: 'H NMR, 3C NMR, and MS. To confirm our hypothesis, we decided to
synthesize the selected compound 21 starting from intermediate 69 and para-fluoroaniline
(Scheme 5). The reaction was conducted similarly to the previous one in the presence
of potassium carbonate (3 eq.) and sodium carbonate (3 eq.) to give title compound 21.
According to HPLC-MS analysis, the content of the desired product in the reaction mixture
was 23% for potassium carbonate and 73% for sodium carbonate (see Supplementary Mate-
rials). Desired compounds 8, 12, and 15 were obtained with a yield of more or equal to 60%
using the same synthesis method while only changing the base to sodium carbonate.
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Scheme 3. Synthesis pathway for compounds of type 2 7, 9-11, and 14. i—toluene, reflux, 20 h;
ii-K;CO3, TBAB, DMF, MW, 2.5 min; ii* (for 8, 12, 15)-Nay;CO3, TBAB, DME, MW, 2.5 min.
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Scheme 4. Proposed synthesis pathway for compounds of type 4 20-21. i-K,CO3, TBAB, DMF, MW,

2.5 min.
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Scheme 5. Synthesis of 21 in alternative pathway. i-base, TBAB, DMF, MW, 2.5 min.

The synthesis of type 3 compounds (Scheme 6) started with protecting 2-chloroethylamine
hydrochloride 52 with a Boc group, followed by coupling of the resulting product 70 with
phthalimide 71 or benzimidazole 72 and its derivatives 73 and 74. The reactions were
performed under microwave irradiation (P = 60 W) for 60 s in the presence of sodium
hydroxide and TBAB (tetrabutylammonium bromide). Isolated products 75-78 reacted
with 69 under microwave irradiation (P = 50 W) in the presence of K,CO3 and TBAB to
give final compounds 15-18 with yields of 25-56%.

NH2

: é : Z;INH2 H Q g >
NH, N/\/
HCI 1 i & )\

NZ N
a2 L c|/\/ ~goc * S L BN )\cl
NH
48 70 mpz mR 69 z
N N
)\ )\N/\/ \Q
RH (72) H,
CH; (73 =
oF, 574; R7H (7 R™ E'H 17
CH; (77) CF% (18)
CF;  (78) 19

Scheme 6. Synthesis pathway for compounds of type 3 16-19. i-Boc,O, Et;N, DCM, 0 °C then rt,
12 h; ii-NaOH, TBAB, DMFE, MW, 60 s; iii-3N HCI in dioxane, DCM, rt, 12 h; iv-K,CO3, TBAB, DMF,
MW, 2.5 min.
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2.2. Radioligand Binding and SAR

The affinity of the studied compounds to 5-HT1a, 5-HT54, 5-HT¢, 5-HT7, and D,
receptors was evaluated by a radioligand assay, as reported previously (Table 1) [17].
Each compound was tested in triplicate at seven concentrations (from 0.1 nM to 100 uM).
Inhibition constants (K;j) were calculated from the Cheng-Prusoff equation [23].

The substituent at indole position 5 in the A ring (type 1 compound) had no significant
effect on increased binding to the 5-HTy receptor. The ligand with a weakly deactivating
fluorine substituent 2 was found to be the most active among the tested type 1 compounds
and showed an affinity of K; = 8 nM toward 5-HT7R. In addition, in terms of the effect
of the halogen atom, ligand 3 with bromine (5-HT7R K; = 126 nM) had moderate activity,
followed by ligand 4 with chlorine (5-HT7R, K; = 481 nM). Indole substitution at position
5 with CN, a strongly deactivating substituent (compound 1), resulted in activity toward
the 5-HT7; receptor being lost. As for two activating substituents: Me (weakly activating)
and OMe (strongly activating), moderate activity toward the 5-HT7 receptor was shown
for ligand 6 (K; = 100 nM), while ligand 5 had a low activity with Kj = 629 nM. As for type
1 compounds, a halogen substituent at the B ring resulted in active (9, 11, 12) or moder-
ately active ligands (7, 8, 10) with respect to 5-HT7R, while a slightly larger substituent
(OMe) resulted in the loss of activity. When analyzing the effect of the substituted posi-
tion, ligands in the para position had the highest activity, and the ortho position was the
least active. It is concluded based on analysis of the data that the fluorine substituent
(para > meta > ortho) is the strongest, followed by chlorine (para > meta > ortho) and finally
methoxy (para > meta > ortho). For example, para-F (18) and para-Cl (9), with K; values
of 18 nM and 19 nM, respectively, were found to be the most active ligands. Isomeric
meta-F (11) and meta-Cl (8) compounds had slightly lower activity compared to the previ-
ous ones, with Kj values of 24 nM and 131 nM, respectively. Even though the compounds
with the OMe substituent were inactive, a tendency for a relatively stronger para position
compared to the weaker meta and, finally, the weakest ortho position was also seen in this
group. As for type 3 ligands, incorporation of larger substituents Rj resulted in most cases
in the loss of activity (K; > 1000 nM) toward 5-HT7R (ligands 16, 18, and 19). Only the ligand
with an unsubstituted benzimidazole ring (17) had a moderate activity with K; = 227 nM.
The type 4 compounds are also found to be inactive (20, 21) or weakly active (22), but they
provide further evidence of the significant effect of the linker between the triazine core and
the aromatic system [20]. When analyzing affinity to the other receptors tested (5-HT14,
5-HT5a, 5-HTg and D;), most of the designed compounds have no activity (K; > 1000 nM)
or low activity (500 nM < K; < 1000 nM).

2.3. Atlas Activity Analysis: 3D-SAR

To better understand SAR, we determined specific activity maps as a function of shape,
hydrophobicity, and electrostatics using Activity Atlas (Flare, Cresset) [24]. According
to the ligand shape, the incorporation of large substituents at indole position 5 (A ring)
results in reduced activity toward 5-HT7R. A similar effect is found for substituents at the
alkylaromatic ring (B ring). It can be concluded based on Figure 3B,D that large substituents
(ligands 13-19, K; > 226 nM) cannot be accommodated in the receptor binding pocket,
resulting in the loss of activity as shown by an increased number of steric clashes found
between the ligand and the binding pocket. Ligands 7-12 with small substituents such as
chlorine or fluorine show a much better fit to the binding pocket (lower number of steric
clashes) as shown by their high or moderate activity to the 5-HT; receptor (Figure 3A,C). It
is noted that no steric clashes were found between the substituent and the receptor binding
pocket for the most active type 2 ligand 12 (K; = 18 nM). This is due to the fact that ligands
at the para positions are most preferred with the best fit to the receptor.
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Table 1. Affinity (Kj in [nM]) and SD of the novel derivatives containing triazine motifs to 5-HTRs and D,R.

Type No. L‘g"(‘)“d R R, Rs 5-HT AR 5-HT,sR 5-HTR 5-HT,R D,R
1 CN - - 12,980 4 2354 927 £ 927 1563 + 1563 2883 -+ 351 -
Ry NH, 2 F - - 13,900 + 1759 413 + 67 505 + 61 842 -
Ay 3 Br - - 10,950 + 1598 942 + 112 234 £ 27 126 + 17 -
e PR M@ 4 cl - - 3913 -+ 581 559 + 41 702 -+ 48 481 £ 23 14,530 + 2697
NSNS 5 OMe - - 3128 + 758 883 + 108 509 + 33 629 + 148 -
6 Me - - 16,560 + 1943 835 + 168 714 £ 112 100 + 15 -
7 - 0-Cl - 30,830 + 4238 2125 + 352 892 + 144 423 £+ 37 4294 + 1028
8 - m-Cl - 15,630 + 1927 1800 + 264 4022 + 719 131 + 16 1238 + 257
NH, 9 - p-Cl - 16,160 + 2566 2698 =+ 581 641 + 84 19+4 -
W 10 - o-F - 36,510 + 8652 1514 + 362 982 + 115 13249 20,410 + 3695
y ) e ‘ 11 - m-F - 34,580 + 5581 1277 + 168 979 + 237 2445 13,760 + 2491
Ay @ . 12 - p-F - 43,250 + 9541 3570 = 491 1630 + 301 18+3 2999 4 679
Z 13* - 0-OMe - 37,040 14,390 2798 5823 3907
14 - m-OMe - 108,900 £ 18,654 2449 + 273 2790 + 342 1036 + 81 35,960 + 8432
15 - p-OMe - - - - 756 £ 107 -
(o]
16 - - ©[§NH 138,800 £ 31,821 22,350 & 3546 8760 + 1762 21,560 £ 5127 13,290 = 1684
o]
NH, y
WAy 17 - - @[ > 63,010 £ 13,591 11,150 + 2571 2629 + 427 227 + 37 -
N
HN H)\\NJ\H/\/R3 H
N
18 - - @E >—  180200+41983 9355+ 831 1958 + 269 4128 + 725 -
N
N
19 - - @[ Socr, 76,200 + 18,615 4035 + 537 825 + 72 3464 + 284 -
N
)N\Hz 20 - m-Cl - 14,100 + 2594 2690 + 549 2226 + 528 1952 + 261 2267 + 153
N~ ™N - - -
y @ G " 21 p-F 249,500 = 54,268 884 + 73 1765 + 243 2052 + 419 7033 + 439
= NSNS .
N N 22 p-OMe - 79,830 + 16,252 3110 + 438 3742 + 539 727 + 107 -

Each compound was tested in triplicate at 7 concentrations (from 0.1 nM to 100 uM). Inhibition constants (K;) were calculated from the Cheng-Prusoff equation [23]. Results were

expressed as means of at least two separate experiments =+ standard deviation (SD), *-according to ref. no [15].
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Figure 3. (A,B)-activity cliff summary maps as function of shape. (A)-map showing representative
ligands 2 (teal) and 12 (green). Magenta represents unfavorable shape (more steric bulk leads to
lower activity), and green represents favorable shape (more steric bulk leads to higher activity).
(B)-map showing representative inactive ligands 16 (light brown), 18 (pink), and 19 (light green).
(C,D)-binding side surface and sterically clashes (marked in dotted orange lines). (C)-representative
active ligands 2 and 12. (D)-representative inactive ligands 16, 18, and 19. Magenta dotted lines
represent 7 interactions, while turquoise and green represent hydrogen bonds with appropriate
amino acids.

According to ligand hydrophobicity, type 2 ligands (ligands 7-12) show the best fit to
the favorable hydrophobic region (squared green) due to the presence of a hydrophobic
aromatic ring which may contribute to 7 interactions (B ring, Figure 4A). The unfavor-
able hydrophobic region (squared magenta) is not occupied by hydrophobic substituents.
Type 3 ligands (ligands 16-19) are a different case. The favorable hydrophobic region is
occupied by hydrophilic parts of the substituents (imide and imidazole systems), while the
unfavorable hydrophobic region is occupied by the hydrophobic aromatic ring (Figure 4B).
The effect of the hydrophobic/hydrophilic properties of substituents at indole position
5 (A ring) for type 1 ligands was difficult to determine based on our studies.

2.4. Molecular Modelling

The highly active compounds (2 K; = 8 nM and 12 K; = 18 nM) were selected for
studying their bioconformation and binding modes through molecular modeling us-
ing Induced Fit Docking (Schrodinger, Maestro [25]) followed by ligand-receptor com-
plex optimization using a QM-MM mixed quantum mechanical method (Schrodinger,
Maestro [25]) [15,20]. Both ligands occupy a binding pocket typical of 5-HT7 receptor
ligands [26]. They are oriented toward the inside of the receptor (between TMh3 and
TMh5, TMh-transmembrane helix) with the tryptamine part, while the alkylaromatic part
faces the external receptor surface (between TMh2 and TMh6). Both ligands have more
linear bioconformation (Figure 5) with a clear bend of the alkylaromatic moiety and almost
completely overlapping hydrogen bonds with the following amino acids: Glu366 (E7.34),
Aspl62 (D3.32), Ile233, Ser243 (55.42) (for ligand 2), and 7—m stacking hydrophobic inter-
actions with the following amino acids: Trp340 (W6.48) and Phe343 (F6.51). The binding
mode for ligands 2 and 12 corresponds to the results reported previously [15,17,20,26].
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Figure 4. (A)-favorable (checkered green)/unfavorable (checkered magenta) hydrophobics for active
ligands: 2 (teal) and 12 (green). (B)—favorable (checkered green)/unfavorable (checkered magenta)
hydrophobics for representative, inactive ligands: 16 (light brown), 18 (pink), and 19 (light green).
The orange area represents the hydrophobic surface of the receptor binding site, and the blue area
represents the hydrophilic surface of the receptor binding site.
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Figure 5. The left side represents the binding mode of ligand 2 (blue) and ligand 12 (yellow)
in a homologous model of the 5-HT; receptor. Blue amino acids form hydrogen bonds, and
purple amino acids represent m—m stacking hydrophobic interactions. The right side represents

ligand—protein interactions.
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2.5. Metabolic Stability

Highly active compounds 2 and 12 were submitted for metabolic stability evaluation
tests using mouse liver microsomes (MLMs). UHPLC-MS analysis of the samples after
compounds 2 and 12 were incubated for 2 h in the presence of MLMs showed that 20% and
29% of the original compound remained, respectively. Table 2 shows potential metabolic
pathways for the tested compounds as well as Figure 6 shows possible main metabolites
predicted by Metasite 6.0.1. It was found, based on the results, that the presence of
fluorine at indole position C-5 (ligand 2) did not have a significant effect on increased
metabolic stability compared to the unsubstituted compound [20]. It seems, however,
that substituents at the B ring of the ligands have a more important role. Compound 12,
containing a fluorine atom, was found to be more stable than compound 2 and the reference
verapamil. The data correspond to our previous results [15], in which substituents at the
B ring increased metabolic stability. Potential sites in the molecules sensitive to enzyme
activity and leading to degradation were proposed using an in silico approach, also with
MetaSite 6.0.1 (Figure 7).

Table 2. Metabolic stability summary: the molecular masses and metabolic pathways of compounds
2,12, and verapamil (reference unstable drug) after incubation with mouse liver microsomes (MLMs).
Main metabolic pathways are marked in red.

Molecular Mass of

Molecular Mass

Substrate % Remaining the Metabolite Metabolic Pathway
(m/z)
(m/z)
40828 (M1) hydroxyluthn
ketone formation
406.28 (M2) .
double hydroxylation
424.29 (M3) .
dehydrogenation
390.27(M4) dehydrogenation
2 392.33 19.79 390.27 (M5) yares :
double hydroxylation
424.29 (M6) hydroxylation
408.34 (M7) ketonye forrgution and
422.30 (M8) hydroxylation
42429 (M9) hydroxylation
312.25 (M1) decomposition
423.30 (M2) hydroxylation
405.29 (M3) dehydrogenation
12 407.35 29.12 405.29 (M4) dehydrogenation
439.31 (M5) double hydroxylation
423.30 (M6) hydroxylation
405.02 (M7) dehydrogenation
441.42 (M1) demethylation
441.42 (M2) demethylation
Verapamil * 455.54 23.93 291.35 (M3) defragmentation
293.34 (M4) defragmentation/hydroxylation
277.33 (M5) defragmentation

[*] previously published [27].
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Figure 6. The proposed by MetaSite structure of hydroxylated main metabolite M1 of
compound 2 (left) and decomposed main metabolite M1 of compound 12 (right).
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Figure 7. The MetaSite 6.0.1. software prediction of the most probable sites of tested
compounds metabolism-2 (left), 12 (right). The darker red color-the higher probability of being
involved in the metabolism pathway. The blue circle marked the site of compound with the highest

probability of metabolic bioconversion.

2.6. CYP3A4 Interaction

Potential drug—drug interactions (DDIs) are an important aspect that should be con-
sidered when designing new compounds. Isoenzyme CYP3A4 is one of the varieties of en-
zymes responsible for xenobiotic metabolism [28]. We evaluated active compounds 2 and 12
in terms of affinity toward this isoenzyme (Figure 8). Both compounds at concentrations
identical to that of ketoconazole, the reference compound (1 utM) or lower were shown to
have no or slight inhibition activity toward CYP3A4. Compound 2 at 10 uM showed mod-
erate (%CYP3A4 activity = 50) and compound 12 showed high (%CYP3A4 activity = 20)
inhibition effect, respectively. A very high inhibition effect was observed for both com-
pounds at 25 uM (%CYP3A4 activity < 15).
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[
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Figure 8. The influence of 2 (left), 12 (right), and ketoconazole (KE) on CYP3A4 activity. Statistical
significance (** p < 0.01, **** p < 0.0001) was analyzed by Graph Pad Prism 8.0.1 software using
One-way ANOVA and Bonferroni’s Multiple Comparison Post Test in comparison with the negative
control (100% of CYP3A4 activity). The compounds were examined in triplicate.

2.7. Hepatotoxicity

The tested compounds 2 and 12 were evaluated in terms of cytotoxicity against the
HepG2 cell line to assess their hepatotoxic potential (Figure 9). It was an interesting
finding that both compounds had proliferative activity in lower concentrations (<10 uM).
A cytotoxic effect appeared only at 50 M (2, % cell viability = 35; 12, % cell viability = 20);
at 100 pM, the cells were practically no viable.

2.8. In Vivo Cardiotoxicity

The compounds were evaluated for their ecotoxicity on the Danio rerio experimental
model. OECD 236 test [29] with modifications was applied. Both compounds were found
cardiotoxic within the non-toxic range, based on the heart rate measurement. For the
compound 2, 5 ng/mL was found cardiotoxic (Figure 10) and for 12, 7.5 ug/mL (Figure 11).
The results were confirmed by malformations observation. Pericardial edema (PE) was
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observed at 5 pg/mlL for 2 (Figure 12) and at 7.5 ug/mL for 12 (Figure 13). Moreover,
scoliosis (S) and tail autophagy (TA) were also noted.
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Figure 9. The effect of cytostatic drug doxorubicin and 2 (left), 12 (right) on hepatoma HepG2 cell line
viability after 72 h of incubation at 37°, 5% CO,. The statistical significance (GraphPad Prism 8.0.1)
was evaluated by a one-way ANOVA, followed by Bonferroni’'s Comparison Test (* p < 0.05,
**p <0.01, and **** p < 0.0001 compared with negative control DMSO 1% in growth media.
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Figure 10. The effect of compound 2 on Danio rerio—(A). mortality and (B). cardiotoxicity after 96 h of
incubation at 28 °C. The statistical significance (GraphPad Prism 8.0.1) was evaluated by a one-way
ANOVA, followed by Tukey post hoc (*** p < 0.001) compared with negative control DMSO 1% in
growth medium (E3).
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Figure 11. The effect of compound 12 on Danio rerio-(A). mortality and (B). cardiotoxicity after 96 h
of incubation at 28°C. The statistical significance (GraphPad Prism 8.0.1) was evaluated by a one-way
ANOVA, followed by Tukey post hoc (*** p < 0.001) compared with negative control DMSO 1% in
growth medium (E3).
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Figure 12. The effect of compound 2 on Danio rerio development after 96 h of incubation at 28 °C.
PE—pericardial edema; S—scoliosis; TA—tail autophagy; E3—growth medium.

Figure 13. The effect of compound 12 on Danio rerio development after 96 h of incubation at 28 °C.
PE—pericardial edema; S—scoliosis; TA—tail autophagy; E3—growth medium.
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3. Discussion and Conclusions

In spite of the significant functions of the 5-HTy receptor [30] both in and outside the
central nervous system and the recent progress in medicinal chemistry and pharmacol-
ogy, a drug having selectivity toward 5-HT7R is yet to be fully developed [30]. Taking
this into consideration, the objective of this paper was to design ligands showing high
activity and selectivity toward the 5-HTy receptor without incorporating the arylpiperazine
pharmacophore, which may increase affinity to other aminergic GPCRs.

All finally synthesized compounds were obtained by a condensation reaction sup-
ported by microwave irradiation for 2.5 min with a yield of more than 50%. An interesting
fact turned out to be the synthesis of ligands 8, 12, and 15. So far, working on 1,3,5-triazines
with indole motif [15,20], we have successfully used a mild alkaline agent, which was
potassium carbonate, obtaining final products with medium or high yield. In the case of the
mentioned ligands, the reactions did not proceed as it was expected, leading to the elimina-
tion of the ethyl bridge. The usage of a slightly weaker base, which was sodium carbonate,
resulted in obtaining the desired products with good yield. It was found when studying
type 1 compounds that incorporation of EWG or EDG substituents in most cases did not
improve affinity toward the 5-HT7 receptor in the majority of synthesized compounds.
Compounds 1 and 3-6 had lower activity than the unsubstituted compound (Figure 1A).
Ligand 2, whose activity did not change compared to the unsubstituted compound, was an
exception (Figure 1A). The fact may be accounted for by the effect of bioisosterism of the
fluorine atom (hydrogen bioisostere). When exploring the aromatic region of the B ring,
ligands with chlorine, fluorine, and methoxy substituents in the ortho position showed the
lowest activity; higher activity was shown for the substituents in the meta position and
the highest for substituents in the para position (ligand 12, K; = 18 nM). It is noted that
ligands with small substituents (Cl, F) were more active than those with slightly larger
substituents (OMe). The incorporation of much larger heterocyclic compounds (type 3)
resulted in the loss of activity on the 5-HT7 receptor. Type 4 compounds showed once
more that the distance between the triazine core and the aromatic system, which should
be two or three atoms, was crucial [15,20]. The SARs for the resulting compounds were
supported using 3D-QSAR computed methods. The bioconformation and the binding
mode for the two best compounds (2 and 12) were determined using molecular modeling
(docking), and the results were consistent with our previous reports [15,20]. The tested
ligands (2 and 12) are 5-HT7 receptor antagonists, have moderate metabolic activity (higher
or similar to verapamil and still higher than unsubstituted ligands which were described in
our publication [20]), and moderate or weak potential drug-drug interactions with respect
to ketoconazole. As for hepatotoxicity, both compounds at more than 50 uM showed
cytotoxicity against the HepG2 cell line. The ecotoxicity tests with the use of Daio rerio as
a model organism turned out 2 to be more toxic than 12. Moreover, cardiotoxicity expressed
as heart rate abnormalities was observed at higher doses for 2 than 12, and it suggests that
cardiotoxic potential needs to be reduced in the future.

4. Materials and Methods
4.1. Chemistry
4.1.1. General

All primary substrates were purchased commercially from Sigma-Aldrich (St. Louis,
MO, USA). The solvents used for column chromatography (purchased from Merck, Kenil-
worth, NJ, USA), thin layer chromatography (TLC), and preparative thin layer chromatog-
raphy (pTLC) had purity above 99.5%. 'H and *C NMR spectra were recorded using
Bruker 400 MHz systems with TMS as an internal standard. Melting points were deter-
mined with the Boetius apparatus. HPLC-MS analyses were performed on the Shimadzu
Nexera XR system equipped with PDA (SPD-M40) and LCMS-2020 detectors. Analyses
were performed on Phenomenex XB-C18 1.7 um (50 x 2.1 mm) (method A) column with
gradient of solvents as a mobile phase: Solvent A (0.01% HCOOH in water) and B (0.01%
HCOOH in methanol); t = 0 min, 10% of B, t = 4 min, 90% of B, t = 6 min, 90% of B,
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t = 6.1 min 10% of B, stop time 11 min or Phenomenex C18 1.7 um (50 x 2.1 mm) (method
B) column with gradient of solvents as a mobile phase: solvent A (0.01% HCOOH in water)
and solvent B (0.01% HCOOH in MeOH): t = 0 min 5% of B, t = 3 min 90% of B, t = 4 min
90% of B, t = 4.5 min 5% of B stop time 7 min; flow rate 0.4 mL min~!; the UV-VIS detection
was performed in a range of 240-700 nm, the MS data were collected in ESI + mode in
a range of m/z 100-800 with scan speed 15,000 u/s and event time 0.1 s. Analytical thin-
layer chromatography (TLC) was performed using 0.2 mm silica gel precoated aluminum
sheets (60 F254, Merck), and UV light at 254 nm was used for visualization. Preparative
thin-layer chromatography (pTLC) was performed using 2000 um silica gel precoated glass
backed (F254, Silicycle). A CEM Discover™ Focused Microwave System at 50 W power
was used for all microwave-assisted reactions in order to obtain final compounds. Within
2.5 min of reaction with a power of 50 W, the temperature increased up to 120 °C, while the
pressure increased up to 9 bar. Characterization of the intermediates and spectra for the
final compounds can be found in Supporting Information.

4.1.2. General Procedure for the Synthesis of Compounds 29-34

12 mL of DMF was cooled to 0 °C, and phosphoryl chloride (38.5 mmol) was added
dropwise. In this temperature solution of commercially available indoles 23-28 (35.5 mmol)
in 3 mL of DMF was added dropwise, and the resulting mixture was stirred at room
temperature for one hour. The reaction became a thick, pale suspension. Sodium hydroxide
solution (10%, 40 mL) was added slowly to the reaction mixture (pH = 13-14), followed
by precipitation of pale solid 29-34. The solid was filtered, rinsed with distilled water,
and dried.

4.1.3. General Procedure for the Synthesis of Compounds 35-40

Intermediate 29-34 (23.5 mmol) was placed in a one-necked round bottom flask and
dissolved in 60 mL nitromethane, and then, ammonia acetate (44.2 mmol) was added.
The mixture was reacted in a microwave reactor at 80 W (100 °C) for 20 min. Reaction
progress was monitored via TLC (hexane:EtOAc 1:1 v/v). After this time, TLC indicated
full conversion of starting material, and the mixture was cooled to room temperature
with precipitation of yellow solid 35-40. The solid was filtered, rinsed with distilled
water, and dried.

4.1.4. Synthesis of 3-(2-Nitroethyl)-1H-Indole-5-Carbonitrile (41)

Intermediate 35 (4.1 g, 19.2 mmol) was dissolved in the 330 mL mixture of DMF:MeOH
(1:1, v/v), followed by the addition of sodium borohydride (8 g, 21.1 mmol). The mix-
ture was stirred at room temperature for 5 h. Reaction progress was monitored via TLC
(hexane:EtOAc 1:1 v/v). After reaction completion reaction was diluted with 2M HCl to
reach pH = 7. The solvent was reduced and extracted with EtOAc (3 x 150 mL). The crude
product was triturated with a mixture of MeOH:chloroform to yield 2.17 g of the titled
compound. The mother liquor was concentrated to dryness and purified at column chro-
matography eluted with hexane:EtOAc (v/v) 8:2 -> 6:4 to yield 0.8 g of the titled compound.
Creamy solid (71% yield); mp.: 131-133 °C (ref. 134-136 °C [31]); method B: ESI+MS calc.
for C11HgN3O, m/z = 215; found m/z = 214 [M-H] .

4.1.5. General Procedure for the Synthesis of Compounds 42-46

Lithium aluminum hydride (25.9 mmol) was placed in a three-necked round bottom
flask, followed by the addition of 20 mL dry THEF. The resulting suspension was cooled to
0 °C, and mixture of intermediates 36— 40 (4.7 mmol) in 20 mL THF was added dropwise.
The mixture was stirred at room temperature for 72 h and then quenched with slow addition
of mixture HyO:MeOH (9:1, v/v). The suspension was filtered by a Celite bed, and pH-
dependent extraction was performed: filtrate was acidified to reach pH 2-3 with 1 M HCl,
followed by extraction with EtOAc (3 x 100 mL). The water layer was alkalized to reach
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pH 10 with 1 M NaOH and then extracted with EtOAc (3 x 100 mL). Organic layers were
combined, dried over MgSQOy, and concentrated to yield brown, sticky oil 42—46.

4.1.6. Synthesis of 3-(2-Aminoethyl)-1H-Indole-5-Carbonitrile (47)

A solution of 41 (1.5 g, 6.9 mmol) in 205 mL MeOH was added to the solution of zinc
(10.4 g, 0.16 mol) in 205 mL 2M HCI and refluxed for 1.5 h. After this time mixture was
cooled to room temperature and filtered. The filtrate was alkalized to pH 12, and MeOH
was removed under reduced pressure. The resulting mixture was extracted with EtOAc
(3 x 200 mL), and organic layers were combined, dried over MgSOy then evaporated to
dryness. It obtained 0.87 g (67% yield) of titled compound 47, which was used in the next
step without any further purification.

4.1.7. Synthesis of 4,6-Dichloro-N-Phenethyl-1,3,5-Triazin-2-Amine (50)

To a solution of cynuric chloride 48 (8.35 g, 45.2 mmol) in 100 mL THF cooled to 0 °C,
a solution of phenylethylamine 49 (5 g, 41.2 mmol) in 5 mL THF was added dropwise. The
reaction was carried out at 0-3 °C for 2 h. The resulting precipitate was filtered, and the
filtrate was diluted with 0.1 M HCl and extracted with chloroform (3 x 100 mL). Organic
layers were combined, dried over MgSOjy, and concentrated to yield a brown solid. The
solid was triturated with acetone and then filtered. The black filtrate was purified using
column chromatography eluted with hexane:EtOAc (v/v) 9:1-> 6:4 to yield 3.74 g of the
titled compound. Creamy solid (34% yield); method B: ESI-MS calc. for C11H;oCIpNy
m/z = 268.0; found m/z = 269.1 [M+H]".

4.1.8. Synthesis of 6—Chloro—N2—Phenethyl—l,3,5-Triazine—2,4—Diamine (51)

Briefly, 50 (3.5 g, 13.0 mmol) was dissolved in 50 mL acetone, followed by the addition
of 5.7 mL 25% ammonia solution. The reaction was carried out at room temperature for 5 h.
The resulting precipitate was filtered, and the filtrate evaporated to dryness, yielding 2.8 g
of titled compound 51. Creamy solid (86% yield); ESI-MS calc. for C11H1,CIN5 m/z = 249;
method B: found m/z = 250 [M+H]".

4.1.9. General Procedure for the Synthesis of Final Compounds 1-6 (Microwave-Assisted)

Briefly, 51 (0.25 g, 1.0 mmol), potassium carbonate (0.41 g, 3.0 mmol), and TBAB
(0.032 g, 0.1 mmol) were ground in a mortar and transferred to a sealed tube which was
previously charged with appropriate amine 42-47 (2.5 mmol). Subsequently, 5 wt % DMF
was added. The mixture was reacted in a microwave reactor at 50 W for 2.5 min. Reaction
progress was monitored via TLC (chloroform: MeOH 9:1 v/v). The mixture was cooled
down and extracted with chloroform (3 x 20 mL). Organic layers were combined, dried over
MgSQy, and concentrated. The crude product was purified via column chromatography
with elution using chloroform then chloroform:MeOH (v/v) 99:1-> 97:3. The white or beige
sticky oil was then dissolved in acetone and pH was adjusted to 2-3 with 4 M HCl in
1,4-dioxane. The resulting mixture was crushed by the addition of cold diethyl ether, then
the white or beige powder was filtered and rinsed with cold diethyl ether and then dried to
yield final product 1-6.

4.1.10. 3-(2-((4-Amino-6-(Phenethylamino)-1,3,5-Triazin-2-yl) Amino)Ethyl)-1H-Indole-5-
Carbonitrile Hydrochloride (1)

Beige solid (54% yield), mp: 95-98 °C; 'H NMR (600 MHz, MeOD) & 8.02 (s, 1H),
751(d,J=84Hz 1H), 740 (t, ] = 9.9 Hz, 1H), 7.34-7.15 (m, 6H), 3.76-3.70 (m, 2H),
3.64 (t,] =7.0Hz, 1H), 3.59 (t,] = 7.1 Hz, 1H), 3.09 (t, ] = 7.0 Hz, 2H), 2.91 (d, ] =7.3 Hz,
1H), 2.86 (t,] = 7.1 Hz, 1H); 13C NMR (151 MHz, MeOD) 5 156.0, 138.6, 138.5, 128.4, 128.1,
128.1,127.3,126.0, 125.1, 125.1, 123.8, 123.7, 120.5, 112.9, 112.1, 100.9, 42.0, 41.3, 35.0, 24.5;
HPLC-MS analysis t-5.84 min (94% purity, method A), calc. for CyyHp»Ng m/z = 398.2,
found m/z = 399.2 [M+H]*.
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4.1.11. N?-(2-(5-Fluoro-1H-Indol-3-yl)ethyl)-N*-Phenethyl-1,3,5-Triazine-2,4,6-Triamine
Hydrochloride (2)

Beige solid (67% yield), mp: 110-114 °C; 'H NMR (600 MHz, MeOD) § 7.33-7.29 (m,
2H), 7.27-7.14 (m, 6H), 6.87 (t, ] = 7.9 Hz, 1H), 3.76-3.67 (m, 2H), 3.63 (t, ] = 6.2 Hz, 1H),
3.60 (t,] =72 Hz, 1H), 3.03 (t, ] = 6.5 Hz, 2H), 2.90 (t, ] = 6.8 Hz, 1H), 2.86 (t,] = 7.1 Hz, 1H);
13C NMR (151 MHz, MeOD) 5 158.2, 156.7, 156.1, 133.3, 132.2, 131.0, 128.5, 128.1, 126.0,
124.3,111.7,109.1, 108.9, 102.5, 102.3, 42.0, 41.3, 35.0, 24.8; HPLC-MS analysis t—6.13 min
(99% purity, method A), calc. for Cp1HppFNy m/z = 391.2, found m/z = 392.2 [M+H]".

4.1.12. N2—(2—(5—Bromo—1H—Indol—3—yl)ethyl)—N4—Phenethyl—1,3,5—Triazine-2,4,6-Triamine
Hydrochloride (3)

Beige solid (63% yield), mp: 82-85 °C; 'H NMR (600 MHz, MeOD) § 7.70 (d, ] = 13.1 Hz,
1H), 7.33-7.17 (m, 8H), 3.71 (t,] = 7.2 Hz, 2H), 3.64 (t,] = 7.2 Hz, 1H), 3.60 (t,] = 7.1 Hz,
1H), 3.02 (dd, J = 12.8, 5.8 Hz, 2H), 2.91 (t, ] = 7.2 Hz, 1H), 2.87 (t,] = 7.0 Hz, 1H); 13C NMR
(151 MHz, MeOD) 6 156.1, 138.7, 135.4, 129.2, 128.4, 128.1, 128.1, 126.1, 126.0, 123.9, 123.6,
120.4,112.6,111.5,111.4, 66.98 47.2, 42.0, 41.4, 35.0, 24.7; HPLC-MS analysis t-6.41 min (98%
purity, method A), calc. for Co1Hy,”?BrNy m/z = 451.1, found m/z = 452.2 [M+H]", calc. for
Co1Hy,81BrNy m/z = 453.1, found m/z = 454.2 [M+H]".

4.1.13. N?-(2-(5-Chloro-1H-Indol-3-yl)ethyl)-N*-Phenethyl-1,3,5-Triazine-2,4,6-Triamine
Hydrochloride (4)

White solid (58% yield), mp: 106-108 °C; 'H NMR (600 MHz, MeOD) & 7.55 (d,
J =122 Hz, 1H), 7.32 (dd, ] = 17.0, 8.0 Hz, 2H), 7.28-7.15 (m, 5H), 7.07 (dd, ] = 8.5, 1.7 Hz,
1H), 3.74-3.67 (m, 2H), 3.64 (t, ] = 7.2 Hz, 1H), 3.60 (t, ] = 7.1 Hz, 1H), 3.04 (t, ] = 7.0 Hz,
2H), 2.91 (t, ] = 7.3 Hz, 1H), 2.87 (t,] = 7.1 Hz, 1H); 13C NMR (151 MHz, MeOD) & 156.0,
138.6, 135.1, 128.5, 128.5, 128.4, 128.1, 128.1, 126.0, 124.0, 121.1, 117.3, 117.2, 112.1, 111.4,
42.0, 414, 35.0, 24.7, HPLC-MS analysis t-6.11 min (94% purity, method A), calc. for
Co1Hx®CINy m/z = 407.2, found m/z = 408.4 [M+H]*, calc. for Cy;Hp»3 CIN; m/z = 409.2,
found m/z = 410.4 [M+H]*.

4.1.14. N?-(2-(5-Methoxy-1H-Indol-3-yl)ethyl)-N*-Phenethyl-1,3,5-Triazine-2,4,6-
Triamine Hydrochloride (5)

White solid (52% yield), mp: 111-115 °C; 'H NMR (600 MHz, MeOD) & 7.31 (t,
J=74Hz, 2H), 7.27-7.21 (m, 4H), 7.18 (d, ] = 7.5 Hz, 1H), 7.07 (t, ] = 20.0 Hz, 1H),
6.78 (t,] =83 Hz, 1H), 3.83 (d, ] = 4.2 Hz, 1H), 3.76 (s, 3H), 3.70 (t, ] = 6.7 Hz, 1H),
3.66-3.61 (m, 1H), 3.57 (t,] = 7.3 Hz, 1H), 3.05 (dd, ] = 14.5, 7.3 Hz, 2H), 2.90 (t,] = 7.2 Hz,
1H), 2.85 (t, ] = 7.3 Hz, 1H); 13C NMR (151 MHz, MeOD) § 156.0, 153.5, 138.6, 132.0, 128.4,
128.1, 128.1, 127.6, 126.1, 126.0, 123.0, 111.5, 111.3, 111.2, 111.1, 54.9, 42.0, 41.5, 35.0, 24.8;
HPLC-MS analysis t-5.91 min (98% purity, method A), calc. for CoHpsN7O m/z = 403.2,
found m/z = 404.2 [M+H]*.

4.1.15. NZ—(Z—(5—Methyl—lH—Indol—3—yl)ethyl)—N4—Phenethyl—l,3,5—Triazine-2,4,6-Triamine
Hydrochloride (6)

White solid (57% yield), mp: 118-121 °C; 'H NMR (600 MHz, MeOD) & 7.31 (dd,
J=15.8, 8.7 Hz, 2H), 7.28-7.21 (m, 4H), 7.18 (t, ] = 6.2 Hz, 1H), 7.06 (d, ] = 21.7 Hz, 1H),
6.94 (dd, J =12.1, 8.5 Hz, 1H), 3.75 (t, ] = 7.1 Hz, 1H), 3.70 (bs, 1H), 3.63 (bs, 1H), 3.56 (t,
J=7.3Hz, 1H), 3.05 (t, ] = 6.7 Hz, 2H), 2.90 (t, ] = 7.2 Hz, 1H), 2.85 (t, ] = 7.3 Hz, 1H),
2.38 (s, 3H)-hydrogen bonded rotamer H3C-Cya,; 3C NMR (151 MHz, MeOD) § 156.0,
138.6, 135.1,128.5, 128.4, 128.1, 128.1, 127.6, 127.3, 126.1, 126.0, 122.6, 122.3, 117.4, 110.6, 42.0,
41.5,35.1,24.9, 20.3 (H3C-Cp,). HPLC-MS analysis t-6.00 min (98% purity, method A), calc.
for C22H25N7 m/z = 387.2, found m/z = 388.4 [M+H]+.
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4.1.16. General Procedure for the Synthesis of Compounds 61-68

In a round bottom flask, 2-chloroethanamine hydrochloride 52 (1.0 g, 8.6 mmol)
was suspended in 8 mL of toluene. To the resulting mixture, appropriate aniline
53-60 (51.7 mmol) was added, and the mixture was refluxed for 20 h. After this period,
toluene was evaporated, and residues were triturated with dichloromethane to yield solid
as titled compounds 61-68 (optionally solid may be washed with diethyl ether).

4.1.17. General Procedure for the Synthesis of Final Compounds 7, 9-11, and 14
(microwave-assisted)

Briefly, 69 [20] (0.25 g, 0.8 mmol), amines 61, 63-65, 67 (2.0 mmol) potassium carbonate
(0.36 g, 2.5 mmol) and TBAB (0.032 g, 0.1 mmol) were ground in a mortar and transferred
to a sealed tube. Subsequently, 5 wt % DMF was added. The mixture was reacted in
a microwave reactor at 50 W for 2.5 min. Reaction progress was monitored via TLC
(chloroform: MeOH 9:1 v/v). The mixture was cooled down and extracted with chloroform
(3 x 20 mL). Organic layers were combined, dried over MgSO,, and concentrated. The
crude product was purified via column chromatography with elution using chloroform then
chloroform:MeOH (v/v) 99:1-> 97:3. Colorless sticky oil was then dissolved in acetone, and
pH was adjusted to 2-3 with 4 M HCl in 1,4-dioxane. The resulting mixture was crushed
by the addition of cold diethyl ether, and then the white or beige powder was filtered and
rinsed with cold diethyl ether and then dried to yield final products 7, 9-11, and 14.

4.1.18. N2-(2-(1H-Indol-3-yl)ethyl)-N*-(2-((2-Chlorophenyl)amino)ethyl)-1,3,5-Triazine-
2,4,6-Triamine Hydrochloride (7)

White solid (72% yield), mp: 105-108 °C; "H NMR (600 MHz, MeOD) § 7.56 (dd, ] = 19.1,
7.7 Hz, 1H), 7.35 (d, ] = 8.1 Hz, 1H), 7.33-6.99 (m, 5H), 6.99-6.87 (m, 1H), 6.82—6.66 (m, 1H),
3.72(dd,J = 15.3,7.2 Hz, 2H), 3.66 (dd, ] = 13.3, 6.3 Hz, 1H), 3.54 (t, ] = 6.0 Hz, 1H), 3.49 (t,
J=5.9Hz, 1H), 3.41 (t,] = 6.1 Hz, 1H), 3.07 (t, ] = 6.4 Hz, 1H), 3.03 (t, ] = 7.0 Hz, 1H); 13C
NMR (151 MHz, MeOD) 5 156.0, 142.0, 136.8, 129.1, 127.7, 127.3, 122.3, 121.0, 119.8, 118.9,
118.3,118.2,117.7, 112.8, 111.3, 110.9, 43.3, 41.4, 38.8, 24.8; HPLC-MS analysis t-5.92 min
(98% purity, method A), calc. for CyHo3**CINg m/z = 422.2, found m/z = 423.2 [M+H]*,
calc. for Cp1Ho3%CINg m/z = 424.2, found m/z = 425.2 [M+H]*.

4.1.19. N?-(2-(1H-Indol-3-yl)ethyl)-N*-(2-((4-Chlorophenyl)amino)ethyl)-1,3,5-Triazine-
2,4,6-Triamine Hydrochloride (9)

White solid (70% yield), mp: 97-100 °C; 'H NMR (600 MHz, MeOD) & 7.58 (d,
] = 7.8 Hz, 1H), 7.54-7.46 (m, 2H), 7.43 (d, ] = 8.7 Hz, 1H), 7.36 (d, ] = 8.0 Hz, 2H), 7.12 (dd,
J=18.5,13.7 Hz, 2H), 7.03 (dt, ] = 14.8, 7.5 Hz, 1H), 3.79-3.73 (m, 2H), 3.71 (t,] = 6.9 Hz, 1H),
3.58(d,] =5.2Hz 1H),3.56 (d,] =5.2 Hz, 1H), 3.16 (d, ] = 18.8 Hz, 1H), 3.09 (t,] = 7.0 Hz,
1H), 3.04 (t,] = 6.9 Hz, 1H); 3C NMR (151 MHz, MeOD) § 156.1, 136.8, 129.9, 127.3, 123.0,
122.8,122.4,122.3,121.0, 118.3,117.7,117.7, 111.2,111.0, 110.9, 41.3, 41.2, 36.8, 24.8;, HPLC-
MS analysis t-5.94 min (92% purity, method A), calc. for Cy1Hp33°CINg m/z = 422.2, found
m/z = 423.4 [M+H]*, calc. for Co1Hp3% CINg m/z = 424.2, found m/z = 425.4 [M+H]".

4.1.20. NZ—(Z—(1H—Indol—?)—yl)ethyl)—N4—(2—((2—Fluorophenyl)amino)ethyl)—l,3,5—Triazine—
2,4,6-Triamine Hydrochloride (10)

White solid (70% yield), mp: 94-97 °C; 'H NMR (600 MHz, MeOD) & 7.60~7.52 (m,
1H), 7.36 (d, ] = 8.1 Hz, 1H), 7.34-6.95 (m, 7H), 3.74 (t, ] = 6.8 Hz, 3H), 3.61-3.54 (m, 2H),
3.48 (t,] = 6.1 Hz, 1H), 3.08 (t, ] = 6.8 Hz, 1H), 3.04 (t, ] = 7.0 Hz, 1H); 13C NMR (151 MHz,
MeOD) 6 158.5, 156.1, 136.8, 127.3, 127.2,125.0, 124.9, 122.4, 122.3, 121.0, 118.2, 117.7, 115 4,
115.3,111.3,110.9, 45.4, 41.3, 38.0, 24.8; HPLC-MS analysis t-5.79 min (99% purity, method
A), calc. for Co1Hy3FNg m/z = 406.2, found m/z = 407.4 [M+H]*.
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4.1.21. N?-(2-(1H-Indol-3-yl)ethyl)-N*-(2-((3-Fluorophenyl)amino)ethyl)-1,3,5-Triazine-
2,4,6-Triamine Hydrochloride (11)

White solid (52% yield), mp: 74-79 °C; "H NMR (600 MHz, MeOD) § 7.58 (d, ] = 7.8 Hz,
1H), 7.35 (d, ] = 8.1 Hz, 1H), 7.10 (t, ] = 7.5 Hz, 2H), 7.02 (bs, 2H), 6.46-6.23 (m, 3H),
3.67 (bs, 2H), 3.53 (bs, 2H), 3.28 (t, ] = 6.3 Hz, 2H), 3.04 (t, ] = 7.1 Hz, 2H); 3C NMR
(151 MHz, MeOD) 6 165.0, 163.4, 136.8, 129.8, 127.3, 122.2, 120.9, 118.2,117.9, 111.7, 110.8,
108.2,102.3,102.1, 98.5, 98.3, 42.8, 41.1, 39.4, 25.0; HPLC-MS analysis t-5.75 min (94% purity,
method A), calc. for Co1Hy3FNg m1/z = 406.2, found m/z = 407.3 [M+H]*.

4.1.22. N2-(2-(1H-Indol-3-yl)ethyl)-N*-(2-((3-Methoxyphenyl)amino)ethyl)-1,3,5-Triazine-
2,4,6-Triamine Hydrochloride (14)

White solid (77% yield), mp: 140-143 °C; 'H NMR (600 MHz, MeOD) & 7.58 (d,
J=78Hz 1H),7.51 (d,] =79 Hz, 1H), 7.44 (d,] = 17.4 Hz, 1H), 7.36 (d, ] = 7.6 Hz, 2H),
7.17-7.07 (m, 3H), 7.06-6.98 (m, 1H), 3.85 (s, 3H), 3.80 (s, 3H), 3.59 (dd, ] = 5.3, 4.0 Hz, 2H),
3.08 (t,] = 6.9 Hz, 2H), 3.03 (t, ] = 6.9 Hz, 1H); 3C NMR (151 MHz, MeOD) 6§ 160.9, 156.1,
136.8, 130.7, 130.7, 127.3, 127.2, 122.5, 122.4, 121.0, 118.3, 117.8, 117.7, 111.2, 111.0, 110.9,
54.8,41.3,41.2, 36.6, 24.8; HPLC-MS analysis t-5.58 min (99% purity, method A), calc. for
C22H26Ngo m/z= 418.2, found m/z=419.4 [M+H]+.

4.1.23. General Procedure for the Synthesis of Final Compounds 8, 12, and 15
(Microwave-Assisted)

Briefly, 69 [20] (0.25 g, 0.8 mmol), amines 62, 66, and 68 (2.0 mmol), sodium carbonate
(0.26 g, 2.5 mmol) and TBAB (0.032 g, 0.1 mmol) were ground in a mortar and transferred
to a sealed tube. Subsequently, 5 wt % DMF was added. The mixture was reacted in
a microwave reactor at 50 W for 2.5 min. Reaction progress was monitored via TLC
(chloroform: MeOH 9:1 v/v). The mixture was cooled down and extracted with chloroform
(3 x 20 mL). Organic layers were combined, dried over MgSQy, and concentrated. The
crude product was purified via column chromatography with elution using chloroform
then chloroform:MeOH (v/v) 99:1-> 97:3. Colorless sticky oil was then dissolved in acetone,
and pH was adjusted to 2-3 with 4 M HCl in 1,4-dioxane. The resulting mixture was
crushed by the addition of cold diethyl ether; then, the white or beige powder was filtered
and rinsed with cold diethyl ether then dried to yield final products 8, 12, and 15.

4.1.24. N?-(2-(1H-Indol-3-yl)ethyl)-N*-(2-((3-Chlorophenyl)amino)ethyl)-1,3,5-Triazine-
2,4,6-Triamine Hydrochloride (8)

White solid (70% yield), mp: 77-82 °C; H NMR (600 MHz, MeOD) § 7.58 (d, ] = 7.8 Hz,
1H), 7.35 (d, ] = 8.1 Hz, 1H), 7.10 (t, ] = 7.8 Hz, 2H), 7.05-6.92 (m, 2H), 6.73-6.51 (m, 3H),
3.68 (s, 2H), 3.53 (s, 2H), 3.28 (t, ] = 5.7 Hz, 2H), 3.04 (t, ] = 7.1 Hz, 2H); 13C NMR (151 MHz,
MeOD) 6 150.0, 136.8, 134.4, 129.8, 127.3,122.2,122.2,121.0, 120.9, 118.2, 117.9, 115.8, 111.7,
111.5,110.8, 110.6, 42.5, 41.1, 39.4, 25.0; HPLC-MS analysis t-5.60 min (100% purity, method
A), calc. for Co;Hp33°CINg m/z = 422.2, found m/z = 423.2 [M+H]*, calc. for CpHy3% CINg
m/z =424.2, found m/z = 425.2 [M+H]*.

4.1.25. N?-(2-(1H-Indol-3-yl)ethyl)-N*-(2-((4-Fluorophenyl)amino)ethyl)-1,3,5-Triazine-
2,4,6-Triamine Hydrochloride (12)

White solid (81% yield), mp: 140-143 °C; 'H NMR (600 MHz, MeOD) & 7.60 (dd,
J=17.7, 5.8 Hz, 2H), 7.52 (dd, ] = 20.8, 8.3 Hz, 1H), 7.38-7.28 (m, 2H), 7.22 (t, ] = 8.5 Hz,
1H), 7.12 (dd, J = 20.8, 13.1 Hz, 2H), 7.03 (dt, ] = 15.0, 7.5 Hz, 1H), 3.79 (d, ] = 5.3 Hz, 1H),
3.77-3.72 (m, 2H), 3.69 (d, ] = 3.3 Hz, 1H), 3.59 (dd, ] = 10.3, 4.5 Hz, 2H), 3.09 (t,] = 7.0 Hz,
1H), 3.05 (t, ] = 6.9 Hz, 1H); 13C NMR (151 MHz, MeOD) § 156.2, 136.8, 127.3, 124.3, 122.4,
122.3,121.0,118.3,117.7,117.7,116.9, 116.8, 111.2, 111.0, 110.9, 41.3, 41.2, 36.5, 24.8; HPLC-
MS analysis t-5.61 min (100% purity, method A), calc. for Cp1Hp3FNg m1/z = 406.2, found
m/z =407.3 [M+H]*.
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4.1.26. N?-(2-(1H-Indol-3-yl)ethyl)-N*-(2-((4-Methoxyphenyl)amino)ethyl)-1,3,5-Triazine-
2,4,6-Triamine Hydrochloride (15)

White solid (60% yield), mp: 150-153 °C; 'H NMR (600 MHz, MeOD) & 7.59 (d,
] =7.6Hz, 1H), 7.54-7.44 (m, 2H), 7.40-7.35 (m, 2H), 7.11 (t, ] = 6.0 Hz, 2H), 7.03 (dd,
J=19.2,7.7 Hz, 1H), 6.97 (d, ] = 8.9 Hz, 1H), 3.83 (d, ] = 13.4 Hz, 2H), 3.75 (s, 3H), 3.71 (t,
J=7.0Hz, 1H), 3.65 (t,] = 5.6 Hz, 1H), 3.60 (t, ] = 5.7 Hz, 1H), 3.56 (t, ] = 5.7 Hz, 1H), 3.09 (t,
] = 6.6 Hz, 1H), 3.04 (t, ] = 6.9 Hz, 1H); 13C NMR (151 MHz, MeOD) § 160.4, 156.2, 136.8,
127.4,127.3,127.0,123.6, 122.4, 121.0, 118.3,117.7, 115.1, 111.2, 111.0, 110.9, 54.8, 41.35, 36.7,
36.3, 24.8; HPLC-MS analysis t-5.20 min (100% purity, method A), calc. for CyHpsNgO
m/z =418.2, found m/z = 419.2 [M+H]*

4.1.27. Synthesis of Tert-Butyl-(2-Chloroethyl)Carbamate (70)

To a suspension of 2-chloroethanamine hydrochloride 52 (5 g, 43.1 mmol) in 60 mL
DCM cooled to 0 °C, triethylamine (12 mL, 86.1 mmol) was added, followed by di-tert-butyl
decarbonate (11.2 g, 51.4 mmol). The reaction was carried out at room temperature for
12 h. After this period reaction mixture was washed three times with 0.1M HCl and water.
Organic layers were combined, dried over MgSO;, then evaporated to dryness, yielding
colorless sticky oil 70.

4.1.28. General Procedure for the Synthesis of 75-78 (Microwave-Assisted)

Starting material 71-74 (3.7 mmol), tert-butyl-(2-chloroethyl)carbamate 70 (5.6 mmol),
sodium hydroxide (5.6 mmol), and TBAB (0.4 mmol) were ground in a mortar and trans-
ferred to a sealed tube. Subsequently, 5 wt % DMF was added. The mixture was reacted in
a microwave reactor at 65 W for 60 s. Reaction progress was monitored via TLC (chloro-
form: MeOH 9:1, v/v). The mixture was extracted with chloroform (3 x 30 mL), organic
layers were combined, dried over MgSOy then evaporated to dryness. The crude product
was purified via column chromatography, eluting with chloroform then chloroform:MeOH
(v/v) 99:1-> 97:3. Obtained pale yellow solid was then dissolved in 30 mL DCM followed
by the addition of 4M HCl in 1,4-dioxane to reach pH = 2. The mixture was stirred at room
temperature for 12 h, and then the solid was filtered, washed with DCM and diethyl ether,
and dried, yielding titled compounds 75-78.

4.1.29. General Procedure for the Synthesis of Final Compounds 16-19 (Microwave-Assisted)

Briefly, 69 [20] (0.25 g, 0.8 mmol), amine hydrochloride 75-78 (2.0 mmol), potassium
carbonate (0.36 g, 2.5 mmol) and TBAB (0.032 g, 0.1 mmol) were ground in a mortar and
transferred to a sealed tube. Subsequently, 5 wt % DMF was added. The mixture was reacted
in a microwave reactor at 50 W for 2.5 min. Reaction progress was monitored via TLC
(chloroform: MeOH 9:1 v/v). The mixture was cooled down and extracted with chloroform
(3 x 20 mL). Organic layers were combined, dried over MgSQy, and concentrated. The
crude product was purified via column chromatography with elution using chloroform
then chloroform:MeOH (v/v) 99:1-> 88:12. Beige sticky oil was then dissolved in acetone,
and pH was adjusted to 2-3 with 4 M HCl in 1,4-dioxane. The resulting mixture was
crushed by the addition of cold diethyl ether, and then the beige powder was filtered and
rinsed with cold diethyl ether and then dried to yield final product 16-19.

4.1.30. 2-(2-((4-((2-(1H-Indol-3-yl)ethyl)amino)-6-Amino-1,3,5-Triazin-2-yl)amino)ethyl)is-
oindoline-1,3-Dione Hydrochloride (16)

White solid (59% yield), mp: 136-138 °C; 'H NMR (600 MHz, MeOD) & 7.87-7.66 (m,
4H),7.56 (d,] =7.9 Hz, 1H), 7.34 (dd, ] = 14.8, 7.9 Hz, 1H), 7.14-6.95 (m, 3H), 3.91 (bs, 1H),
3.84 (t,J = 5.1 Hz, 1H), 3.69-3.50 (m, 4H), 3.07-2.88 (m, 2H); 13C NMR (151 MHz, MeOD)
5168.5,168.3, 136.7,133.9, 131.9, 127.3,122.7, 122.4, 121.0, 120.9, 118.3, 118.1, 117.8, 111 4,
110.8, 41.1, 38.7, 36.9, 24.9; HPLC-MS analysis t-5.41 min (100% purity, method A), calc. for
C23H22N802 m/z= 4422, found m/z = 443.2 [M+H]+.
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4.1.31. N?-(2-(1H-Benzo[d]imidazol-1-yl)ethyl)-N*-(2-(1H-Indol-3-yl)ethyl)-1,3,5-Triazine-
2,4,6-Triamine Hydrochloride (17)

White solid (60% yield), mp: 195-200 °C; 1H NMR (600 MHz, MeOD) 6 9.44 (s, 1H)-
hydrogen bonded rotamer H-Npenzimid., 8.00-7.84 (m, 1H), 7.80 (dd, ] = 21.4, 8.3 Hz, 1H),
7.70-7.45 (m, 3H), 7.34 (dd, ] = 32.3, 7.9 Hz, 1H), 7.14-7.00 (m, 3H), 4.80 (t, ] = 5.4 Hz,
1H), 455 (t,] = 5.4 Hz, 1H), 3.97 (t,] = 4.9 Hz, 1H), 3.68 (dd, ] = 19.7, 4.9 Hz, 2H), 3.24 (t,
] =6.9 Hz, 1H), 3.03 (dd, ] = 15.5, 7.9 Hz, 1H), 2.90 (t, ] = 6.8 Hz, 1H); 3C NMR (151 MHz,
MeOD) 6 156.1, 140.7, 136.7, 130.7, 127.2, 126.9, 126.5,122.5, 121.0, 118.2, 117.7, 114.3, 112.5,
111.2,111.0, 46.3, 40.9, 39.4, 24.8.; HPLC-MS analysis t—4.76 min (96% purity, method A),
calc. for CyoHp3Ng m/z = 413.2, found m/z = 414.2 [M+H]".

4.1.32. Nz—(Z—(1H—indol—3—yl)ethyl)—N4—(2—(2—methyl—1H—benzo[d]imidazol—l—yl)ethyl)—
1,3,5-triazine-2,4,6-triamine hydrochloride (18)

White solid (55% yield), mp: 190-194 °C; 'H NMR (600 MHz, MeOD) & 7.73-7.63 (m,
1H), 7.63-7.48 (m, 3H), 7.41-7.29 (m, 2H), 7.12 (dd, ] = 14.4, 7.8 Hz, 1H), 7.09-7.00 (m, 2H),
4.69 (bs, 1H), 4.44 (t,] =5.5 Hz, 1H), 3.93 (t,] = 5.1 Hz, 1H), 3.69 (t, ] = 4.8 Hz, 1H), 3.62 (t,
J=7.0 Hz, 1H), 3.30 (t, ] = 6.9 Hz, 1H), 3.14-2.97 (m, 4H), 2.75 (s, 1H); 13C NMR (151 MHz,
MeOD) 6 156.1, 150.9, 136.7, 132.0, 127.3, 126.3, 125.9, 122.6, 121.0, 118.3, 117.9, 113.3, 112.1,
111.2,111.0, 44.3, 41.0, 38.9, 24.7, 10.3; HPLC-MS analysis t—4.25 min (97% purity, method
A), calc. for Co3Hy5Ng m/z = 427.2, found m/z = 428.2 [M+H]*.

4.1.33. N2-(2-(1H-Indol-3-yl)ethyl)-N*-(2-(2-(Trifluoromethyl)-1H-Benzo[d Jimidazol-1-
yl)ethyl)-1,3,5-Triazine-2,4,6-Triamine Hydrochloride (19)

White solid (76% yield), mp: 108-110 °C; 'H NMR (600 MHz, MeOD) & 8.15-7.72 (m, 2H),
7.61-7.47 (m,2H),7.44 (d,] =7.7 Hz, 1H), 7.35 (d, ] = 8.0 Hz, 1H), 7.11 (dd, ] = 24.3, 17.3 Hz,
2H), 7.06-6.95 (m, 1H), 3.77 (dt, ] = 47.9, 6.7 Hz, 2H), 3.11 (t, ] = 6.3 Hz, 2H); 3C NMR
(151 MHz, DMSO) 6 156.1, 140.8, 136.7, 136.0, 127.5, 125.6, 123.9, 123.3, 121.2, 120.4, 118.6,
118.5, 112.1, 111.8, 111.4, 44.7, 41.1, 30.0, 27.5, 24.9; HPLC-MS analysis t-5.85 min (92 %
purity, method A), calc. for Cy3HyyFsNg m/z = 481.2, found m/z = 482.2 [M+H]".

4.1.34. General Procedure for the Synthesis of Final Compounds 20-22 (Microwave-Assisted)

Briefly, 69 [20] (0.25 g, 0.8 mmol), amines 62, 66, and 68 (2.0 mmol) potassium carbonate
(0.36 g, 2.5 mmol) and TBAB (0.032 g, 0.1 mmol) were ground in a mortar and transferred
to a sealed tube. Subsequently, 5 wt % DMF was added. The mixture was reacted in
a microwave reactor at 50 W for 2.5 min. Reaction progress was monitored via TLC
(chloroform: MeOH 9:1 v/v). The mixture was cooled down and extracted with chloroform
(3 x 20 mL). Organic layers were combined, dried over MgSOy, and concentrated. The
crude product was purified via column chromatography with elution using chloroform
then chloroform:MeOH (v/v) 99:1-> 97:3. Colorless sticky oil was then dissolved in acetone,
and pH was adjusted to 2-3 with 4 M HCl in 1,4-dioxane. The resulting mixture was
crushed by the addition of cold diethyl ether, then the white powder was filtered and rinsed
with cold diethyl ether and then dried to yield the final product 20-22.

4.1.35. N2-(2-(1H-Indol-3-yl)ethyl)-N*-(3-Chlorophenyl)-1,3,5-Triazine-2,4,6-Triamine
Hydrochloride (20)

White solid (84% yield), mp: 174-178 °C; 'H NMR (600 MHz, MeOD) & 7.80 (d,
] =20.9 Hz, 1H), 7.63-7.42 (m, 2H), 7.38-7.27 (m, 2H), 7.20-7.08 (m, 3H), 7.06-6.98 (m, 1H),
3.84-3.70 (m, 2H), 3.11 (t, ] = 7.0 Hz, 2H); 3C NMR (151 MHz, MeOD) § 136.8, 133.9,
129.6,127.2,124.0, 122.4,121.2, 121.0, 119.5, 118.3, 117.7, 111.0, 110.9, 41.6, 24.5; HPLC-MS
analysis t—-6.53 min (100% purity, method A), calc. for C19H18%°CINy m/z = 379.1, found
m/z =380.1 [M+H]*, calc. for C19H;3%”CINy m/z = 381.1, found m/z = 382.1 [M+H]*.
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4.1.36. N?-(2-(1H-Indol-3-yl)ethyl)-N*-(4-Fluorophenyl)-1,3,5-Triazine-2,4,6- Triamine
Hydrochloride (21)

White solid (82% yield), mp: 232-235 °C; 'H NMR (600 MHz, MeOD) § 7.69-7.46 (m, 3H),
7.36 (d, ] = 8.1 Hz, 1H), 7.16-6.99 (m, 5H), 3.75 (bs, 2H), 3.09 (bs, 2H); 13C NMR (151 MHz,
MeOD) 6 136.8, 127.2, 123.8, 122.3, 121.0, 118.3, 117.7,115.0, 114.8, 111.2, 110.9, 41 4, 24.6;
HPLC-MS analysis t-5.97 min (100% purity, method A), calc. for C19H1gFNy m/z = 363.2,
found m/z = 364.4 [M+H]"*.

4.1.37. N?-(2-(1H-Indol-3-yl)ethyl)-N*-(4-Methoxyphenyl)-1,3,5-Triazine-2,4,6-Triamine
Hydrochloride (22)

White solid (83% yield), mp: 194-196 °C; 'H NMR (600 MHz, MeOD) § 7.61-7.38 (m, 3H),
7.36 (d,] = 8.1 Hz, 1H), 7.15-7.08 (m, 2H), 7.06-6.91 (m, 2H), 6.84 (bs, 1H), 3.84-3.67 (m, 5H),
3.07 (bs, 2H); 13C NMR (151 MHz, MeOD) 5 136.8, 127.2, 123.5, 122.3, 121.0, 118.3, 117.8,
114.1,113.6,111.2,110.9, 54.5, 41.4, 24.6; HPLC-MS analysis t-5.88 min (100% purity, method
A), calc. for CogHy1N7O m/z = 375.2, found m/z = 376.1 [M+H]*.

4.2. Radioligand Assay

The cell culture, cell membranes, and radioligand binding assays were performed in
accordance with standard protocols [17].

4.3. Atlas Activity

Activity maps were prepared using the Atlas Activity tool available in Flare [24]
according to the procedure described in a previous paper [15].

4.4. Molecular Modelling

A homologous model developed by us earlier was used for molecular modeling
studies [15]. The docking procedure and the QM-MM optimization of the ligand-receptor
complex were performed according to a previously described protocol [15,20,32].

4.5. Metabolic Stability
All assays were performed according to the protocols described previously [15,33-35].

4.6. CYP3A4 Activity
All assays were performed according to the protocols described previously [15,33-35].

4.7. Hepatotoxicity
All assays were performed according to the protocols described previously [15,33-35].

4.8. In Vivo Cardiotoxicity

To determine the toxicity of the compounds, the fish embryo toxicity (FET) test was
performed on zebrafish (Danio rerio) according to OECD Test Guideline 236. The collected
embryos were transferred to a Petri dish with E3 medium (5 mM NaCl, 0.33 mM MgCl,,
0.33 mM CaCl,, 0.17 mM KCL; pH 7.2) and then placed in 6-well plates, 10 embryos per
well. Stock solutions 2 and 12 were prepared in DMSO. In these experiments, the range of
different concentrations of the solutions was prepared by dissolving stock solutions in the
E3 medium each time directly before addition to the wells. The solutions were changed
once daily, and the embryos were maintained in the incubator at 28.5 °C. At the end of the
exposure period (96 hpf-hours postfertilization), acute toxicity was determined based on
a positive outcome in any of the four visual indicators of lethality, including the coagulation
of fertilized eggs, lack of somite formation, lack of detachment of the tailbud from the yolk
sac and lack of heartbeat. The value of LD5y was calculated. Heartbeats were recorded to
observe cardiotoxic effects. Moreover, images of the fish from each group were taken at
the final time point to monitor the occurrence of developmental malformations. For the
observations, a Discovery V8 Stereo optical microscope and Zeiss hardware were used.
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A dose-response curve was generated using Prism 8.0.1 (GraphPad Software) by fitting
a sigmoid curve model to experimental data points. The concentrations of the compounds
of interest causing 50% mortality (LDsg) of 96 hpf larvae of Danio rerio were calculated.
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Developing new and selective 5-HT,R ligands may have a key impact on the treatment of central nervous system
diseases including depression. We have found that indoleaminotriazine core fused with alkyl aryl moiety exhibits
high affinity and selectivity to 5-HT,R. SAR analysis demonstrated that the ethyl or ethoxy group (5¢ 5-HT,R
K; = 8 nM; 5d 5-HT,R K; = 55 nM) is the optimal carbon linker between triazine and aryl moiety. The results of
the molecular dynamics simulations show stable interaction with E7.34 upon binding to a 5-HT,R. Compounds
5c and 5d were tested for early ADMET parameters. Compounds are not hepatotoxic and exhibit moderate

potential interaction with other drugs metabolized by CYP3A4 or CYP2D6.

1. Introduction

Depression is a common mental disorder, with key symptoms in-
cluding lowered mood, anxiety, decreased energy, feeling guilty or low
self-esteem, loss of motivation or ability to experience pleasure (anhe-
donia), suicidal ideation, etc. [1],. In the near future, depression will
become one of the most common diseases leading to the destabilization
of human life, and it is estimated to be the most frequently occurring
disease by 2030 [1],. Commonly available antidepressant drugs exhibit
a wide number of adverse effects and as many as 30% of patients do not
respond to treatment. Therefore, the need for further research into
antidepressants is justified [2],[3]. Early studies of some antipsychotics
and antidepressants revealed their high affinity for the 5-HT; receptor
(5-HT,R); and due to its distribution in particular areas of the brain it
was proposed that this receptor might play a role in psychological
disorders and other CNS pathologies [4],. Forced swim test and tail
suspension test demonstrated that inhibition of the 5-HT,R synergisti-
cally enhances effects of antidepressants used in clinical settings [5],
[6]. Currently known representatives of 5-HT,R ligands include long
arylpiperazine [7], ergoline [8], apomorphine [9], indolemidazole
[10], (Fig. 1). Despite their high activity toward the 5-HT,R, the
compounds exhibit affinity to other types of 5-HT receptors as well. For
example, a compound with biological activity antagonist such as
DR4004 (with pharmacological profile: 5-HT; 4R K; = 200 nM;

5-HT¢R K; = 524 nM; 5-HT,R K; = 2.13 nM; D.RK; = 104 nM; H;R
K; = 125nM) [7],[11] is used in in vitro or in vivo evaluations, although
considered ‘selective,’ to a greater or lesser extent exhibit affinity for
other receptors [6],.

In 2001, Bristol-Myers patented 3 series of derivatized analogues of
1-phenylethylamine with diaminotriazine (Fig. 2), diaminopyrimidine,
and diaminopyridine cores [12],. Such compounds exhibited ex-
ceptionally high affinity only for the 5-HT,R (K; < 50 nM) and be-
haved as antagonists. An extended pharmacological profile for the most
active ligands revealed, however, moderate affinity against 5-HT¢R and
o R with K; = 100-380 nM. Three years later, these results were
published [13], and to date, no mention of further research on these
ligands has been made. Three distinguishable elements (two alkyl aryl
moieties and triazine core) are found in the structures of these com-
pounds. In docking study, Kotaczkowski et al. [14], proposed a model in
which one protonated nitrogen atom in the triazine core interacted with
aspartic residues (D3.32) by the formation of salt bridge (Fig. 3). Ad-
ditionally, the hydrogen bond formation between D3.32 and secondary
amine group attached to the triazine moiety were observed as well. It
was also suggested that phenyl or phenoxyl rings may interact with
phenylalanine (F3.28) and arginine (R7.36) through m-it stacking and
ion-m interactions (Fig. 3) [14],. In the initial studies, molecules were
poorly bioavailable (oral bioavailability %F, of approximately 12%),
which was subsequently improved to the level of almost 60% by the

Abbreviations: ACN, acetonitrile; TBAB, tetrabutylammonium bromide; TEAC, tetraethylammonium chloride
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introduction of a fluorine atom. The researchers ceased the studies at
this stage and did not describe any significant issues related to synth-
esis, toxicity, or stability of the compounds.

On the other hand, many ligands containing an indole or substituted
indole moiety exhibit high affinity for serotonin receptors due to high
structural similarity to serotonin [10,15,16,17]. Encouraged by the fact
that aminotriazine derivatives are not particularly tested for their af-
finity to serotonin or dopamine receptors, we initiated preliminary re-
search and design of new molecules with indole triazine scaffold. At the
designing stage, molecular modeling including docking and molecular
dynamics (MD) techniques were utilized. Novologues were synthesized
in eco-friendly, solvent-free microwave-assisted protocol. Then bioac-
tivity, including radioligand binding and ADME-Tox (drug-drug inter-
actions, hepatotoxicity, metabolic pathways and BBB penetration),
were evaluated.

2. Results and discussion
2.1. Chemistry

At the beginning of this study, compounds 5a and 5b were obtained
via the original procedure described by Mattson R. J. et al. [13],. Li-
gands were obtained in a three-step N-alkylation reaction (Scheme 1).
In the first reaction, tryptamine 1 was alkylated by cyanuric chloride 2.
To avoid formation of by-products, the reaction temperature was
maintained at —5-0 °C, with a slow addition of cyanuric chloride 2
The second step relied on chlorine atom substitution by an amino group
via reaction with an ammonia solution. The reaction was carried out at
room temperature. The third step was N-alkylation of an appropriate
amine. To improve the reaction yield, excess of amine up to 5 equiva-
lents was highly recommended THF was used as a solvent for this re-
action, and the mixture was refluxed for 24-48 h. The yields for new
ligands exceeded 50% (Table 1). The reaction was controlled via HPLC/
TLC, and a crude product was purified using column chromatography.

Considering our previous achievement in the field of green chemistry
[18-20], we attempted to synthesize the same ligands in solvent-free
reactions supported via microwave irradiation to explore the possibility
to obtain such compounds using milder conditions. In the case of
aminotriazines, this approach has not been studied so far. Intermediate
4 was used as a starting material. Preparation of the compounds 5a and
5b was conducted according to our previously described procedure
[18],. The synthesis time was 3 min, with microwave power of 50 W. As
per the requirements of the solvent-free procedure, we eliminated toxic
solvent as a THF and instead used 1-5% wt. (all of the amount in the
reaction mixture) of DMF or ACN or water which only served as a factor
to transfer microwave energy [18],[21]. Because reagents were in
thermodynamically different phases, using PTC (Phase Transfer Cata-
lyst) facilitated their passing to one single phase and allowed reaction
occurrence. Therefore, various PTCs as well as bases (form reaction
environment) were used (Table 2). The reaction was monitored by
HPLC/TLC, and the crude product was purified using column chroma-
tography. According to Table 2, new compounds can be obtained under
milder conditions than those required by the original procedure [13],.
We have demonstrated that it is possible to shorten reaction times from

NH; N
N=
HN—(/ ‘ HN—<\N:<fN
N
H
5a, 5b

Scheme 1. Synthetic pathway for new compounds similarly to the original procedure [13], i — THF, DIPEA, —5-0 °C, 30 min, 87% yield; ii - THF, ammonia solution,
rt, 24 h, 92% yield; iii — THF, DIPEA, R-NH, (for 5a R = Me; for 5b R = benzyl; 5 eq.), reflux, 24-48 h.
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Table 1
Product content in the reaction mixture and yield after purification of new li-
gands, obtained according to conventional synthesis [13],.

Ligand No Product content [%] Yield [%]
5a 42 53
5b 45 59

48 h to 3 min and reduce amine excess to 3 eq. or even 1 eq. The best
conditions for the synthesis of new ligands are: 3% wt. in the reaction
mixture of DMF as a microwave energy transferring factor, potassium
carbonate as a base and TBAB as a PTC. Under these conditions, reac-
tion mixture contained 96% (Reaction No. 1) and 95% (Reaction No. 9)
for 5a and 5b, respectively, of the product by HPLC. Exchange of DMF
to water, or complete solvent elimination for 5a caused the product
content to drop down to 52% (Reaction No. 3) and 62% (Reaction No.
4), respectively. This approach facilitates the utilization of post-reaction
wastes and allows for reduction of synthesis costs. The procedure is also
more economical and safer for the environment. Having determined the
most favorable conditions, we synthesized the designed compounds
(Scheme 2). The overall yield was > 75% of hydrochloride salt (see
details in the Experimental section). The structure and purity of novel
compounds were confirmed within analytical data described in Ex-
perimental section.

2.2. Radioligand binding and SAR

All obtained compounds have been tested in in vitro assays to de-
termine the affinity for selected serotonin and dopamine receptors.
According to a known procedure [10], the assays were performed via
the displacement of the respective radioligands from cloned human
receptors, all stably expressed in HEK293 cells (except for 5-HT2aR
which was expressed in CHO cells): [®H]-8-OH-DPAT for 5-HT;sR,
[®H]-ketanserin for 5-HT,AR, [°H]-LSD for 5-HTeR, [®H]-5-CT for 5-
HT,R and [®H]-raclopride for D,R. The results are presented in Table 3.

The aim of the initial research was to find general key functional
groups taking part in 5-HT,R binding. The R and R; positions were
examined. According to Table 3, the presence of an amino group (R;) is
one of the important factors responsible for binding. Because of the
presence of amine group instead of chlorine atom, ligand 5c¢
(K; = 8 nM) is > 12 000 times potent than 6b (K; > 100,000 nM).
Although 5a (K; = 13410 nM) and 6a (K; > 100,000 nM) are not
active toward 5-HT,R, the presence of the —NH, group caused about 8-
fold increase of affinity in case of the compound 5a, which is additional
evidence that this group as one of the key groups responsible for
binding. Such results are consistent with molecular models, where
—NH, strongly and stably interacts with E7.34. However, the NH,
substituent is not the only factor affecting affinity to 5-HT,R. The
second crucial factor is the presence of the aryl alkyl group in the R
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position. Ligand 5b (K; = 709 nM) with benzyl group is about 19 times
more potent than 5a but extension of benzyl by an extra —CH,— group
rendered the affinity of the ligand 5¢ (K; = 8 nM) to be 88 and 1600
times higher than the affinity of ligands 5b and 5a, respectively. In line
with the structure of 5d (K; = 55 nM), the introduction of oxygen atom
to the ethyl chain resulted in slight (about 9 times) loss of affinity.
Further elongation of ethyl chain to propyl and butyl resulted in further
loss of affinity to K; = 243 nM for 5e and K; = 1036 nM for 5f. In-
troduction of a bulky naphthyl group (5 g, K; = 537 nM) in the position
of the phenyl group (5¢, K; = 8 nM) decreased the affinity to 5-HT,R.
Surprisingly, simultaneous elongation of ethyl chain to propoxy (5 h)
and butoxy (5i) caused the increase of activity to 5-HTg receptor. De-
signed ligands exhibit very low affinity for D5, 5-HT;a, and 5-HTop
receptors.

2.3. CNS MPO calculation

Central Nervous System Multiparameter Optimization (CNS MPO) is
one of the most commonly used parameters that can predict whether
test compounds will exhibit drug-like properties. For all synthesized
compounds, CNS MPO has been calculated according to the procedure
described by Wager et al. [22], based on logP, logD, TPSA, MW, HBD
and pKa values. We found that for active ligands 5c and 5d, the CNS
MPO score exceeded 3.5. Elongation of carbon linker, and/or in-
troduction of bulky naphthyl substituent resulted in a decrease of the
CNS MPO score. According to Wager’s theory, compounds with the CNS
MPO score higher than 3.5 may exhibit high CNS drugability. It is
worth mentioning that CNS MPO for original Bristol-Myers compounds
[13], is around 4.0, which is close to the compounds described in this
paper (Table 3).

2.4. Molecular modeling

The postulated binding mode of original Bristol-Myers compounds,
which are 1-phenethyl derivatives, has been described in the in-
troduction [14],. The typical feature for binding to the 5-HT,R (and
other serotonin receptors) is the formation of strong salt bridge between
the positive ionized nitrogen atom and D3.32 as well as other interac-
tions such as hydrogen and halogen bonds or hydrophobic bonds [23],.
In this study, we decided to elucidate the activity of new in-
doleaminotriazine derivatives based on the model proposed by Ko-
taczkowski et al. [14], as well as assess salt bridge parameters as a key
binding for aminergic GPCRs. The homology model of the 5-HT,R was
built based on 5-HT;gR crystal structure, co-crystallized with the an-
tagonist methiothepin (PDB ID: 5V54), using Swiss-Model server [31],.
The model was then optimized based on the structure of the known and
active aminotriazines [14], using the Induced Fit Docking protocol
(IFD) from the Schrodinger suite [24],. Next, the compounds 5b-d and
6b were docked in flexible mode also using the IFD protocol. Hogendorf
et al. [10], suggested that indole nucleus moiety is located near TMH6

Table 2
Investigation of appropriate synthesis conditions used in the microwave synthesis. Product content in the reaction mixture and yield after purification.
Ligand Energy transfer factor Base PTC Amine amount [eq.] Product content [%] Yield [%]

Reaction No. Y%owt
1 5a DMF 3 K»COs3 TBAB 3 96 86
2 5a ACN 3 K5CO3 TBAB 3 93 75
3 5a water 3 K,CO3 TBAB 3 52 37
4 5a DMF - K,CO3 TBAB 3 62 48
5 5a DMF 3 K»CO3 TBAB 1 70 78
6 5a DMF 3 NaOH TBAB 3 63 43
7 5a DMF 3 EtsN TBAB 3 58 35
8 5a DMF 3 K»CO3 TEAC 3 65 51
9 5b DMF 3 K5CO3 TBAB 3 95 80
10 5b ACN 3 K»COs3 TBAB 3 90 84
11 5b DMF 3 K>CO3 TBAB 1 81 75




D. Kutaga, et al.

o o e o

CI
NH, ci HN'_«
A + —_—
N a e N
1 2 3 [
Y cl
N=
HN—( —<N
N
{ HN-R
6a-6b

Bioorganic Chemistry 104 (2020) 104254

NH; NH;

N

HN—<’ HN—(

N
H

5a-5i

Scheme 2. Synthetic pathway for new compounds. i — THF, DIPEA, —5-0 °C, 30 min, 87% yield; ii - THF, ammonia solution, rt, 24 h, 92% yield; iii* - DMF, K>COs3,
TBAB, amine — R-NH; (3 eq.), MW (50 W), 2.5 min; iv* - DMF, K,CO3, TBAB, amine — R-NH,, (3 eq.), MW (50 W), 2.5 min.

and interacts with F6.51 or F6.52 which is convergent with Ko-
faczkowski et al.’s hypothesis [25],. Based on this data the chosen poses
were then optimized using QM/MM calculation to full optimization of
the ligand-receptor complex. Results showed that the binding site was
divided into two pockets (Fig. 4). The indole-binding pocket is hydro-
phobic and located deeper in the receptor, where indole ring binds
preferentially in the cavity between TMH3, TMH5 and TMH6 helices
forming CH-x type interactions with F5.47, W6.48, F6.51 or F6.52. The
alkylaryl moiety is placed in the cavity between TMH2 and TMH7 he-
lices (Fig. 4, Fig. 5).

The postulated general binding mode was closely similar to that
reported in the literature [10],[25]. By analyzing a dozen docked poses
for considered ligands (5b-d) we established a frequently occurring
hydrogen bond between E7.34 and a free amine substituted to C6 of the
triazine core. The mean donor-acceptor bond length ranged between
2.5 and 3.0 A. Characteristically for 5-HTR ligands, the salt bridge with
D3.32 was formed with nitrogen substituted to C4 of triazine ring. The
hydrogen bond between S5.43 and indole nitrogen was observed as
well (Fig. 5A). Interestingly, very similar binding mode was adopted by
an inactive ligand 6b (Fig. 5D). However, in this case, we observed the
lack of indole moiety interaction with aromatic residues from TMHS6.
Based on the above, we hypothesized that key interaction for the
binding to 5-HT,R of triazine-based ligands was the hydrogen bond
with E7.34. Considering that the replacement of NH, by Cl atom dra-
matically decreased affinity to the receptor, we decided to explore the
importance of salt bridge with D3.32 and/or H-bond with E7.34 by
means of molecular dynamics (MD) simulations. For molecular dy-
namics studies, as a starting structure, for each active ligand 5b, 5¢ and

Table 3

inner part _ _

~ N=
indole binding pocket \\\HN—4<\ —<lfl

_ outer part
1/// alkylaryl binding pocket

TMH3 Vo3 2
’I AN TMH2
TMHS5 N S ' I
TMH6 H_- ' TMH7

~
~
~

Fig. 4. Postulated binding sites for new ligands. Red dotted line represents part
of the molecule in the inner region of 5-HT,R, located near TMH3, TMH5 and
TMH?7. Green dotted line represents part of the molecules in the outer region of
5-HT,R located between TMH2 and TMH7. Amino group at C6 position is lo-
cated near TMH?7. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

5d, we selected three similar poses from previous IFD. In the case of
inactive 6b only top conformation was used. After phospholipid
membrane building, adding water and salt molecules, the 100 ns MD
simulations were performed using Desmod from Schrodinger suite
[26],. In a series of nine simulations, ligands 5b-d formed stable hy-
drogen bond via NH, group of a triazine ring with deprotonated oxygen
of E7.34. For example, in the case of 5d, analyzing the O—N distance
during 100 ns of simulation, we observed its significant shortening up
to 3.0 A. According to Fig. 6, the initial value of the angle formed be-
tween one hydrogen of the NH, group oscillated around 150°, then
decreased to 120° and then to 90°, and finally reached about 45°. The
angle value between the second hydrogen of the NH, group was exactly

Affinity of novel compounds for 5-HT; receptor. Constant K; in [nM]. CNS MPO parameters were calculated according to Wager et al. [22], procedure.

N
H

Ry

NH
R

Ligand No R R, D, 5-HT; 5 5-HT,4 5-HTg 5-HT, CNS MPO
5a -Me -NH, nt nt nt nt 13,410 + 2716 4.6
5b -CH,Ph -NH, 10370 += 1248 22960 * 3945 4143 = 719 2511 + 338 709 *+ 112 4.0
5¢ -(CHy)»-Ph -NH, 11490 *= 1643 2836 = 1388 + 163 665 * 94 8 + 3 3.8
5d -(CH,),-O-Ph -NH, 6428 *+ 515 8047 + 1689 1352 + 288 530 + 42 55 + 7 3.7
Se -(CH,)3-0-Ph -NH, 4607 = 354 19050 * 4731 1515 + 253 1148 + 172 243 + 32 3.4
5f -(CH2)4-O-Ph -NH, 5391 = 724 64700 + 14573 758 * 96 1529 = 287 1036 + 198 3.0
5g -(CH,)»-Naphthyl -NH, 6386 = 831 12550 = 2259 5590 = 1225 895 * 61 537 + 76 2.6
5h -(CH2)3-O-Naphthyl -NH, 7319 = 1157 16640 = 3872 5124 = 772 785 = 49 2863 * 411 2.2
5i -(CH2)4-O-Naphthyl -NH, 11020 = 2172 45280 * 8347 5330 = 841 373 + 22 2851 = 315 1.7
6a -Me -Cl nt nt nt nt > 100,000 4.0
6b -(CHy),-Ph Kl nt nt nt nt > 100,000 35

nt - not tested. Each compound was tested in triplicate at 7 concentrations (0.1 nM-100 pM). The inhibition constants (Ki) were calculated from the Cheng-Prusoff
equation [47],. Results were expressed as means of at least two separate experiments + standard deviation (SD).
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§5.43

TMH5

Fig. 5. Docking results. Yellow dotted lines represent hydrogen bonds. A — Binding mode for 5c¢ in 5-HT,R; B — The imposition of 5b, 5¢, 5d in 5-HT,R (5b = brown;
5c¢ = green; 5d = yellow); C - Binding site and two binding pockets for 5b, 5¢, 5d in 5-HT,R (5b = brown; 5¢ = green; 5d = yellow). Green circle — alkylaryl
binding pocket, red circle — indole-binding pocket; D — The imposition of compounds 5c¢ (green, active) and 6b (cyan, inactive) in 5-HTR. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

opposite. Namely, in the initial phase of the simulation, the hydrogen
bond participated with one hydrogen and then rotated and interacted
with the other one. The geometry of the hydrogen bond was fully
consistent with the values reported in the literature [27],. Geometrical
parameters for interactions between E7.34 and active/inactive ligands
over the simulations are listed in Table 4.

Surprisingly, analyzing MD results, we observed lack of a stable salt
bridge with D3.32 during whole simulations for all considered ligands.
For example, in 5¢, what is illustrated in Fig. 7, initially the salt bridge
was preserved but after few nanoseconds was broken and it remained to
be unstable.

Finally, after clustering of molecular dynamics trajectories, we re-
ceived the most representative structures of ligand-receptor complexes
for 5b-d (Fig. 8). Similarly to after docking, ligands adopted extended
conformation, where indole-binding pocket was located in the inner
part of a receptor, and alkyl aryl binding pocket was placed on the outer
part of the receptor. All ligands interacted with F6.51 residue via hy-
drophobic bond with indole moiety. However, the key interaction
seemed to be a stable hydrogen bond between E7.34 and amine sub-
stituent of triazine ring. Additionally, for 5d and 5b, interactions with
D2.64 or with R6.58, R7.35 were observed, respectively.

Although the formation of a salt bridge with D3.32 residue seems to

E7c.>34 ol
. N 150
o; 100
- . 50

Ho o H 0

Table 4
Characterization of hydrogen bonds between E7.34 residue and amino group
attached to triazine core during molecular dynamics simulations.

Ligand No.  5-HT, RMSD % interaction Mean O-N Mean OHN
K; [nM] distance [A] angle [°]
5c 8 1.0 93% 3.2 154
0.7 97% 3.0 113
1.6 81% 3.0 167
5d 55 1.8 68% 3.1 153
1.5 70% 3.0 162
1.0 73% 3.2 157
5b 709 1.2 97% 4.2 140
2.5 69% 4.4 140
1.3 59% 4.1 125
6b > 1,000,000 2.4 - - -

be required for binding to 5-HTR, literature reports of interactions
without the said salt bridge are available. Harris et al. [28], described
that in the case of non-basic 5-HT¢R ligands the key salt bridge with
D3.32 residue has no significant influence on the affinity to the ligands.
On the other hand, Wang et al. [29], described that the role of D3.32
residue in an antagonistic mode for 5-HT;5R is irrelevant. An

150
% 100

0 20

40 60 80 100

Time [ns]

Fig. 6. Angle fluctuations between E7.34 and amino group of triazine core for 5d.
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Fig. 7. Characterization of 5¢ in molecular dynamics. A - participation of various interaction types with amino acids in ligand-protein complex; B - length changes in
interaction with E7.34 and D3.32; C - angle changes in interactions with E7.34 and D3.32; D - interaction fingerprint during 100 ns simulations.

interesting study was published by Levy et al. [30],. A mutagenesis
study revealed key amino acids involved in 5-CT (agonist) and
SB269970 (antagonist) binding to 5-HT,R, namely E7.34, R7.36 and
Y7.43, with R8.52 being a significant amino acid taking part in the G-
protein activation. To define physicochemical features (related to
physicochemical properties of mutated amino acids) of a binding cavity
located in TMH?7, point mutations of E7.34 residue were introduced.
Levy et al. [30], found that tested ligands bearing E7.34D mutation

TMH2
D2.64

5d

TMH7

W6.48

TMHS 55\7\9 N\
F6.51 TMH6

5b

TMH3 /

D3.32

1337

TMH5 F6.52

\\
D5.47 )

$6.55 |

maintain their high affinity to the receptor. Mutations of E7.34R and
E7.34T resulted in loss of activity to all ligands, while E7.34A mutation
resulted in loss of activity to agonist only. Based on the MD simulations,
we hypothesized that the designed ligands do not tend to form a stable
interaction with D3.32 residue, and may form a strong hydrogen bond
with E7.34 residue. This hypothesis can be confirmed, inter alia, by
reports of Harris et al. [28], or Wang et al. [29], and the above-refer-
enced study described by Levy et al. [30],. However, to confirm this

5¢

TMHs

Fig. 8. The most common binding modes generated after clustering (MD) aligned to docking poses with a key amino acid residues. Brown 5b ligand chosen from
docking and blue one chosen from MD clustering. Green 5c ligand chosen from docking and magenta one chosen from MD clustering. Yellow 5d ligand chosen from
docking and red one chosen from MD clustering. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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hypothesis, further experimental research should be performed.

2.5. Preliminary pharmacokinetics study

Considering Absorption, Distribution, Metabolism, Excretion and
Toxicity (ADME-Tox) is crucial in stepping from hit identification to
lead generation, and only drug candidates that fulfill all ADME-Tox
criteria may become medically usable in the future [32],. At the be-
ginning stage of indoleaminotriazines research, we decided to examine
early ADME-Tox parameters in vitro. Up to date, in the literature there
have been no reports on ADME-Tox properties for indoleaminotriazines
acting on CNS, thus investigation in this field is justified. ADME - in
silico parameters (Table 3) preliminarily indicated that novel com-
pounds may have drug-like properties, therefore, we decided to confirm
this in experimental stages. Thus, compounds 5c¢ and 5d were subjected
to preliminary pharmacokinetic studies.

2.5.1. Blood-brain barrier

The anatomy of the BBB is very complex, and its existence protects
CNS from external adverse chemical factors. Designing small molecules
that penetrate the BBB and achieve optimal concentration in the target
area of the brain is very challenging for medicinal chemists [33],. Initial
study about BBB penetration was considered in PAMPA model to assess
the ability of a molecule for passive diffusion through biological
membranes. The experiment consisted of measuring how much of the
test compounds (5¢ and 5d) passed through the artificial membrane
from donor wells (D1) to acceptor wells (Al) in a period of time. Ac-
cording to UPLC-MS analysis (Fig. 9), after 5 h of incubation, we did not
observe the analyzed compounds in acceptor wells. In conclusion, no
passive transport of tested compounds was observed under in vitro
conditions. Further study needs to be performed to improve passive
transport through the membrane.

2.5.2. Drug - drug interactions

Possible drug — drug interactions (DDI) are associated with CYP450
enzyme system. The majority of common drugs, including anti-
depressants, are metabolized through CYP3A4, CYP2D6, CYP2C9 and a
few other cytochromes. A potential drug candidate may be an inhibitor
or inducer of CYP450 (and its subenzymes) [34],. In our study we used
luminescence-based CYP3A4, CYP2D6 and CYP2C9 P450-Glo™ assays
(Promega®), which measure the influence of compounds on the CYP-
mediated reaction of pro-luciferin into luciferin. We have found that 5¢
and 5d may exhibit moderate drug — drug interactions with CYP3A4
(ICso = 0.14 uM for reference KE and IC5o = 6.4 puM for 5c/

'[ , Internal standard D1
\ T 5c¢
Qe
- \
. N _ e -
. Internal standard D1
- 5d
‘ «
Q 2
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ICso = 5.9 uM for 5d). Tested compounds exhibit also moderate DDI
with CYP2D6 (IC5o = 0.01 uM for reference QD and ICs5y = 14.61 pM
for 5¢/1Cs5o = 11.71 uM for 5d). Unfortunately 5c and 5d exhibit high
DDI with CYP2C9 (ICs, = 0.11 uM for reference QD and
ICso = 0.82 uM for 5¢/1Cs5y = 0.99 uM for 5d) where possible drug-
drug interactions may be observed. The results were described in
Fig. 10.

2.5.3. Metabolic stability

The UPLC analysis of 5c¢ after 120 min incubation with mouse liver
microsomes (MLMs) indicated that only 17.36% of the parent com-
pound 5c¢ remained in the reaction mixture (Fig. 11A). A similar si-
tuation was also observed in 5d. After incubation with MLMs, only
21.57% of the parent compound 5d remained in the reaction mixture
(Fig. 11B). The obtained results indicated that tested compounds were
unstable. Based on MS spectral analyzes (in Appendix A), we identified
11 and 13 possible metabolites for compounds 5c and 5d, respectively.
Using MetaSite ver. 6.0.1., potential sites with susceptibility to en-
zymes, leading to bioconversion to various metabolites, were marked
and are shown on Fig. 12. The proposed main metabolic pathways are
presented in Tables 5 and 6.

2.5.4. Hepatotoxicity

The liver is the first line of defense against xenobiotics. The eva-
luation of hepatotoxicity at an early stage is crucial in the context of the
subsequent design of indoleaminotriazine compounds, as it allows to
eliminate compounds that may lead to drug-induced liver injury [35],.
In our study, we used hepatoma HepG2 cell line to evaluate hepato-
toxicity. Ligands 5¢ (Fig. 13A) and 5d (Fig. 13B) do not exhibit hepa-
totoxic properties in the range concentration of 1-50 uM. Using con-
centration of 1-10 pM, the viability of cells exceeded 95%. In 50 uM,
the viability was slightly lower and amounted to up to 80%. In the
concentration of 100 uM, the compounds exhibited statistically sig-
nificant hepatotoxic properties.

3. Conclusion

The aim of the study was to design, synthesize and evaluate biolo-
gical properties of novel indoleaminotriazine derivatives. Due to the
importance of the 5-HT,R in CNS disorders, we focused mainly on this
receptor. To check selectivity, we performed radioligand binding assay
to 5-HTa,

5-HT54, 5-HTg and D, receptors. We proved that compounds may be
obtained in a rapid, eco-friendly method via solvent-free reactions

\ Internal standard Al

200 30 o o e

Internal standard Al

Fig. 9. The UPLC analyses of 5¢ and 5d and IS from donor (D) and acceptor (A) wells after 5 h incubation.
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Fig. 10. A — The effect of reference drug ketoconazole (KE) and tested compounds on CYP3A4 activity; B — The effect of reference drug quinidine (QD) and tested
compounds on CYP2D6 activity; C — The effect of reference drug sulfaphenazole (SE) and tested compounds on CYP2C9 activity.
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Fig. 11. The UPLC analyses of 5¢ (A) and 5d (B) after 120 min incubation with MLMs.
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HN

Fig. 12. In silico analysis for 5¢ and 5d using MetaSite. Sites susceptible to
metabolic transformation are marked with red circles, while blue circles des-
ignate atoms most susceptible to such transformations. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

supported by microwave irradiation. During the research, we developed
the best synthesis conditions which made it possible to obtain the final
compounds with high yield. Using potassium carbonate and TBAB, we
were able to conduct the synthesis under solvent-free conditions. The

microwave irradiation led to reaction time shortened by up to 3 min. In
our preliminary studies, we demonstrated that indole-derived amino-
triazine novologues can exhibit activity in interactions with a 5-HT,R.
We discovered that amino substituent attached to the triazine core, as
well as an alkyl aryl substituent attached to the triazine core (ligands 5¢
and 5d), are of significant importance. Elongation of an alkylaryl chain
decreased the activity to 5-HT,R. However, high CNS drugability
identification for new compounds (based on CNS-MPO), we did not see
the correlation with PAMPA. CNS-MPO is the only in silico additional
approach that helps to assess drugability but does not guarantee in vitro
convergence. Although the chemical structures of the studied in-
doleaminotriazines are to some extent similar to those known in the
literature (Fig. 2), we identified binding mode slightly different from
the one proposed by Kotaczkowski et al. [14],. This can be explained for
example by the fact that calculation methods applied by Kotaczkowski
et al. [14], in 2006 were not as accurate as nowadays. Currently, we
postulate that the hydrogen bond between amino substituent attached
to the triazine ring and E7.34 residue is crucial for the binding. Ac-
cording to MD, the typical salt bridge (for most aminergic GPCRs) with
D3.32 is highly unstable, while hydrogen bond with E7.34 seems to be
stable. The importance of interaction with E7.34 for the 5-HT,R
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Table 5

MS spectra of 5¢ and its metabolites.

Bioorganic Chemistry 104 (2020) 104254

Compound Retention time [min] m/z (Found) Metabolic pathway

5c 5.58 374.36

Metabolite 1-main 3.79 406.33 double hydroxylation or oxidation
Metabolite 2 4.04 404.33 dehydrogenation and double hydroxylation
Metabolite 3 4.87 390.31 hydroxylation

Metabolite 4 4.62 372.33 dehydrogenation

Metabolite 5 3.05 422.35 triple hydroxylation or oxidation

Table 6

MS spectra of 5d and its metabolites.

Compound Retention time [min] m/z (Found) Metabolic pathway

5d 5.48 390.31

Metabolite 1 — main 3.72 422.35 double hydroxylation or oxidation

Metabolite 2 3.28 312.35 defragmentation

Metabolite 3 4.74 406.33 hydroxylation

Metabolite 4 3.38 404.27 dehydrogenation and hydroxylation

Metabolite 5 4.48 388.31 dehydrogenation

Metabolite 6 2.38 328.30 defragmentation or defragmentation and hydroxylation

corresponds with the results of Levy et al. [30],. Nevertheless, further
experimental research will allow us to confirm the proposed hypothesis.
Unfortunately, the compounds do not penetrate membrane in the
PAMPA test and are characterized by poor metabolic stability. It may be
a result of unsubstituted benzene ring where MetaSite indicated posi-
tions easy for biotransformation. This hypothesis may be confirmed by
R. J Mattson et al.’s [13], research where installation halogen atom into
phenethyl substituent increased metabolic stability. In the drug-drug
interaction analysis, compounds may exhibit moderate potential in-
teraction with other drugs metabolized by CYP3A4 or CYP2D6. K; va-
lues for 5¢ and 5d to 5-HT,R are much lower than ICs, for cytochromes.
In our research, we found that promising compounds 5¢ and 5d do not
exhibit hepatotoxicity. Our research is just a preliminary study that
encourages us to focus on the development of this group of compounds
even further.

4. Experimental section
4.1. Chemistry

4.1.1. General

All the reactants were purchased from commercial sources. "H NMR
and '*C NMR spectra were recorded using the Bruker 300 MHz and
400 MHz apparatuses with TMS as an internal standard. Melting points
were determined with the Boetius apparatus. Perkin HPLC with DAD
detector (wave length at 254 nm) and C;g 1.4 um column was used.
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HPLC chromatograms were recorded on Perkin HPLC and Waters UPLC.
Details of analytical methods can be found in appendix A. All ligands
were determined at wave length 254 nm. Analytical thin-layer chro-
matography (TLC) was performed using 0.2 mm silica gel pre-coated
aluminum sheets (60 F254, Merck) and UV light at 254 nm was used for
visualization. CEM Discover™ Focused Microwave System at 50 W of
power was used for all microwave-assisted reactions.

4.1.2. General procedure for the synthesis of compounds 5a-b (conventional
synthesis)

The procedure was performed in accordance with [13],. In a round-
bottom flask, 0.45 g (1.56 mmol) of intermediate 4 followed by 0.82 mL
of DIPEA were dissolved in 15 mL of THF. The mixture was stirred over
10 min, then 0.7 mL methylamine solution 40% w/w (for 5a) or
0.85 mL benzylamine (for 5b) was added dropwise. The mixture was
stirred over 48 h at reflux. After this time, TLC indicated full con-
sumption of intermediate 4. The mixture was cooled down and ex-
tracted with chloroform (3x). Organic layers were combined, dried over
MgSO,4 and concentrated to yield amber-like, viscous, crude oil. The
crude product was purified via column chromatography with elution
using chloroform followed by chloroform:MeOH 97:3 v/v. The pure
product obtained as a colorless viscous oil was then dissolved in acetone
and pH was adjusted to 2-3 with 4 M HCI in dioxane. The resulting
mixture was evaporated and cold acetone was added to the semi-solid
residue. Precipitated white powder was then filtered, rinsed with
acetone and dried.
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Fig. 13. The effects of doxorubicin (DX, 1 uM), mitochondrial toxin carbonyl cyanide 3-chlorophenyl-hydrazone (CCCP, 10 uM) and compound 5c¢ (A) 5d (B) on

hepatoma HepG2 cell line viability after 48 h of incubation.
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4.1.2.1. N*-(2-(1H-indol-3-yl)ethyl)-N*-methyl-1,3,5-triazine-2,4,6-

triamine*HCI (5a). White solid (96% yield), melting point: 183-185 °C;
UPLC: 91%; ES + MS: 284.3 [M + HJ; 'H NMR (400 MHz, MeOD) §
7.58 (bs, 1H), 7.35 (d, J = 8.1 Hz, 1H), 7.10 (t,J = 7.1 Hz, 2H), 7.02 (t,
J = 7.3 Hz, 1H), 3.79-3.68 (m, 2H), 3.06 (bs, 2H), 2.93 (bs, 3H). *C
NMR (101 MHz, MeOD) § 159.56, 157.07, 155.78, 136.80, 127.33,
122.35, 120.97, 118.22, 117.78, 111.35, 110.91, 41.43, 26.30, 24.82

4.1.2.2. N*-(2-(1H-indol-3-yl)ethyl)-N*-benzyl-1,3,5-triazine-2,4,6-
triamine*HCI (5b). White solid (84% yield), melting point: 181-182 °C;
UPLC: 95%; ES + MS: 360.43 [M + H]; 'H NMR (400 MHz, MeOD) &
7.51 (d, J = 7.9 Hz, 1H), 7.38-7.23 (m, 6H), 7.14-6.93 (m, 3H), 4.60
(s, 1H), 4.50 (s, 1H), 3.71 (t, J = 6.9 Hz, 2H), 3.10-2.97 (m, 2H). 13C
NMR (101 MHz, MeOD) § 158.26, 156.34, 154.83, 144.80, 136.79,
128.25, 128.20, 127.33, 127.24, 127.10, 126.98, 122.21, 120.97,
118.24, 117.77, 111.38, 110.89, 44.09, 41.38, 24.80

4.1.3. General procedure for the synthesis of compounds 5a-5i and 6a-b
(microwave assistant)

The procedure was performed in accordance with [20],. Inter-
mediate 4 (0.45 g, 1.52 mmol), potassium carbonate (0.64 g,
4.7 mmol), and TBAB (0.05 g, 0.16 mmol) were ground in a mortar.
Next, appropriate amine (4.7 mmol) was added, followed by addition of
DMF in the amount of 1-5% wt. The mixture was reacted in a micro-
wave reactor at 50 W for 2.5 min. The reaction progress was monitored
via TLC/HPLC. The mixture was cooled down, and extracted with
chloroform (3x). Organic layers were combined, dried over MgSO,4 and
concentrated to yield amber-like, viscous, crude oil. The crude product
was purified via column chromatography with elution using chloroform
followed by chloroform: MeOH 97:3 v/v. The pure product obtained as
a colorless viscous oil was then dissolved in acetone and pH was ad-
justed to 2-3 with 4 M HCI in dioxane. The resulting mixture was
evaporated and cold acetone was added to the semi-solid residue.
Precipitated white powder was then filtered, rinsed with acetone and
dried.

4.1.3.1. N*>-(2-(1 H-indol-3-yDethyl) -N* -phenethyl-1,3,5-triazine-2,4,6-
triamine*HCI (5¢). White solid (88% yield), melting point: 148-150 °C;
UPLC: 99%; ES + MS: 374.0 [M + HIJ; 'H NMR (400 MHz, MeOD) &
7.56 (d, J = 7.8 Hz, 1H), 7.36 (d, J = 8.1 Hz, 1H), 7.32-7.16 (m, 5H),
7.13-7.06 (m, 2H), 7.05-6.91 (m, 1H), 3.77-3.68 (m, 2H), 3.62 (t,
J = 7.0 Hz, 1H), 3.55 (t, J = 7.3 Hz, 1H), 3.07 (t, J = 6.6 Hz, 2H),
2.92-2.81 (m, 2H); '3C NMR (101 MHz, MeOD) & 159.48, 158.96,
155.91, 138.65, 136.80, 128.49, 128.13, 127.31, 126.13, 126.04,
122.26, 120.98, 118.30, 117.78, 111.40, 111.23, 110.93, 66.74,
42.09, 35.07, 24.94

4.1.3.2. N*-(2-(1H-indol-3-yl)ethyl)-N*-(2-phenoxyethyl)-1,3,5-triazine-
2,4,6-triamine*HCl (5d). White solid (90% yield), melting point:
177-180 °C; UPLC: 100%; ES + MS: 390.4 [M + H]; 'H NMR
(400 MHz, MeOD) & 7.57 (d, J = 7.5 Hz, 1H), 7.35 (d, J = 8.1 Hz,
1H), 7.31-7.22 (m, 2H), 7.14-7.07 (m, 2H), 7.02 (t, J = 7.4 Hz, 1H),
6.96-6.90 (m, 3H), 4.14 (t, J = 5.2 Hz, 1H), 4.09 (t, J = 5.0 Hz, 1H),
3.79 (t, J = 4.8 Hz, 1H), 3.75-3.67 (m, 3H), 3.06 (t, J = 7.0 Hz, 2H);
13C NMR (101 MHz, MeOD) § 158.60, 156.33, 153.77, 136.81, 129.24,
129.11, 127.35, 122.32, 120.99, 120.71, 120.65, 118.26, 117.77,
114.23, 114.17, 111.41, 110.92, 65.67, 41.37, 40.00, 24.94

4.1.3.3. N>(2-(1 H—indol—3—yl)ethyl)—N4 -(3-phenoxypropyD-1,3,5-triazine-
2,4,6-triamine*HCl (5e). White solid (78% yield), melting point:
183-185 °C; UPLC: 96%; ES + MS: 404.48 [M + HIJ; 'H NMR
(400 MHz, MeOD) 6 7.57 (d, J = 7.9 Hz, 1H), 7.35 (d, J = 8.1 Hz,
1H), 7.23 (dt, J = 15.5, 7.9 Hz, 2H), 7.09 (dd, J = 13.3, 5.8 Hz, 2H),
7.01 (m, 1H), 6.91 (dd, J = 7.5, 3.4 Hz, 2H), 6.84 (d, J = 8.1 Hz, 1H),
4.06 (t,J = 5.8 Hz, 1H), 3.98 (t, J = 5.8 Hz, 1H), 3.70 (t, J = 7.0 Hz,
2H), 3.59 (t, J = 6.7 Hz, 1H), 3.52 (t, J = 6.8 Hz, 1H), 3.09-2.98 (m,
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2H), 2.1-1.98 (m, 2H); *C NMR (101 MHz, MeOD) § 159.74, 158.88,
155.95, 136.80, 129.03, 127.31, 122.32, 120.99, 120.37, 120.29,
118.27, 117.79, 114.11, 114.04, 111.39, 111.22, 110.93, 64.93,
41.34, 37.89, 28.69, 24.90

4.1.3.4. N*-(2-(1H-indol-3-yl)ethyl)-N*-(4-phenoxybutyl)-1,3,5-triazine-
2,4,6-triamine*HCl (5f). White solid (83% yield), melting point:
175-178 °C; UPLC: 95%; ES + MS: 418.54 [M + H]; 'H NMR
(400 MHz, MeOD) § 7.56 (d, J = 7.7 Hz, 1H), 7.35 (d, J = 8.1 Hz,
1H), 7.23 (dt, J = 15.9, 8.0 Hz, 2H), 7.13-7.06 (m, 2H), 7.01 (dd,
J = 15.4, 7.7 Hz, 1H), 6.89 (d, J = 6.9 Hz, 2H), 6.84 (d, J = 8.1 Hz,
1H), 4.00 (t, J = 5.6 Hz, 1H), 3.94 (t, J = 5.7 Hz, 1H), 3.69 (t,
J = 6.9 Hz, 2H), 3.46 (d, J = 6.4 Hz, 1H), 3.38 (t, J = 6.6 Hz, 1H),
3.08-2.98 (m, 2H), 1.86-1.72 (m, 4H); '*C NMR (101 MHz, MeOD) §
159.58, 158.97, 156.00, 136.80, 129.02, 127.33, 122.30, 121.00,
120.24, 120.21, 118.26, 117.78, 114.12, 114.04, 111.41, 111.18,
110.96, 66.93, 41.36, 40.21, 26.21, 25.61, 24.93

4.1.3.5. N*-(2-(1H-indol-3-yl)ethyl)-N*-(2-(naphthalen-1-yl)ethyl)-1,3,5-
triazine-2,4,6-triamine*HCl ~ (5g). White  solid, melting point:
184-187 °C; UPLC: 98%, ES + MS: 424,5 [M + H]; 'H NMR
(400 MHz, MeOD) § 8.13 (d, J = 8.3 Hz, 1H), 7.94-7.81 (m, 2H),
7.76 (d, J = 8.1 Hz, 1H), 7.54-7.34 (m, 5H), 7.10 (dd, J = 15.5,
7.9 Hz, 2H), 6.99 (dd, J = 14.0, 6.4 Hz, 1H), 3.80-3.65 (m, 2H),
3.44-3.32 (m, 2H), 3.20-2.98 (m, 2H), 2.48-2.55 (m, 2H); °C NMR
(101 MHz, MeOD) & 156.01, 154.32, 136.83, 134.60, 127.30, 127.08,
125.88, 125.65, 125.56, 124.58, 122.31, 122.25, 121.40, 120.98,
119.92, 119.69, 118.30, 118.24, 111.37, 111.18, 110.80, 104.52,
67.19, 41.28, 40.24, 26.21

4.1.3.6. N>(2-(1 H-indol-3-yDethyl) -N*-(3- naphthalen-1-yloxy)propylD)-
1,3,5-triazine-2,4,6-triamine*HCL (5h). Grey solid (77% yield), melting
point: 179-180 °C; UPLC: 99%; ES + MS: 454,54 [M + HI; H NMR
(400 MHz, MeOD) § 8.20 (d, J = 8.2 Hz, 1H), 7.78 (d, J = 7.5 Hz, 1H),
7.52 (dd, J = 20.9, 7.8 Hz, 1H), 7.46-7.31 (m, 5H), 7.13-6.93 (m, 3H),
6.9-6.8 (m, 1H), 4.26 (t, J = 5.6 Hz, 1H), 4.18 (t, J = 5.5 Hz, 1H),
3.73-3.65 (m, 2H), 3.63 (t, J = 6.7 Hz, 1H), 3.56 (t, J = 6.8 Hz, 1H),
3.07-2.86 (m, 2H), 2.24-2.12 (m, 2H); '*C NMR (101 MHz, MeOD) §
160.09, 155.93, 154.39, 136.79, 134.59, 127.28, 127.07, 125.91,
125.63, 125.48, 124.64, 122.29, 121.36, 120.97, 119.81, 119.75,
118.29, 118.23, 117.78, 111.31, 110.91, 65.36, 41.15, 38.11, 28.84,
24.76

4.1.3.7. N>(2-(1 H-indol-3-yDethyl) -N*-(4-¢ naphthalen-1-yloxy)butylD)-
1,3,5-triazine-2,4,6-triamine *HCL (5i). White solid (84% yield), melting
point:185-18 °C; UPLC: 98%; ES + MS: 468.6 [M + HI; 'H NMR
(400 MHz, MeOD) § 8.18 (d, J = 8.6 Hz, 1H), 7.77 (d, J = 7.9 Hz, 1H),
7.53 (dd, J = 24.9, 7.8 Hz, 1H), 7.47-7.30 (m, 5H), 7.14-6.95 (m, 3H),
6.89-6.76 (m, 1H), 4.19 (t, J = 5.6 Hz, 1H), 4.13 (t, J = 5.8 Hz, 1H),
3.67 (t,J = 7.2 Hz, 1H), 3.59 (t, J = 7.0 Hz, 1H), 3.50 (t, J = 6.0 Hz,
1H), 3.42 (t, J = 6.9 Hz, 1H), 3.04 (t, J = 6.8 Hz, 1H), 2.93 (t,
J = 7.0 Hz, 1H), 2.01-1.84 (m, 4H); °C NMR (101 MHz, MeOD) §
159.12, 156.01, 154.46, 136.79, 134.60, 127.30, 127.08, 125.88,
125.65, 125.56, 124.58, 122.25, 121.40, 120.98, 119.69, 118.30,
118.24, 117.79, 117.77, 111.37, 110.93, 67.21, 41.28, 40.24, 26.21,
25.77, 24.85

4.1.3.8. N>(2-(1 H—indol—3—yl)ethyl)—6—chloro—N4 -methyl-1,3,5-triazine-
2,4-diamine*HCl (6a). White solid (75% yield), melting point:
193-195 °C; UPLC: 96%; ES + MS: 304,1 [M + HI; H NMR
(400 MHz, MeOD) § 7.60 (d, J = 8.0 Hz, 1H), 7.35 (d, J = 8.1 Hz,
1H), 7.14-7.08 (m, 2H), 7.03 (t, J = 7.3 Hz, 1H), 3.79 (bs, 2H), 3.09 (t,
J = 6.7 Hz, 2H), 2.87 (bs, 3H); °C NMR (101 MHz, MeOD) § 167.63,
165.91, 165.51, 136.78, 130.97, 128.44, 127.40, 122.04, 120.87,
118.09, 117.87, 41.30, 26.40, 24.94
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4.1.3.9. N>(2-(1 H-indol-3-yl) ethyl)-6-chloro-N4 -phenethyl-1,3,5-triazine-
2,4-diamine - base (6b). White solid (78% yield); melting point:
123-125 °C; UPLC: 96%; ES + MS: 394,3 [M + H]; 'H NMR
(400 MHz, MeOD) 6 7.58 (d, J = 8.0 Hz, 1H), 7.34 (d, J = 8.1 Hz,
1H), 7.31-7.14 (m, 5H), 7.12-7.05 (m, 2H), 7.04-6.90 (m, 1H), 3.71 (t,
J = 6.8 Hz, 1H), 3.66-3.60 (m, 1H), 3.56 (t, J = 7.1 Hz, 2H), 3.10-2.99
(m, 2H), 2.86 (t, J = 7.5 Hz, 2H); 1*C NMR (101 MHz, DMSO) § 168.02,
165.79, 165.42, 139.67, 136.70, 129.08, 128.73, 127.71, 127.64,
126.56, 126.51, 123.08, 121.35, 118.67, 118.59, 112.05, 111.80,
42.49, 41.59, 35.30, 25.33

4.2. In-vitro pharmacology

Cell culture, cell membranes, and radioligand binding assays were
performed in accordance with standard protocols [10],.

4.3. CNS MPO

The Central Nervous System Multiparameter Optimization (CNS
MPO) was determined based on the work of Wager et al. [22], 6 base
values including: clogP, clogD, pKA (for the strongest basic), HBD
(Hydrogen Bond Donor), MW and TPSA (Topological Polar Surface
Area) were determined using the calculators available in the ChemAxon
[43], package and the Swiss-ADME server [44],. ClogP, clogD, pKA and
HBD were then parameterized using the monotonic decreasing function
and TPSA using the hump function [22],. For compounds with the best
CNS drugability, the sum of parameterized function values was close to
6, while for compounds with the worst CNS drugability, this sum was
0-1 [22],.

4.4. Molecular modeling

4.4.1. Docking

The procedure was performed in accordance with [45],. The 5-HT,
receptor homology model was built based on the 5-HT;p receptor
crystal structure (PDB: 5v54) template, using the Swiss-Model server
[31],. The optimized three-dimensional structures for the ligands were
determined by LigPrep (OPLS3) and the protonation state at pH
7.4 = 2.0 using Epik. The Protein Preparation Wizard was used to
evaluate appropriate amino acid ionization states, to check the steric
clashes and to assign the bonds orders. All ligands were docked by the
Induced Fit Docking (IFD) with XP (extra precision) with OPLS3 force
field. Grid box size of 15 A was centered on the rest of D3.32. Selected
poses, whose binding mode was closest to the literature data, were
optimized in QM/MM approach using functional DFT-B3LYP and
LACVP as basis set [36],. QM region was set up on conserved amino
acids and ligands. The model was validated using Swiss-Model server
[31], and QMEAN [31], by parameters determination (Sequence iden-
tity — 37.89%, coverage —0.67 see Appendix A). The percent of residues
in favored regions of the Ramachandran plot was also determined.
LigPrep [37], Protein Preparation Wizard [38], IFD and QM/MM were
used as a tools available in the Maestro, Schrodinger Release 2019-4.

4.4.2. Molecular dynamics

The procedure was performed in accordance with [46],. 100 ns
Molecular Dynamics (MD) simulations with ensemble class NPAT
(T = 300 K, p = 1.01325 bar) were performed using Schrodinger
Desmond software (Schrodinger Release 2019-3, New York, NY; 2019).
Each ligand-protein complex was immersed into a POPC (300 K)
membrane bilayer, whose position was placed automatically. The
system was solvated by water molecules described by the TIP4P po-
tential and the OPLS3 force field parameters were used for all atoms.
0.15 M NaCl was added to mimic the ionic strength inside the cell. The
output trajectories were hierarchically clustered into 10 clusters ac-
cording to the ligand using trajectory analysis tools available in the
Maestro Schrodinger Release 2019-4.
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4.4.3. PAMPA test

Pre-coated PAMPA Plate System Gentest™ was obtained from
Corning, (Tewksbury, MA, USA). The compounds’ permeability was
analyzed in triplicate according to described previously protocols
[39-42]. The tested compound solutions (all at 200 uM) were prepared
in PBS buffer (pH = 7.4) and added to the donor wells(D) (300 pL/
well). Next, 200 puL/well of PBS was added to the acceptor (A) wells.
The plate was incubated at room temperature for 5 h without stirring.
Then, the 50 puL was aspirated from both A and D wells and diluted next
with 50 pL solution of an internal standard (IS). The concentrations of
tested compounds in A and D wells were estimated by LC/MS Waters
ACQUITY™ TQD system with the TQ Detector (Waters, Milford, USA).

4.4.3.1. Drug — drug interactions. The luminescent CYP3A4 P450-Glo™,
CYP2D6 P450-Glo™ and CYP2D6 P450-Glo™ Promega® (Madison, WI,
USA) were used for the investigation of potential drug-drug interactions
(DDI). All assays and protocols had been described before [39-42]. The
compounds were tested in triplicate in a single experiment at the final
concentrations in range from 0.01 to 25 uM. The luminescent signal was
measured by the EnSpire PerkinElmer (Waltham, MA, USA) microplate
reader. Compounds used as references: ketoconazole (KE), quinidine
(QD) and sulfaphenazole (SE), were obtained from Sigma-Aldrich (St.
Louis, MO, USA).

4.4.3.2. Metabolic stability. The metabolic stability was estimated by
using mouse liver microsomes (MLMs) (Sigma-Aldrich, St. Louis, MO,
USA), according to the previously described protocols [39-42]. The
tested compounds (50 pM) were incubated in the presence of MLMs
(1 mg/ml) for 120 min in 10 mM Tris-HCl buffer at 37 °C. Cold
methanol was added to terminate the reaction. The precipitated MLMs
were centrifuged and the supernatant was analyzed by LC/MS Waters
ACQUITY™ TQD system with the TQ Detector (Waters, Milford, USA).

4.4.3.3. Hepatotoxicity. Hepatotoxicity was evaluated with hepatoma
HepG2 (ATCC® HB-8065™) cell line. Cells were cultured in previously
described conditions [39-42]. Cells were incubated for 48 h at 96-well
plates with compounds in the final concentration range (1-100 pM),
whereas the references CCCP and DX at 10 uM and 1 uM, respectively.
The cells’ viability was determined by CellTiter 96° AQueous Non-
Radioactive Cell Proliferation Assay (MTS), which was purchased from
Promega (Madison, WI, USA). Absorbance was measured using a
microplate reader EnSpire (PerkinElmer, Waltham, MA USA) at
490 nm. All compounds were tested in a single experiment in
quadruplicate. The compounds used as references: carbonyl cyanide
3-chlorophenylhydrazone (CCCP), doxorubicin (DX), were obtained
from Sigma-Aldrich (St. Louis, MO, USA).

4.4.4. Statistical analysis

Radioligand binding: The experimental data were analyzed using
GraphPad Prism 8 for Windows (GraphPad Software, San Diego
California USA, www.graphpad.com). Competition binding (K;) was
fitted to a one-site sigmoidal model. Data were normalized to total
(100%) and non-specific (0%) binding.

ADME-T: The ICsy values in DDI analyses were calculated using
GraphPad Prism 8.0.1 software (nonlinear regression, log(inhibitor) vs.
normalized response).

Statistical significance in hepatotoxicity determination was eval-
uated by GraphPad Prism 5.0.1 software using one-way ANOVA, fol-
lowed by Bonferroni’s comparison test (***p < 0.001).
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