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- Wstep i cel pracy —

Badania dotyczace zjawiska braku réwnowagi mi¢dzy stezeniem wolnych rodnikow,
a skuteczno$cia mechanizméw antyoksydacyjnych organizmu, nazywanego stresem
oksydacyjnym, dowodza, ze ma on udziat w patofizjologii wielu powaznych choréb, w tym
nowotworow, czy chordéb neurodegeneracyjnych, takich jak choroby Alzheimera
1 Parkinsona. Wspotczesna medycyna nadal zmaga si¢ ze znalezieniem skutecznych lekow,
ktére bylyby efektywne w zwalczaniu tych chordb. Dlatego niezmiernie waznym
zagadnieniem jest projektowanie nowych zwiazkéw o potencjalnej aktywnosci
antyoksydacyjnej. W poszukiwaniu nowych zwigzkow aktywnych biologicznie szczegolng
uwage zwraca si¢ na zwiazki naturalne, izolowane z ro$lin, ktore stanowig punkt wyjscia do
modyfikacji chemicznych. Jednym z nich jest alkaloid indolowy, gramina. Zar6wno graming,
jak 1 jej pochodne cechuje wysoka bioaktywno$¢. Poprzez zastosowanie odpowiednich
modyfikacji czasteczki graminy i faczenie jej z innymi biologicznie aktywnymi molekutami
mozliwe jest zwickszanie potencjatu terapeutycznego i obszaréw zastosowania otrzymanych

pochodnych. To zainspirowato mnie do podjecia badan w tym obszarze.

Za cel swojej pracy doktorskiej wybralam syntez¢ nowych pochodnych graminy
o potencjalnym dzialaniu antyoksydacyjnym. Praca obejmuje syntez¢ trzech grup
zwiazkéw (pochodnych indolu), ich charakterystyke spektroskopowa, badania in silico

oraz badania aktywnos$ci antyoksydacyjnej in vitro.

Pierwsza grupe¢ stanowiagzwiazki indolowo-triazolowe zawierajace linkery alifatyczne
o roznej dlugosci lancucha weglowego. Do tej grupy wchodza réwniez pochodne
zawierajgce dodatkowo ugrupowanie fenylowe z podstawnikami azydometylenowymi
lub pierscien ftalimidowy. Zbadatam cytotoksyczno$¢ tych pochodnych wobec erytrocytow
ludzkich oraz aktywnos¢ protekcyjna wobec indukowanej przez AAPH hemolizie

czerwonych krwinek.

Wedlug danych literaturowych kwasy zoétciowe powodujg rozpad czerwonych krwinek
i uwolnienie hemoglobiny do osocza krwi (hemoliza). Badania prowadzone
w ubiegtych latach w naszej grupie badawczej, wykazaly, Ze znacznie nizsza aktywno$¢
hemolityczng wykazuja sole pochodnych kwaséw zotciowych i graminy. Aby przekonac si¢

czy 1 w jakim stopniu obecno$¢ ugrupowania triazolowego wplynie na aktywnos$¢



hemolityczng koniugatéw indolu i kwaséw zolciowych otrzymatam seri¢ biokonjugatow
acetylowych i formylowych pochodnych kwasow zélciowych i indolu polaczonych

ugrupowaniem triazolowym.

Najbardziej preferowang droga modyfikacji ukladu indolowego jest podstawienie
pierScienia pirolowego w pozycji C3. Literatura obfituje w przyktady podstawionych
w pozycji C3 indoli o réznorodnych wiasciwosciach biologicznych. Kolejnym sposobem
modyfikacji pierScienia indolu, moze by¢ substytucja zachodzaca na heterocyklicznym
atomie azotu — w pozycji N1. Opisanych w literaturze N-podstawionych pochodnych indolu
jest jednak znacznie mniej. Dlatego tez trzecig grupe pochodnych, wchodzacych w skiad
mojej pracy doktorskiej, stanowig N-podstawione estrowe pochodne 3-etoksy-
metyloindolu, zwiazku ktory wykazat obiecujacg aktywnos¢ cytoprotekcyjng przed hemoliza
wywotang stresem oksydacyjnym. Waznym aspektem byto okreslenie wplywu modyfikacji

pozycji N1 na aktywnos¢ antyoksydacyjna otrzymanych pochodnych.

Swoje badania postanowitlam poszerzy¢ o analiz¢ aktywnoS$ci przeciwbakteryjnej
i przeciwgrzybicznej niektérych, nowo otrzymanych pochodnych wobec wybranych
gatunkéw grzybow i bakterii oraz w badaniach in silico definiujagc powinowactwo
pochodnych indolu do miejsc aktywnych okreslonych domen biatkowych wykorzystujgc

dokowanie molekularne.

Wszystkie wyniki zawarte w tej pracy zostaly opublikowane w czasopismach

naukowych o zasiggu miedzynarodowym.



- CZESC LITERATUROWA -



1. Charakterystyka i reaktywnos$¢ indolu

Indol (2,3-benzopirol) (Rys. 1) jest stabo zasadowym zwiagzkiem aromatycznym
sktadajacym si¢ z dwoch skondensowanych pierscieni: pigciocztonowego pierscienia

pirolowego i sze$ciocztonowego pierécienia benzenowego [1].

)

Rysunek 1. Struktura czgsteczki indolu

Posiada nadmiar zdelokalizowanych elektronéw m, co czyni jego czasteczke wysoce
reaktywng w stosunku do klasycznych reakcji substytucji elektrofilowej, takich jak
protonowanie, halogenowanie, alkilowanie i acylowanie. Pozycja C3 pierscienia pirolowego
jest najbardziej reaktywnym miejscem niepodstawionego uktadu indolu ze wzgledu na
wigkszg stabilno$¢ termodynamiczng zwigzku posredniego utworzonego przez protonowanie

(Rys. 2) [1-7].
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Rysunek 2. Reakcje substytucji elektrofilowej zachodzqcej w pozycjach C2 i C3 pierscienia indolu

Na rysunku 3 przedstawitam schematy reakcji: a) chlorowania; b) bromowania;
C) jodowania indolu. Powstate 3-halogenoindole sa jednak bardzo niestabilne, szczegolnie

w $rodowisku kwasowym [1,2,8-10].
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Rysunek 3. Schemat reakcji halogenowania indolu

Nitrowanie indolu przy uzyciu klasycznej mieszaniny nitrujgcej (mieszanina stezonych
HNOs i H2SO4) prowadzi do otrzymania trudnych w obrobce produktow, prawdopodobnie
z powodu polimeryzacji indolu katalizowanej kwasem. 3-Nitroindol (5) mozna otrzymac

w tagodniejszych warunkach, stosujac azotan benzoilu (Rys. 4) [1,8,9,11].

Rysunek 4. Schemat reakcji nitrownia indolu

Ogrzewanie indolu i kompleksu pirydyna — tlenek siarki (VI) w pirydynie prowadzi
do sulfonowania indolu w pozycji C3 i utworzenia kwasu indolo-3-sulfonowego (6) (Rys. 5)
[1,8,9,12].
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Rysunek 5. Schemat reakcji sulfonowania indolu

Indol nie reaguje z halogenkami alkilu w temperaturze pokojowej. Rekcja indolu
z jodometanem w dimetyloformamidzie zachodzi dopiero w temperaturze okoto 80°C
i skutkuje utworzeniem 3-metyloindolu (skatolu). W miar¢ wzrostu temperatury, zachodzi

dalsze metylowanie do powstania jodku 1,2,3,3-tetrametylo-3H-indolu (Rys. 6) [2,8,9].
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Rysunek 6. Schemta reakcji metylowania indolu

Indol w reakcji z bezwodnikiem octowym w kwasie octowym, w temperaturze powyzej
140°C, tworzy gtownie 1,3-diacetyloindol (9) oraz, w mniejszych ilosciach,
3- i N-acetyloindol (10 i 11). Z kolei acetylowanie indolu w obecnosci octanu sodu prowadzi
wytacznie do otrzymania N-acetyloindolu (11). 3-Acetyloindol (10) mozna otrzymac poprzez

hydrolize 1,3-diacetyloindolu (9) w warunkach zasadowych (Rys. 7) [1,2,8,9].
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Rysunek 7. Schemat reakcji acetylowania indolu

Ac,0,
ogrzewanie

Powyzej opisane reakcje acetylowania indolu w bezwodniku octowym moga skutkowac
niskg wydajnoscia reakcji ze wzgledu na konkurencyjne tworzenie si¢ produktow N-, 3- lub
1,3-dipodstawionych oraz wystepowanie innych reakcji ubocznych, czesto obserwowanych
w $rodowisku kwasowym, takich jak samopolimeryzacja indolu.

3-Acetyloindol (10) mozna otrzymac takze w warunkach Friedla-Craftsa wykorzystujac
bezwodniki (Rys. 8a), nitryle (Rys. 8b) lub chlorki kwasowe (Rys. 8c) w obecnosci kwasow
Lewisa. Reakcje te prowadza do regioselektywnego otrzymania 3-acetyloindolu

z zachowaniem wysokich wydajnosci reakcji [10,13].
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Rysunek 8. Acetylowanie indolu w warunkach Friedla-Craftsa

Reakcja Vilsmeiera-Haacka jest bardzo efektywna metoda formylowania bogatych
w elektrony zwiazkow aromatycznych. Indolo-3-aldehyd (12) mozna otrzymac przez
bezposrednie formylowanie indolu dimetyloformamidem, stosujac trichlorek fosforylu jako
katalizator (Rys. 9) [1,2,8,9,14].
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Rysunek 9. Schemat reakcji formylowania indolu metodq Vilsmeiera-Haacka

Jedng z gléwnych metod wprowadzania grupy dimetyloaminometylowej do
aktywowanych uktadéw aromatycznych poprzez reakcje¢ z aming i1 formaldehydem jest
aminometylacja Mannicha. Indol w warunkach reakcji Mannicha, katalizowanej kwasem
octowym (lub ZnCl;), prowadzi do utworzenia graminy (13) — waznego alkaloidu
indolowego (Rys. 10) [1,2,8,9,14].

C_N(CHG)Z

HN(CH,),
_CH-0

AcOH
H H,0 N )
) (13) H

Rysunek 10. Mechanizm katalizowanej kwasem octowym reakcji Mannicha prowadzgcej do utworzenia graminy
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W przypadku czgsteczki indolu, warunki reakcji Mannicha maja istotny wptyw na jej
kierunek. Przy wykorzystaniu metody aminometylacji Mannicha mozliwe jest takze

uzyskanie N-dimetyloaminometyloindolu (14) poprzez obnizenie temperatury reakcji

do 0-5°C (Rys. 11) [14].
\ HN(CHj),; CHy=0 \
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@ A (14) \\ o
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Rysunek 11. Schemat reakcji Mannicha zachodzqcej w obnizonej temperaturze

Grupa aminowa pierscienia heterocyklicznego jest slabym nukleofilem, dlatego
podstawienie pozycji N1 jest mozliwe tylko wtedy, gdy kwasny proton grupy -NH zostanie
usuniety w celu wytworzenia silnie naladowanego nukleofila. Atom wodoru zwigzany
z heterocyklicznym atomem azotu indolu jest znacznie bardziej kwasny (pKa=16,2)
niz W innych aromatycznych aminach (pKa aniliny wynosi 30,7). Pod wplywem bardzo
mocnych zasad (wodorek sodu, n-butylolit lub alkilowy odczynnik Grignarda)
N-niepodstawiony indol przeksztatca si¢ w odpowiedni anion indolilowy (Rys. 12) [2,8,9].

\ Na, CH;Mgl
DMEF, t.p. \ Et,0, tp. \
« 2P R + CH,
T\l + N N
Na

H Mgl

Rysunek 12. Reakcja indolu z mocnymi zasadami
Anion indolilowy ma dwie glowne struktury mezomeryczne (Rys. 13), w ktdrych
tadunek ujemny znajduje si¢ gldwnie na atomie azotu i atomie wegla C3. Z tego wzgledu

anion indolilowy zachowuje si¢ jak ambidentny nukleofil: w zalezno$ci od warunkow reakcji

podstawienie moze zachodzi¢ w pozycjach C3 lub w N1.

0-—C0

Rysunek 13. Struktury mezomeryczne anionu indolilowego
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Reakcja Mitsunobu jest jedng z metod N-alkilowania pochodnych indolu przy uzyciu
alkoholi, trifenylofosfiny (PPhz) oraz azodikarboksylanu diizopropylu (DIAD). Jednakze, aby
zwigkszy¢ kwasowos¢ atomu wodoru grupy -NH indolu, wymaganie jest podstawienie
pozycji C2 lub C3 pierscienia indolowego podstawnikami wyciggajacymi elektrony (EWG)
(Rys. 14) [15].

EWG, EWG,
OH

N ewe, 4+ _DIAD, PPhy N ewe,

Iz

Rysunek 14. Schemat alkilowania indolu w pozycji NI przy uzyciu reakcji Mitsunobu

W poréwnaniu do pierscienia pirolowego, dostep do mniej aktywowanego pierscienia
benzenowego pozostaje duzym wyzwaniem. Opracowano jednak Kkilka metod na
wprowadzanie  podstawnikbw w pozycje C4-C7 ukladu indolowego. Reakcja
N-benzyloindolu, podstawionego w pozycji C3 grupg formylowa, z odpowiednimi
akrylanami, przy zastosowaniu Kkatalizatorow rutenowych i srebrowych, prowadzi do
selektywnego otrzymania C4-podstawionych indoli (Rys. 15a) [16]. Regioselektywne
selenowanie w pozycji C5 jest natomiast mozliwe poprzez zastosowanie AQSbFs
I (diacetoksy)jodobenzenu (PIDA) jako Kkatalizatora (Rys. 15b) [17]. Z kolei
2,3-dimetyloindol, w katalizowanej kwasem p-toluenosulfonowym (TsOH), reakcji
z alkoholami o-hydroksybenzylowymi tworzy pochodne podstawione w pozycji C6 (Rys.
15c¢) [18]. Podstawienie atomu azotu pierscienia pirolowego indolu grupami takimi jak grupa
sililowa i piwalowa (Piv), okazalo si¢ mie¢ wptyw Kierunkowy na regioselektywnos¢ reakcji
borowania, olefinowania i amidowania w pozycji C7. Arylowanie atomu wegla C7 z wysoka
regioselektywnos$cig nastepuje w wyniku reakcji N-podstawionego indolu z kwasami
fenyloboronowymi (Rys. 15d) [9,19,20].

-12 -



R,=Bn, R; = CHO
R,=Rs=R¢=R,=H

/\R [Ru(p-cymen)Cl,], AgSbFy,

CuOAc,xH,0, DCE, 120°C b)

Pd(OAc),, 2-Cl-py
Cu(OTf),, Ag,0,
dioksan, 120°C, Ar

AgSbF¢, PIDA, DCE

R;=CHs, Ry = Piv
R,=R,=R¢=R,=H

Bu
N
R, = }/{PE [
O/ u
Ry=Ry=R,;~Rs=R¢=H

Rysunek 15. Reaktywnos¢ pierscienia benzenowego indolu

2. Naturalne pochodne indolu

Skondensowany uktad pierscieni indolu zawarty jest zarowno w zwigzkach pochodzenia
zwierzecego, jak i roslinnego. Indol jest budulcem niezwykle zréznicowanego Szeregu
biologicznie istotnych zwigzkéw naturalnych poczynajac od prostych pochodnych takich jak
serotonina, po ztozone czasteczki alkaloidow, ktore znalazty zastosowanie kliniczne, takich

jak przeciwnowotworowa winblastyna, czy przeciwnadci$nieniowa rezerpina [21-23].
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2.1.  ZwiazKki indolu pochodzenia zwierzecego

Prekursorem pochodnych indolu wystgpujacych w tkankach zwierzecych jest tryptofan
(TRP)  [24,25]. Indoloaminy  bedace  produktami  metabolizmu  tryptofanu
(Rys. 16) wydzielane sg gtownie przez szyszynke.

o OH OH

o o}
HO HO /
/0 HO HO HO. /0
ASMT ALDH AR ASMT
N N N N N

5-MIAA 5-HIAA 5-HIAL 5.HTOL 5-MTOL
P
. . / N \
. HO, K N, o . o \
N, ° / Weo [VIRAN NH / NH \
\ N / \ |
[ I I \ |
HO. . HO. 0. /
/ N \ N T N,
AADC AA-NAT ASMT
el g \, v/ X \. N
/ 5-HTRP . 5HT J/ NAS N, MLT/ .
ASMT NHz
~° \

5-MTAM

Rysunek 16. Schemat metabolizmu tryptofanu

Tryptofan jest hydroksylowany przez hydroksylaze tryptofanu (TRH) do
5-hydroksytryptofanu  (5-HTRP), ktory za pomocg dekarboksylazy aminokwasow
aromatycznych (AADC) jest dekarboksylowany do serotoniny (5-hydroksytryptaminy, 5-HT)
[25-29]. Serotonina jest kluczowym neuroprzekaznikiem w os$rodkowym uktadzie
nerwowym (OUN). Odgrywa istotng rol¢ w funkcjach mézgu, takich jak regulacja nastroju,
snu i apetytu. Serotonina jest takze skladnikiem roéznych lekow psychoaktywnych
wykazujacych  dziatanie  przeciwdepresyjne, przeciwpsychotyczne, przeciwlgkowe,
empatogenne lub psychodeliczne, w zaleznosci od specyficznych interakcji z ukladem
serotoninowym, a takze innymi neuromodulatorami, takimi jak noradrenalina, dopamina
I oksytocyna [27-29]. 5-HT stanowi punkt wyjscia dla kilku szlakéw metabolicznych
w metabolizmie tryptofanu, najlepiej zbadana jest jednak jej przemiana w melatoning (MLT),
ktora obejmuje dwa etapy. W pierwszym etapie 5-hydroksytryptamina, za pomoca
N-acetylotransferazy  aryloalkiloaminowej (AA-NAT),  jest  acetylowana  do

N-acetyloserotoniny (NAS). Drugi etap obejmuje metylacje NAS przez O-metylotransferaze
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N-acetyloserotoniny (ASMT) do metaltoniny (MLT). Serotonina moze by¢ takze
bezposrednio metylowana przez ASMT do 5-metoksytryptaminy (5-MTAM). Oksydacyjna
deaminacja serotoniny za pomocg monoaminoosydazy (MAO) prowadzi do utworzenia
aldehydu 5-hydroksyindolooctowego (5-HIAL). Aldehyd ten jest utleniany przez
dehydrogenaze aldehydowsa (ALDH) do kwasu 5-hydroksyindolooctowego (5-HIAA), ktéry
jest metylowany przez ASMT i tworzy kwas 5-metoksyindolooctowy (5-MIAA). Natomiast
redukcja 5-HIAL przez reduktazg aldozowa (AR) prowadzi do powstania
5-hydroksytryptofolu  (5-HTOL), ktory pod wptywem ASMT przeksztalcany jest
w 5-metoksytryptofol (5-MTOL) [25-29].

2.2.  Zwiazki indolu pochodzenia roslinnego

Najwicksza grupe zwigzkow indolu pochodzenia roslinnego stanowig alkaloidy
indolowe. Alkaloidami nazywamy zwigzki glownie pochodzenia roslinnego o charakterze
zasadowym, zawierajgce co najmniej jeden, przewaznie heterocykliczny atom azotu. Znaczng
grupe tych zwigzkow stanowig alkaloidy indolowe, ktére charakteryzuja si¢ réznorodng
bioaktywnoscia [30].

Strychnina (Rys. 17a) i brucyna (Rys. 17b) to alkaloidy obecne w nasionach kulczyby
wroniego oka (Strychnos nux vomica L.) - drzewa rosngcego w Chinach i krajach Azji
Potudniowej. Czasteczki tych zwigzkdéw zawieraja w swojej strukturze ugrupowanie
indolowe 1 sg silnymi toksynami. Strychnina wykazuje znacznie silniejsze dziatanie
neurotoksyczne od brucyny. Wynika to z silnie antagonistycznego dzialania wobec
receptoréw glicyny, blokowania aktywno$ci réznych typoéw mig$ni oraz neuronalnych
nikotynowych receptorow acetylocholiny. Dawka $miertelna strychniny wynosi od 50 do 100
mg, a najczestsza przyczyng $mierci jest niewydolno$¢ oddechowa. Ze wzgledu na swoja
toksyczno$¢ strychnina stosowana jest gléwnie jako trucizna, np. w S$rodkach
gryzoniobojczych. Wykazano roéwniez farmakologiczne dziatanie strychniny i brucyny
w zakresie przeciwnowotworowym, przeciwbolowym i przeciwzapalnym, przy czym

brucyna charakteryzuje si¢ nizszg toksyczno$cig i wigksza wartoscig terapeutyczng [31-35].
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Rysunek 17. Struktura czgsteczek strychniny i brucyny

Alkaloidy Vinca (alkaloidy barwinka rozyczkowego) to grupa zwigzkow chemicznych
zawierajacych uktad pierscieni indolu, pozyskiwana z barwinka rézyczkowego (Vinca Rosea
znany rowniez jako Catharanthus Roseus). Alkaloidy Vinca znalazly zastosowanie
w leczeniu cukrzycy oraz wysokiego cisnienia krwi, jednak szczegdlng role odgrywaja
w terapiach przeciwnowotworowych. Obecnie w zastosowaniu klinicznym znajduje si¢ pieé
alkaloidow bawrinka: naturalnie wystepujace winblastyna (Rys. 18a) i winkrystyna
(Rys. 18b) oraz potsyntetyczne pochodne windezyny (Rys. 18c) — stosowane Kklinicznie tylko
w kilku krajach — winorelbina (Rys. 18d) oraz winflunina (Rys 18e), zatwierdzona przez
Europejska Agencje Lekow (EMA) w 2012 r. w leczeniu przerzutowego i zaawansowanego

raka nabtonka drog moczowych [22,36-38].

! b)R; = CHO ; Ry = CO,CHj ; Ry = OCOCH; ; Ry = OH ; Rg=CH,CHj |
! ¢)Ry=CHj;Ry=CONH,;R;=OH;R, = OH ; Rg=CH,CH,

! d)R; = CHj : R, = CO,CH3 ; Ry = OCOCH; ; Ry = - ; Rs=CH,CHj

Rysunek 18. Struktury czgsteczek alkaloidéw Vinca bedgcych w zastosowaniu klinicznym

Alkaloidy sporyszu sa kolejng grupa zwigzkow zaliczang do alkaloidow indolowych.
Sa to mykotoksyny wytwarzane przez przetrwalniki butawinka czerwonego (Claviceps
purpurea) — grzyba wywolujacego choroby zbo6z i traw, toksycznego takze dla ludzi
1 zwierzat. Przewlekle zatrucie sporyszem (ergotyzm) byto powszechne w Europie
w S$redniowieczu w wyniku spozycia chleba wyprodukowanego ze skazonego zyta.
Z uptywem lat zacz¢to wykorzystywac alkaloidy sporyszu w celach medycznych, gltéwnie

w leczeniu chorob osrodkowego ukladu nerwowego. Ergotaming (Rys. 19a) stosuje si¢
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w leczeniu ostrych napadoéw migreny. Bromokryptyna (Rys. 19b), syntetyczna pochodna
a-ergokryptyny stosowana jest w leczeniu choroby Parkinsona i hiperprolaktynemii.
Nicergolina (Rys. 19c) jest pochodng kwasu D-lizerginowego, ktoérag wykorzystuje sig¢
w leczeniu demencji i chor6b naczyniowych, takich jak zakrzepica mozgu [39-42].
Dietyloamid kwasu lizergowego (LSD) (Rys. 19d) znany jest ze swojej silnej aktywnosci
psychodelicznej. Z wzgledu na wlasciwosci psychoaktywne LSD pojawito sie duze
zainteresowanie  jego potencjalnym zastosowaniem jako $rodka terapeutycznego
w psychiatrii. LSD stosowano w leczeniu lgkow, depresji, chorob psychosomatycznych
1 uzaleznien. Wigkszos¢ badan nie zostala przeprowadzona wedlug wspodtczesnych
standardow, a w 1967 roku LSD zostat zakazany, co spowodowato zaprzestanie terapii z jego
wykorzystaniem. Ponowne zainteresowanie badaniami nad LSD i jego potencjatem

terapeutycznym w psychiatrii zaj¢to kilka dziesigcioleci [42,43].

Rysunek 19. Struktury czgsteczek wybranych alkaloidow sporyszu

Harmina i harmalina (Rys. 20) wystepuja w roslinach rodzaju Peganum i znane sa
glownie z dziatania psychoaktywnego. Sa takze sktadnikami Ayahuaski, halucynogennego
napoju spozywanego podczas rytualdéw przez plemiona amazonskie. Poza dzialaniem
psychotropowym, alkaloidy te wykazaly réwniez potencjal przeciwnowotworowy,

przeciwzapalny, neuroprotekcyjny i przeciwcukrzycowy [44-47].
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Rysunek 20. Struktury czgsteczek: a) harminy i b) harmaliny

Rezerpina, johimbina i ajmalina (Rys. 21) to alkaloidy indolowe wyizolowane z korzeni
rauwolfii zmijowej (Rauwolfia serpentina). Rezerpina od wielu lat stosowana jest w leczeniu
wysokiego ci$nienia krwi, jednak wraz z wprowadzeniem nowych lekéw
przeciwnadci$nieniowych wykorzystanie rezerpiny w farmakoterapii drastycznie spadto.
Johimbina wykorzystywana jest jako stosunkowo bezpieczny $rodek terapeutyczny przy
trudnosciach seksualnych, natomiast ajmalina wykazuje silne dziatanie antyarytmiczne
i obnizajgce cisnienie krwi [23,48,49].

Rysunek 21. Struktury czgsteczek: a) rezerpiny; b) johimbiny; c¢) ajmaliny
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3. Syntetyczne pochodne indolu o znaczeniu farmakologicznym

W ostatnich latach indol stat si¢ powszechnie stosowanym szkieletem molekularnym
umozliwiajgcym rozwdj | projektowanie nowych lekdéw, w szczegolnosci Srodkow
przeciwzapalnych, antynowotworowych, przeciwdrobnoustrojowych, przeciwwirusowych

oraz stosowanych w leczeniu migreny i mdtosci [50].

3.1.  Pochodne indolu o whasciwosciach przeciwzapalnych

Jednym =z najbardziej znanych, komercyjnie dostepnych, zwiazkéw indolu jest
Indometacyna (Rys. 22) — pochodna kwasu octowego, zaliczana do grupy Niesteroidowych
Lekow Przeciwzapalnych (ang. NSAIDs, Non-steroidal anti-inflammatory drugs).
Indometacyna, obok aspiryny, byla jednym ze zwiazkow zastosowanych przez Johna Vane'a
w 1971 r. do odkrycia istotnej aktywnosci niesteroidowych lekéw przeciwzapalnych (NLPZ)
jako inhibitora prostaglandyn, co po6zniej doprowadzitlo do zdobycia przez niego, Oraz
Bergstroma i Samuelssona, Nagrody Nobla w dziedzinie Fizjologii lub Medycyny w 1982 r
[51].

Rysunek 22. Wzér strukturalny Indometacyny (kwasu 2-(1-(4-chlorobenzoilo)-5-metoksy-2-metylo-1H-indol-3-
ilo)octowego).

Indometacyna dziata jak wigkszos¢ innych NLPZ. Aktywnos$¢ indometacyny polega na
hamowaniu syntezy prostaglandyn. Prostaglandyny, wytwarzane gtéwnie przez enzymy
cyklooksygenazy (COX), sa krytycznymi mediatorami stanu zapalnego, goraczki i bolu.
Utrzymujg takze czynnos$¢ nerek, btone sluzowa przewodu pokarmowego 1 aktywnos$¢ phytek
krwi. Inhibicja enzymow COX przez NLPZ moze wyjasnia¢ niektore dziatania niepozadane
tych lekéw. COX-1 bierze udziat w wytwarzaniu tromboksanu A2 (krytycznego mediatora
agregacji plytek krwi), zatem hamowanie tego enzymu jest prawdopodobnie odpowiedzialne
za przeciwplytkowe dziatanie NLPZ. COX-1 jest odpowiedzialny réwniez za utrzymanie

btony $luzowej przewodu pokarmowego, podczas gdy poziom COX-2 ulega zwigkszeniu
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w tkankach objetych stanem zapalnym i wytwarza prostaglandyny odpowiedzialne za stan
zapalny, gorgczke i bol. W rezultacie NLPZ selektywne wobec COX-2 mogg powodowaé
mniej skutkoéw ubocznych zwigzanych z przewodem pokarmowym. Indometacyna dziata
nieselektywnie, wobec obu izoform cyklooksygenazy prowadzac do powaznych powiktan,
takich jak wrzody zotadka i toksyczno$¢ nerkowa [51-54]. Nieselektywne hamowanie obu
enzymow COX przypisuje si¢ dziataniu ugrupowania COOH, dlatego naukowcy skupiajg si¢
na odpowiednich modyfikacjach czasteczki indometacyny, ktére maja zwickszyc
selektywno$¢ wobec izoformy COX-2 [55,56]. W literaturze znane sg pochodne estrowe
i amidowe indometacyny (Rys. 23), ktore wykazaty skuteczne dziatanie przeciwzapalne,

a przy tym takze wysoka selektywno$¢ wobec COX-2 [55-58].

Rysunek 23. Pochodne indometacyny o wiasciwosciach przeciwzapalnych selektywne wobec COX-2 [6, 8]

Acemetacyna (Rys. 24a) moze stanowi¢ uzyteczng alternatywe dla konwencjonalnych
NLPZ w leczeniu stanéw zapalnych i bélu. Jest to pochodna estru karboksymetylowego
indometacyny i wykazuje umiarkowang selektywnos¢ wobec COX-1. Acemetacyna jest
czesto okreslana jako prolek indometacyny, poniewaz w obecno$ci leukocytow lub tkanki
btony $luzowej zotadka zostaje przeksztalcona w indometacyng. Prawdopodobnie dlatego
powoduje mniejsze uszkodzenie zotgdka niz indometacyna [50,59].

Tenidap (Rys. 24b) (opracowany przez firme Pfizer), inhibitor COX/5-LOX, jest
potencjalnym  lekiem  przeciwzapalnym, modulujacym  cytokiny o  dziataniu
przeciwreumatoidalnym. Zostal on jednak odrzucony przez Agencje Zywnoséci i Lekow
w 1996r. ze wzgledu na doniesienia o toksycznosci dla watroby i nerek [50,60].

Etodolak (Rys. 24c) jest to niesteroidowy lek przeciwzapalny dziatajacy jako selektywny
inhibitor COX-2. Powoduje zmniejszenie poziomu prostaglandyn w organizmie przy lepszej
tolerancji ze strony przewodu pokarmowego. Srodek ten ma zastosowanie w leczeniu

choroby zwyrodnieniowej stawow i reumatoidalnego zapalenia stawdw [50,61,62].
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Rysunek 24. Wzory strukturalne: a) Acemetacyny, b) Tenidapu, c) Etodolaku.

3.2.  Pochodne indolu o0 wlasciwosciach antynowotworowych

Rak jest globalnym problemem zdrowia publicznego, odpowiedzialnym za jedng szostg
zgondéw wsrod calej ludzkiej populacji. Ukierunkowanie lekdow, szczegdlnie na okre§lone
geny 1 biatka zaangazowane we wzrost 1 przezycie komoérek nowotworowych, jest jednym
z glownych celow badan na catym $wiecie [63-65]. Wiele lekow stosowanych
w terapiach przeciwnowotworowych opartych jest na strukturze indolu.

Sunitynib (Rys. 25a) to wielokierunkowy inhibitor kinazy tyrozynowej, ktéry ma silne
dzialanie antyangiogenne i przeciwnowotworowe. Sunitynib jest standardowym
terapeutykiem w leczeniu pierwszego rzutu w przypadku przerzutowego raka
nerkowokomorkowego (mRCC) [50,66-68].

Alectinib (Rys. 25b) jest wysoce selektywnym inhibitorem kinazy chloniaka
anaplastycznego drugiej generacji (ALK). Ta pochodna indolowa stosowana jest w leczeniu
niedrobnokomorkowego rak ptuc (NSCLC) [50,65,68].

Panobinostat (Rys. 25c) jest pochodng indolowego kwasu hydroksamowego. Wykazuje
nieselektywnag inhibicjc wobec deacetylazy histonowej (HDAC) oraz zdolnosé¢
do uwrazliwiania opornych na leczenie komorek szpiczaka mnogiego w badaniach
przedklinicznych, a takze u pacjentow z RRMM (ang. Relapsed/refractory multiple myeloma
- nawracajacy/oporny na leczenie szpiczak mnogi) w badaniach klinicznych [50,65,68].
Panobinostat w 2022 roku zostal uznany przez Europejska Agencje Lekow (EMA) za lek
sierocy (niemajacy innych odpowiednikow, ang. ,,orphan drug”) do leczenia nowotworow

glejowych [69].
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Rysunek 25. Struktury lekéw stosowanych w terapiach przeciwnowotworowych: a) Sunitynib, b) Alectinib,
¢) Panobinostat

Ze wzgledu na wielopostaciowy charakter choréb nowotworowych nieustannie trwajg
badania nad projektowaniem nowych terapeutykéw. Modyfikacje czasteczki indolu od wielu
lat przyczyniajg si¢ do otrzymywania potencjalnych srodkdéw przeciwnowotworowych.

Badania z 2020 opisuja otrzymanie pochodnej indolu =z podstawnikiem
6-etoksybenzotiazolowym (Rys. 26a), ktéra w badaniach in vitro wykazata cytotoksycznos¢
wobec linii komoérkowych ludzkiego raka jelita grubego (HCT116), gruczolakoraka phuc
(A549) oraz czerniaka (A375) [70]. Z kolei, w 2022 roku opisano aktywnosc
przeciwnowotworowa pochodnej indolu zawierajacej ugrupowania tiazolidynedionowe oraz
triazolowe z podstawnikiem acetylofenylowym (Rys. 26b) przeciwko ludzkim liniom
komorek nowotworowychmHCT116 (rak jelita grubego), PC3 (rak prostaty), HePG2 (rak
watrobokomorkowy) i MCF7 (rak sutka) [71].

a) /N ‘Q . . b) ~ 0 y _ o
N \_ )

Rysunek 26. Pochodne indolowe o wiasciwosciach przeciwnowotworowych

3.3.  Tryptany - analogi indolu stosowane w leczeniu migreny

Migrena to ztozone zaburzenie mézgu, ktére mozna wytlumaczy¢ interakcja czynnikow
genetycznych i Srodowiskowych. Charakteryzuje sie silnym bodlem glowy zwigzanym

z nudnosciami, $wiatlowstr¢tem i/lub fonofobig [72-74]. Patofizjologiczne mechanizmy
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migreny nie sg w pelni poznane, ale ogolnie przyjmuje si¢, ze zaburzenie to dotyczy zardwno
obwodowego, jak 1 osrodkowego uktadu nerwowego, a takze mechanizmoéw naczyniowych
i zapalnych [72,75]. Leki, ktore mozna zastosowa¢ w leczeniu ataku migreny, obejmuja
niesteroidowe leki przeciwzapalne (NLPZ) i inne leki przeciwbolowe, aczkolwiek nie sg to
leki dedykowane do leczenia jedynie migreny i czgsto bywajg nieskuteczne. Pierwszym
lekiem opracowanym $cisle w kierunku leczenia migreny byt alkaloid indolowy, Ergotamina,
ktéra moze wywolywaé zwezenie naczyn krwionosnych i dziata jako agonista wielu
receptoréw, w tym serotoniny, dopaminy i (nor)adrenaliny [72, 76]. Kluczowa rol¢
we wspotczesnych terapiach przeciwmigrenowych odgrywaja receptory serotoninowe
(5-hydroksytryptaminy, 5-HT). Serotonina =zostala zidentyfikowana jako substancja
Zw¢zajacag naczynia krwionosne i sugeruje si¢, ze jej niski poziom w osoczu krwi odgrywa
rolg w patofizjologii migreny. [72,75,77].

Selektywnymi agonistami receptorow serotoninowych 5-HTig i 5-HTip sg pochodne
indolowe z grupy tryptandw [72,75]. Prawie wszystkie tryptany zawieraja w tancuchu
bocznym przytagczonym w pozycji C3 ugrupowania indolowego grup¢ aminowa (tak jak
w przypadku czgsteczki serotoniny). Gléwng rdznicg strukturalng wsrod tej grupy lekow jest
budowa tancucha bocznego zlokalizowanego w pozycji C5 uktadu indolowego. Najczgsciej
obecne postawniki to sulfonamidy i sulfony, heterocykle, takie jak triazol, 2-oksazolidon,
oraz karboksyamidy [78,79].

Pierwszym lekiem selektywnie ukierunkowanym na receptory 5-HT1 byt sumatryptan
(Rys. 27a). Lek ten ma trzy przypuszczalne mechanizmy dziatania terapeutycznego: zweza
rozszerzone naczynia krwionosne opon moézgowo-rdzeniowych, hamuje uwalnianie
neuropeptydéw wazoaktywnych oraz zmniejsza transmisje sygnatu bolowego [72,80].
Sumatryptan nie przenika przez barier¢ krew-mozg ze wzgledu na jego niskg lipofilowos¢,
co spowodowato wzbogacenie tej grupy lekow o nowe substancje, takie jak, almotryptan,
zolmitryptan, czy naratryptan (Rys.27b-d), wykazujace wicksza biodostepnosé
od sumatryptanu [78-81].
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Rysunek 27. Struktury czgsteczek lekow przeciwmigrenowych: a) sumatryptan; b) almotryptan; ¢) zolmitryptan;
d) naratryptan

3.4. Pochodne indolu o znaczeniu przeciwdrobnoustrojowym

Infekcje bakteryjne sa gltownag przyczyna niektorych choréb charakteryzujacych sig
wysoka $miertelnoscia, takich jak tyfus, gruzlica, dzuma, blonica, cholera, czerwonka
1 zapalenie ptuc. Natomiast grzyby chorobotworcze moga wydziela¢ toksyny i metabolity
szkodliwe dla ludzi, zwierzat i ro$lin [82,83].

Chociaz istnieje wiele srodkow przeciwdrobnoustrojowych dostepnych na rynku,
zdolno$¢ mikroorganizmoéw do tworzenia zmutowanych szczepdw, czy wytworzenie przez
nie lekooporno$ci generuje potrzebe projektowania nowych substancji o potencjalnej
aktywnosci przeciwbakteryjnej i przeciwgrzybiczej. Niektore analogi indolu opisane
w literaturze wykazaty efekt przeciwdrobnoustrojowy. Tiwari, Kirar, Banerjee i inni
zsyntezowali seri¢ N-podstawionych pochodnych indolu, ktore wykazaly aktywno$¢ wobec
bakterii Gram dodatnich Bacillus subtilis (Rys. 28a) oraz grzybow z gatunku Candida
viswanathii (Rys 28b) [83].
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Rysunek 28. Pochodne indolu o wiasciwosciach przeciwbakteryjnych i przeciwgrzybiczych

Jain, Utreja, Sharma wykazali, Zze pochodne z podstawnikami alkilowymi lub
bromoalkilowymi w pozycji N1 efektywnie hamuja wzrost populacji bakterii szczepow
Pseudomonas oryzihabitans i Pseudomonas aeruginosa [84]. Struktury najbardziej

aktywnych pochodnych przedstawitam na rysunku ponizej (Rys. 29).

e NO2 C/Q
NH

A\ N o
N& N \

Rysunek 29. N-podstawione pochodne indolu o wlasciwosciach przeciwbakteryjnych

Znane sg rowniez hybrydy triazolowo-indolowe (Rys. 30) o dziataniu
przeciwgrzybicznym wobec niektérych gatunkéw grzybdéw z rodzaju Candida. Pochodna
indolu z pierScieniem 1,2,3-triazolowym (Rys. 30a) wykazata aktywno$¢ przeciw Candida
albicans [85], natomiast zwigzek z ugrupowaniem indolowym oraz 1,2,4- triazolowym

(Rys. 30b) efektywnie hamowat rozwdj gatunkow Candida glabrata oraz Candida krusei

[86].
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Rysunek 30. Pochodne indolowo-triazolowe o dziataniu przeciwgrzybiczymprzeciwgrzybicznym

3.5. Przeciwwirusowe pochodne indolu

Choroby wirusowe sg infekcjami niezwykle powszechnymi. Do najbardziej znanych
choréb wirusowych zaliczamy: przezigbienie, grype, ospe wietrzng, opryszczke, zapalenie
zotadka i jelit (grypa zotadkowa), AIDS wywotane ludzkim wirusem niedoboru odpornosci
HIV, zapalenie watroby (WZW), Choroba Heinego-Medina wywolywana przez wirusa Polio,
choroby wirusowe wywolane wirusami Ebola, HPV, a takze cigzki ostry zesp6t oddechowy
wywolany wirusem SARS-CoV-1, ktéry jeszcze bardziej uwypuklit deficyt zwigzkéw
przeciwwirusowych, odpowiednich do bezzwlocznego zastosowania w leczeniu
nawracajacych lub pojawiajacych si¢ chorob wirusowych [87-89].

Jednym z aktywnych biologicznie zwigzkéw indolu jest Umifenovir (Rys. 31a)
(sprzedawany pod markg Arbidol) jest lekiem przeciwwirusowym licencjonowanym w Rosji
i Chinach do stosowania zapobiegawczego i leczenia zakazen ludzka grypa typu A i B,
a takze powiktan pogrypowych. Umifenovir cechuje si¢ szerokim spektrum dziatania, jest
aktywny réwniez przeciwko wirusom powodujgcym wirusowe zapalenie watroby typu B i C;
wirusowi Ebola i opryszczki; SARS oraz niektorym flawiwirusom, w tym wirusowi Zika,
Zachodniego Nilu i kleszczowego zapalenia mdzgu [89-92].

Delawirdyna (Rys. 31b) jest nienukleozydowym inhibitorem odwrotnej transkryptazy
(NNRTI) pierwszej generacji. Zostata zatwierdzona przez FDA w 1997 r. do leczenia
ludzkiego wirusa niedoboru odpornosci typu 1 (HIV-1). Stosowana byta w ramach wysoce
aktywnej terapii przeciwretrowirusowej (HAART - ang. highly active antiretroviral therapy).
Obecnie wycofana z uzycia ze wzgledu na pojawianie si¢ licznych dzialan niepozadanych,
niewygodne dawkowanie (trzy razy dziennie) oraz pojawienie si¢ skuteczniejszych

preparatow drugiej generacji [89,93,94].
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Rysunek 31. Leki zawierajgce czgsteczke indolu o aktywnosci przeciwwirusowej.: a) Umifenovir, b) Delawirdyna

Aktywno$¢ przeciwwirusowa pochodnych indolu nadal jest przedmiotem badan wielu
naukowcow na calym $wiecie. Przedstawiona na ponizszym rysunku (Rys. 32a) hybryda
triazolowo-indolowa wykazata obiecujacg aktywno$¢ wobec wirusa grypy typu A [95],
natomiast zwigzek zawierajacy ugrupowanie indolowe (Rys. 32b) i benzotiazolowe

catkowicie blokuje infekcje SARS CoV-2 in vitro bez wykrywalnej cytotoksycznosci [96].

@c@ @oﬁ

Rysunek 32. Pochodne indolu o aktywnosci przeciwwirusowej

3.6.  Pochodne indolu o wlasciwos$ciach antyoksydacyjnych

Zwiazki indolowe s3 bardzo skutecznymi przeciwutleniaczami, chronigcymi zaréwno
lipidy, jak i1 bialka przed peroksydacja. Bogata w elektrony struktura indolu determinuje
aktywnos¢ antyoksydacyjna jego pochodnych w uktadach biologicznych [97,98].

Jednym z najobszerniej opisanych analogdw indolu wykazujacym wlasciwosci
antyoksydacyjne jest melatonina. Jest to neurohormon wytwarzany i uwalniany glownie
przez szyszynke, ale takze przez uklad trawienny, komorki krwi, soczewke i siatkowke oka,
nerki, tarczyce, jajniki, mozdzek, zot¢, szpik kostny i plyn mézgowo-rdzeniowy [99-101].

Melatonina odpowiedzialna jest glownie za regulowanic dobowego rytmu funkcji
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fizjologicznych u ssakdéw. Hormon ten jest takze niezwykle skuteczny w redukowaniu stresu
oksydacyjnego [97,99]. Jego dziatanie polega na bezposredniej neutralizacji reaktywnych
form tlenu (RFT) i reaktywnych form azotu (RFA) oraz posredniej stymulacji enzymow
antyoksydacyjnych przy jednoczesnym tlumieniu aktywnosci enzymoéw prooksydacyjnych.
Aromatyczny pierécien indolowy melatoniny wychwytuje RFT i RFA, a efekt ten jest

potegowany przez dalszg aktywno$¢ przeciwutleniajacg produktéw reakcji 1 metabolitow

A

o

melatoniny w sposdb kaskadowy (Rys. 33).
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H
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Rysunek 33. Kaskadowa reakcja melatoniny i jej metabolitow z wolnymi rodnikam

RH

W reakcji z rodnikiem hydroksylowym HO® melatonina ulega przemianie w metabolit
przejsciowy - cykliczng 3-hydroksymelatoning (3-OHM), ktora rowniez jest silnym
zmiataczem wolnych rodnikow. Nastepnie, w wyniku utleniania, powstaje N1-acetylo-N1-
formylo-5-metoksykynuramina (AFMK). Deformylacja AFMK prowadzi do wytworzenia
N2-acetylo-5-metoksykinuraminy (AMK) [99,101,102].

Kwas indolo-3-propionowy (IPA) (Rys. 34) jest produktem deaminacji tryptofanu,

wytwarzanym przez bakterie Clostridium sporogenes i Peptostreptococcus anaerobius
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w jelitach i, podobnie jak melatonina, skutecznie neutralizuje rodniki HO® [103-106].
IPA peni role ochronng na poziomie komdérkowym i tkankowym, ograniczajgc stany zapalne,
peroksydacj¢ lipidow i powstawanie wolnych rodnikow. Kwas indolo-3-propionowy uznaje
si¢ za kluczowy zwigzek w opracowaniu Strategii terapeutycznej w leczeniu choroby
Alzheimera i innych chorob neurodegeneracyjnych [106,107].

o
OH

Iz

Rysunek 34. Kwas indolilo-3-propionowy (IPA)

W literaturze opisane sa takze syntetyczne pochodne indolu o potencjalnej aktywnosci
antyoksydacyjnej. Hybryda steroidowo-indolowa przedstawiona na rysunku 35 wykazata
skuteczne dziatanie farmakologiczne przeciwko uszkodzeniom komérkowym wywolanym

przez H202, 6-OHDA (6-hydroksydopaming) i beta amyloid [108].

\\\\\\\
o

_—0

Rysunek 35. Hybryda steroidowo-indolowa o wlasciwosciach przeciwutleniajgcych
Dipodstawiona pochodna indolu zawierajaca pierscien 1,2,3-triazolowy (Rys. 36)

zmiatata wolne rodniki DPPH (2,2-difenylo-1-pikrylohydrazyl) w stopniu zblizonym (68%)
do kwasu askorbinowego (78%) [109].
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Rysunek 36. Pochodna triazolowo-indolowa

Zwiazki z nienasyconym tancuchem bocznym w pozycji C5 pier§cienia indolowego
okazaty si¢ neutralizowa¢ wolne rodniki porownywalnie do pochodnej witaminy E - Troloxu
(substancji uzywanej jako wzorzec w badaniach wlasciwosci antyoksydacyjnych) (99%).
Pochodna przedstawiona na rysunku 37a wykazata 90%-skuteczno$¢, natomiast podstawienie

w pozycji N1 (Rys. 37b) nieznacznie obnizyto potencjatl antyoksydacyjny czasteczki (79%)

[110].
X A
a) \ b) \
: \

Rysunek 37. Pochodne indolu z nienasyconym taricuchem bocznym w pozycji C5

Wysoki potencjat antyoksydacyjny w testach z DPPH wykazaty takze N-podstawione
analogi melatoniny (Rys. 38a i 38b) [111] oraz N-acylowe bromopochodne indolu
z ugrupowaniem tiazolowym lub tetrazolowym (Rys. 49c i 49d) [112].

-30 -



Rysunek 38. N-podstawione pochodne indolu o wiasciwosciach antyoksydacyjnych

3.7. Mechanizmy dzialania antyoksydantéw na przykladzie indolo-3-karbinolu

Indolo-3-karbinol (I3C) (Rys. 39) jest substancja fitochemiczng wytwarzang przez
rozktad glukobrassycyny, glukozynolanu wystepujacego w warzywach z rodziny
Brassicaceae, znanych jako warzywa kapustne [113]. I13C znany jest z efektywnego dziatania
chemoprewencyjnego. Wykazuje aktywnos¢ wobec kilku typéw nowotworéw u ludzi tj.
czerniaka, nowotworu piersi, prostaty, ptuc, jelita grubego, biataczki i raka szyjki macicy.

Opisano réwniez jego dziatanie przeciwzapalne [114,115].

Rysunek 39. Struktura czgsteczki indolo-3-karbinolu

W warunkach kwasowych in vivo, ze wzgledu na wysoka niestabilno$¢, 13C jest zwykle
przeksztalcany w ponad 15 oligomerycznych i dimerycznych zwiazkéw bioaktywnych
(Rys. 40). Metabolitem odgrywajacym szczegdlng role w dziataniu prozdrowotnym I3C jest

jego dimer - 3'3-diindolilometan (DIM). DIM jest potencjalnym $rodkiem moggcym znalezé
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zastosowanie w profilaktyce standw zapalnych, otytosci, cukrzycy, chorob uktadu krazenia,

nowotwordw, nadci$nienia, chor6b neurodegeneracyjnych, a takze osteoporozy [115-117].

- C-

e v

Rysunek 40. Dimeryczne, trimeryczne i tetrameryczne metabolity 13C

Badania eksperymentalne dowodzg, ze I3C i jego pochodne sg potencjalnymi
zmiataczami wolnych rodnikow, przy czym niektore pochodne wykazaty wyzszg aktywnos$¢
przeciwutleniajaca (wyrazong warto$ciami ICso) niz witamina E (a-tokoferol) w badaniach
z DPPH [118,119].

Quan V. Vo wraz z zespotem zbadali aktywnos$¢ przeciwutleniajacg in silico indolo-3-
karbinolu i jego pochodnych w stosunku do rodnika hydroksylowego w $§rodowisku wodnym
i lipidowym za pomoca obliczen termodynamicznych i kinetycznych [118,119]. Dziatanie
antyoksydacyjne 13C wobec rodnika hydroksylowego oparte jest gtownie na mechanizmie
RAF (radical adduct fromation), szczegdlnie dominuje ono w s$rodowisku lipidowym.
Mechanizm SET (single electron transfer) moze zachodzi¢ jedynie w rozpuszczalniku
polarnym. Najbardziej reaktywne pozycje czasteczki 13C okre§lono za pomoca obliczen
energii swobodnej Gibbsa (Tab. 1). Wykazano, ze dla mechanizmu RAF jest to pozycja C2

(zarowno w $rodowisku wodnym jak i lipidowym), natomiast dla mechanizmu HAT
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(hydrogen atom transfer) najbardziej korzystne bedg pozycje N1 oraz C10. Rdéwnania

potencjalnie zachodzacych reakcji pomigdzy I13C a rodnikiem hydroksylowym przedstawitam
na rysunku 41 [118,119].

Tabela 1. Energia swobodna Gibbsa (AG°) reakcji pomiedzy I3C i rodnikiem HO® w badanych
rozpuszczalnikach (kcal/mol)

Rozpuszczalnik

Mechanizm Pozycja
Woda Etanian pentylu

SET - -0,5 46,5

HAT N1 -28,5 -24,5
011 -13,6 -13,5
C2 1,3 1,9
C4 -7,9 -4,9
C5 -7,4 -5,3
C6 -7,4 -5,3
C7 -6,9 47
C10 -35,1 -31,2

RAF Cc2 -19,6 -19,5
C3 -12,4 -117
C4 -12,2 -12,4
C5 -6,0 -51
C6 -8,5 -7,9
C7 -11,6 -11,7
C8 1,2 1,1
C9 7,9 6,4

OH

SET
\ + HO®W —

HO™
N
H
OH oH
HAT
\ + HO —— \ + o)
SO
N H H
N N

OH

\ RAF
+ HO — oH

Rysunek 41. Proponowane mechanizmy antyoksydacyjne 13C
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4. Gramina jako zwigzek wyjSciowy w syntezie nowych pochodnych

indolu

4.1. Reaktywnos$¢ czasteczki graminy

Gramina (Rys. 42) [3-(dimetyloaminometylo)indol] jest alkaloidem indolowym
izolowanym z ro$lin nalezacych do rodziny wiechlinowatych (Poaceae), takich jak
lasecznica trzcinowata (Arundo donax L.), owies zwyczajny (Avena sativa L.), jeczmien
zwyczajny (Hordeum vulgare L.) oraz pszenica zwyczajna (Triticum aestivum L.). Gramina
jest zasadg Mannicha, zbudowang z ugrupowania indolowego, ktére w pozycji C3 zawiera

podstawnik dimetyloaminometylowy [120,121].

\ 3° grupa aminowa

Rysunek 42. Budowa czgsteczki graminy

Trzeciorzgdowa grupa aminowa obecna w tancuchu bocznym indolu moze by¢ tatwo
przeksztalcona w czwartorzedowa so6l amoniowa, bedaca doskonalg grupa odchodzaca, lub
usunigta pod wptywem wysokiej temperatury (>80°C), czy na drodze reakcji retro-Mannicha
(Rys. 43). Z tego wzgledu gramina jest doskonalym zwigzkiem wyjéciowym do otrzymania

szeregu nowych zwigzkéw indolu podstawionych w pozycji C3 [121-126].
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Rysunek 43. Przykiadowe mechanizmy reakcji, jakim ulega gramina
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Ogrzewanie graminy w wysokiej temperaturze z czgsteczkami o charakterze
nukleofilowym skutkuje substytucjg indolu w pozycji C3. Na rysunku 44 przedstawitam
schematy reakcji graminy z cyjanowodorem (a), imidazolem w toluenie (b), fosforanem

trietylu w dichloroetanie (c) oraz ftalimidem w dimetyloformamidzie (d) [122,127,128].

CN

\ a)
N
H
d)
0 b)
HCN, 80°C
N N\ N\/N
\ o DME, 153°C \ PhCH,, 110°C
-
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o
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DCE OFt
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Rysunek 44. Schematy reakcji graminy z nukleofilami

Ogrzewanie graminy w toluenie z 2-piperazynietyloaming prowadzi do powstania
pochodnej bisindolowej (Rys. 45) [122].

/ q
N HoN \/\
C@g\ Re @E\g Q

Rysunek 45. Schemat reakcji otrzymywani bisindolowej pochodnej graminy

\NH

Reakcja graminy i1 jodku metylu prowadzi do otrzymania czwartorzgdowej soli
amoniowej, metylojodku graminy, ktory w reakcji z alkoholem metylowym tworzy
3-hydroksymetyloindol, zwany potocznie indolo-3-karbinolem (13C) (Rys. 46) [122,129].
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Rysunek 46. Schemat syntezy indolo-3-karbinolu

Poddawanie metylojodku graminy reakcjom z odczynnikami Grignarda jest znakomitym

narz¢dziem do wydhuzania tancucha bocznego indolu (Rys. 47) [122,130] .

"/
K .
\ XMgR \
_ >
N N

Rysunek 47. Schemat reakcji metylojodku graminy z odczynnikami Grignarda

Reakcja graminy z jej czwartorzgdowa sola moze prowadzi¢ do dimeryzacji alkaloidu,

nawet w temperaturze pokojowej (Rys. 48) [122].

rN/

—— 3 N// /
AN N AN
AN N (CH)NH N\
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Rysunek 48. Dimeryzacja graminy

Gramina w reakcji z N-bromosukcynoimidem (NBS) tworzy 3-bromoindol. Reakcja
obejmuje bromowanie indolu w pozycji C3, a nastepnie odejscie grupy dimetyloaminowej

(reakcja retro-Mannicha) (Rys. 49) [122,124,128].
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Rysunek 49. Schemat reakcji otrzymywania 3-bromoindolu
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Litowanie N-podstawionej triizopropylosililem (Si(i-Pr)3s) graminy prowadzi do
powstania metaloorganicznego produktu posredniego, ktory w reakcji z odpowiednim
halogenkiem alkilu tworzy pochodng graminy alkilowang w pozycji C4 indolu. Pozycje N1
mozna odblokowa¢ stosujac fluorek tetra-n-butyloamonu (TBAF) (Rys. 50) [131].

N/ R N R N/
AN AN AN
\ tert-BuLi R-X, 78°C \ TBAF, THF \
—_— > e
N X =Cl,Br, 1 N N
[
Si(i-Pr)s P Sii-Pr)s

Rysunek 50. Synteza 4-alkilograminy

Alkilowanie graminy bromkiem etylu w temperaturze 0°C w mieszaninie DMF/benzen
w obecnosci wodorku sodu pozwolito otrzymaé N-etylograminge z wydajnoscia 40%

(Rys. 51) [122].

NaH, DMF/benzen
N 0°C N

Rysunek 51. N-alkilowanie graminy bromkiem etylu

4.2.  Pochodne graminy o znaczeniu biologicznym

Zarowno gramina, jak i jej pochodne wykazuja szeroka game aktywnos$ci biologicznej
(Rys. 52). 3-(Dimetyloaminometylo)indol rozluznia migsnie gladkie oskrzeli oraz naczynia
krwionosne, tagodzi zapalenie oskrzeli, nerek i objawy astmy oskrzelowej [122]. Badania na
bezkregowcach wykazaly, ze gramina jest antagonista 5-HT w synapsach neuronalnych,
ze wzgledu na podobienstwa strukturalne do serotoniny [131-133]. Opisano réwniez
potencjalne dziatanie graminy w leczeniu patologicznego przerostu migsnia sercowego [134].
Pochodne tego alkaloidu hamowaty takze namnazanie si¢ komorek raka zotadka, jamy ustnej,
ptuc, okreznicy oraz watroby [131,135,136]. Ponadto pochodne graminy dzialajg przeciw
Enterowirusowi 71 wywolujacemu choroby i choréb rak, stop i jamy ustnej u ludzi, a takze

wirusa mozaiki tytoniu (TMV) [131,137,138]. Badania aktywnosci przeciwbakteryjnej
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graminy 1 jej analogow udowodnily ich potencjalne dzialanie hamujace strefy wzrostu
bakterii rodzaju Novosphingobium i Massilia oraz szczepow Escherichia coli,
Staphylococcus aureus i Klebsiella pneumoniae [131,139-143]. Pochodne graminy wykazaty
aktywnos¢ przeciwgrzybicza wobec gatunkow Blumeria graminis, Fusarium graminearum,
Candida glabris, Aspergillus Niger oraz Phytophthora piricola [131,138,144,145]. Obecno$¢
opisywanego alkaloidu indolowego w tkankach ro$linnych pelni miedzy innymi role
obronng, dlatego jest on znany ze swojego dziatania owadobdjczego, gtdéwnie w stosunku do
mszyc, stonecznicy or¢zowki, skoczkow brunatnych 1 chrzaszczy [132,146-148].
Bromopochodna graminy (2,5,6-tribromo-1-metylogramina) petni istotng funkcje w ochronie

przeciwporostowej [149,150].

przeciwnowotworowe

T ~. !
- S, przeciwporostowe
. / N

i A

1 N/
— /N .\‘ \ ) \
N\ . AN ! ./.’ B
Ny / N . \ N\
\

owadobojcze

przeciwwirusowe

przeciwgrzybiczne cl

Rysunek 52. Przyktadowe bioaktywne pochodne graminy o wfasciwosciach przeciwnowotworowych,

przeciwwirusowych, przeciwgrzybicznych, owadobéjczych i przeciwporostowych.
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Indol od wielu lat stanowi modelowy zwigzek do projektowania nowych srodkéw
o potencjalnym zastosowaniu terapeutycznym. Jego czasteczka wystepuje w szeregu réznych
substancji pochodzenia naturalnego, jak 1 zwigzkach syntetycznych stosowanych
w farmakologii i przemysle. Pomimo wystepowania licznych analogéw indolu o znaczeniu
farmakologicznym, istnieje ciagle zapotrzebowanie na syntez¢ nowych pochodnych

wykazujacych lepsze, bardziej wszechstronne zastosowanie, a takze mniejsza toksycznosc.

W czesci literaturowej (Str. 34-37) opisalam szeroki zakres mozliwo$ci modyfikacji
czasteczki alkaloidu indolowego, graminy. Ze wzgledu na t¢ reaktywno$¢, to wiasnie
gramine wykorzystalam jako zwigzek wyjSciowy do syntezy wszystkich nowych

pochodnych indolu bedacych przedmiotem tej pracy.

1. Pochodne pierwszej grupy

Laczenie ze soba réznych czgsteczek bioaktywnych pozwala na otrzymywanie nowych
zwigzkdw chemicznych wykazujacych bardziej zrdznicowane spektrum aktywnosci
biologicznej. Niezwykle wuzyteczng metodg tworzenia biokonjugatow sa reakcje
chemi click. Reakcje te cechuje wysoka selektywnos$¢ 1 wydajnos¢, odporno$¢ na warunki
wodne 1 tlenowe, stosowanie nietoksycznych rozpuszczalnikow oraz niewielka ilo$¢
produktow ubocznych, ktore mozna tatwo usunaé. W wyniku tych reakcji dochodzi nie tylko
do zwigzania ze soba dwodch fragmentéw molekularnych, ale takze do utworzenia pier§cienia

1,2,3-triazolowego, ktory rowniez jest czasteczka biologicznie atrakcyjna.

Najczegsciej stosowang reakcja ,,chemii click”, jest katalizowana jonami miedzi (I)
cykloaddycja azydkowo-alkinowa (CuAAC - ang.: copper(l) catylzed azide-alkyne
cycloaddition), opisana w 2001 r. przez Sharplessa i Meldala, ktorzy za swoje badania
dwadzieScia jeden lat pdzniej otrzymali nagrod¢ Nobla w dziedzinie chemii [151-153].
CuAAC jest rodzajem 1,3-dipolarnej cykloaddycji Huisgena polegajacej na tworzeniu
1,4-dipodstawionych 1,2,3-triazoli pomiedzy organicznym azydkiem i terminalnym alkinem
(Rys. 53).

R,
AN
Cu (1) N \ =
R—— + N3—R, —> | 1
N%N

Rysunek 53. Schemat reakcji CUAAC
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Niekatalizowana reakcja 1,3-dipolarnej cykloaddycji Huisgena pomiedzy azydkami
organicznymi 1 alkinami jest mato efektywna ze wzgledu na wymagania dotyczace wysokiej
temperatury, powolng kinetyke reakcji 1 tworzenie izomeréw  strukturalnych
(1,4- 11,5 - dipodstawionych triazoli) oraz ze wzgledu na brak selektywnosci. Wprowadzenie
katalizatora miedziowego umozliwito przebieg cykloaddycji w krétkim czasie, przy
zastosowaniu  tagodnych  warunkow reakcji oraz z regioselektywnoscia dla

1,4-dipodstawionego adduktu. Mechanizm reakcji click przedstawitam na rysunku 54.

H R'
N
Rz/N\N/
H H — R'
R! \
; ; H — R’

N !

Rz/N\N/ ;

-

Rysunek 54. Mechanizm reakcji CUAAC

Pierscien 1,2,3-triazolowy wystepujacy w czasteczkach produktow reakcji click nie jest
jedynie  pasywnym tacznikiem, wykazuje on kilka korzystnych  wlasciwosci
fizykochemicznych, takich jak duzy moment dipolowy, oddzialywanie n-n z pier§cieniami
aromatycznymi (np. fenylowymi), tworzenie wigzan wodorowych czy koordynacja z jonami
metali, a takze dobra rozpuszczalnos¢ w wodzie 1 wysoka stabilno§¢ w warunkach
fizjologicznych. Cho¢ ugrupowanie triazolowe nie wystepuje w naturze, jego wilasciwosci
umozliwiajg mu swobodne wigzanie si¢ z r6znymi receptorami w uktadach biologicznych.
Chemia click utatwia tgczenie ze sobg réznych fragmentow molekularnych, jednoczesnie

wzbogacajac powstaly koniugat o atrakcyjny biologicznie uklad triazolowy. Reakcja CuAAC
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jest niezwykle wydajnym narzedziem syntetycznym stosowanym przy projektowaniu
bibliotek zwigzkow aktywnych biologicznie. Pochodne triazolowe znalazly zastosowanie
jako srodki przeciwnowotworowe, przeciwbakteryjne, przeciwwirusowe, antyoksydacyjne,
przeciwpadaczkowe, przeciwzapalne oraz przeciwgrzybicze [85,153-160]. Niektore
pochodne 1,2,3-triazolowe stosowane sg juz w terapiach klinicznych. Do takich lekéw naleza

miedzy innymi przeciwbakteryjne tazobaktam i cefatryzyna, oraz Banzel® stosowany

w leczeniu padaczki (Rys. 55) [161,162].

H3COO0C, H3COC

HO

NH,

H
= 40 N, s
: o HO F
< NZ F
d 2 N o 7 //N N\M
// OH COOH HN—N N NH,
o F

Cefatryzyna

H

n=0

Tazobaktam Banzel

Rysunek 55. Wybrane pochodne triazolowe o wlasciwosciach przeciwnowotworowych (a i b);
przeciwbakteryjnych (c),; przeciwzapalnych (d) oraz struktury lekéw zawierajgcych pierscien 1,2,3-triazolowy

Przeciwutleniacze odgrywaja znaczaca rol¢ w ochronie organizmu przed stanami
patologicznymi wywolanymi reaktywnymi formami tlenu (RFT) 1 azotu (RFA) powstajacymi
w wielu procesach egzogennych i endogennych [163,164]. Wyrdzniamy dwa typy RFT
i RFA: rodniki obejmujace anionorodniki ponadtlenkowe (O2"), rodniki tlenowe (O2"),
hydroksylowe (OH®), rodniki alkoksylowe (RO"), rodniki nadtlenkowe (ROQO), rodniki
tleneku azotu (NO") i dwutleneku azotu (NO") oraz nierodniki takie jak: nadtlenek wodoru

(H20y), tlen singletowy (*O2), ozon (Os), kwas azotowy (111) (HNO2), kation nitrozylowy
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(NOY), kation nitronowy (NO2%), anion nitroksylowy (NO"), trdjtlenek diazotu (N203),
tetratlenek diazotu (N204), nadtlenki organiczne (ROOH), nadtlenoazotyn (ONOOH)
i aldehydy (HCOR) [165]. Wolne rodniki s3 indywiduami niezwykle reaktywnymi
ze wzgledu na obecno$¢ niesparowanego elektronu. Niski poziom wolnych rodnikéw,
wytwarzanych w naturalnym metabolizmie komérkowym, nie jest szkodliwy dla naszego
organizmu. Wolne rodniki uczestniczg w procesach biochemicznych, a ich nadmiar jest
kontrolowany przez przeciwutleniacze. Jednakze brak rownowagi pomiedzy stezeniem RFT
1 przeciwutleniaczy moze by¢ przyczyna wielu powaznych zaburzen. Ten brak rdwnowagi,
zwigzany ze wzrostem reaktywnych form tlenu, nazywany jest stresem oksydacyjnym.
Niekontrolowana produkcja RFT, zwigzana ze stabym mechanizmem ochronnym, prowadzi
do peroksydacji lipidéw, karbonylacji biatek, tworzenia adduktéw karbonylowych
(aldehyd/keton), nitrowania, sulfoksydacji, uszkodzen DNA, takich jak pegkniecia nici,
usuniecie nukleotydow, modyfikacja zasad i krzyzowanie potaczen biatko-DNA [166-168].
Stres oksydacyjny jest powigzany z wieloma chorobami, takimi jak nowotwory, cukrzyca,
otylto$¢, przerost serca, choroby Alzheimera i Parkinsona, miazdzyca i malaria [164,167,168].

Istnieje szeroka gama naturalnych i endogennych przeciwutleniaczy. Peroksydaza
glutationowa (GSH-Px), dysmutaza ponadtlenkowa (SOD) i katalaza (CAT) to enzymy
zaangazowane w mechanizm antyoksydacyjny organizmu [97,98,165-170]. Naturalne,
egzogenne przeciwutleniacze, takie jak witamina C lub E, karotenoidy 1 flawonoidy, moga
by¢ dostarczane z pozywienia lub wraz z suplementami diety [170]. Ze wzgledu na wplyw
stresu oksydacyjnego na patofizjologi¢ réznych chordb, rosnie rdwniez zainteresowanie

synteza zwigzkow o wilasciwosciach przeciwutleniajacych [163,170].

Dimeryczne pochodne indolu, takie jak opisany w czgsci literaturowej (str. 31-33)
suplement diety, 3,3’-diindolilometan (DIM), wykazuja szerokie spektrum aktywnosci
biologicznej, w tym dzialanie przeciwutleniajace [171-173]. Aktywnos$¢ antyoksydacyjna
wykazat takze inny bis-indolowy zwigzek pochodzenia naturalnego — indygo, a takze
syntetyczne bis-indolowe zasady Schiffa oraz pochodne f-laktamowe [174-176].
Zainspirowana tymi faktami swoje badania rozpoczgtam od syntezy dimerow indolu
zawierajacych dodatkowo ugrupowanie triazolowe (Schemat 1). Stosujac metode
CUuAAC uzyskalam cztery nowe, symetryczne dimery indolu i triazolu z lacznikami

alifatycznymi (6-9).
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Schemat 1. Synteza dimerdw triazolowo-indolowych

Interesujacym zagadnieniem wydalo mi si¢ poroéwnanie aktywnosci biologicznej
otrzymanych dimeréw zawierajacych linkery alifatyczne (6-9) z aktywnos$cig analogicznych
dimeréw 1 trimeru z tacznikiem arylowym. Z tego wzgledu kolejnym etapem mojej pracy
bylo przeprowadzenie serii reakcji chemii click 3-propargiloksymetyloindolu (5)
z azydkami 1,2-, 1,3- i 1,4-dimetylobenzenu oraz 1,3,5-trimetylobenzenu (10-13,
Schemat 2). Efektem przeprowadzonych syntez byto jednak otrzymanie monomerycznych
pochodnych indolu zawierajacych ugrupowanie triazolowe oraz azydo- lub
diazydometylobenzenowe (14-17). Pomimo uzycia dwukrotnego nadmiaru pochodne;j
propargilowej 5, cykloaddycji ulegta tylko jedna grupa azydkowa przylaczona do pierscienia
benzenu, co potwierdzitam poprzez analize widm *H i *C NMR otrzymanych produktow
[P2]. Powstanie wytacznie monomerow uwarunkowane bylo prawdopodobnie zbyt wysoka
gestoscig elektronowa wynikajaca z matej odleglo$ci pomigdzy pierScieniem triazolowym
a pierScieniem benzenowym.
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Schemat 2. Synteza triazolowych pochodnych indolu z pierscieniem benzenowym
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Na rysunku 56 przedstawitam widma przyktadowych zwigzkow dla serii dimerow

(zwiazek 6 z tacznikiem propylowym) oraz pochodnych monomerycznych z ugrupowaniem

azydkowym (zwigzek 15 podstawiony w pozycjach 1,3).
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Rysunek 56. Widma *H NMR pochodnych 6 i 15

Jak wida¢ na rysunku 56 liczba i integracja sygnatéw na widmie *H NMR pochodnej 6

wyraznie §wiadczy o otrzymaniu pochodnej dimerycznej. Singlet wystepujacy przy wartosci

11,02 ppm odpowiada dwom protonom grup aminowych pierScieni indolu. Sygnaty

w zakresie 8,03-6,98 ppm pochodzg od protondw pierScieni aromatycznych. Proton

pierScienia triazolowego wystepuje jako singlet przy 8,17 ppm. Przy wartosciach 4,68 1 4,53

ppm pojawia si¢ osiem protonow czterech grup -CH: nalezacych do grup eterowych

znajdujacych si¢ w tancuchach bocznych pierécieni indolu. Multiplet w zakresie 4,43—4,36

ppm odpowiada czterem protonom dwoch grup CH2 tancucha propylowego, pozostate dwa

protony tancucha weglowego dajg kwintet w zakresie 1,78-1,73 ppm.
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Analiza widma 'H NMR pochodnej 15 potwierdza obecno$¢ protonu grupy
-NH (11,05 ppm) oraz pozostatych protonow pierscienia indolu (8,03-6,98 ppm). Proton
pierScienia triazolowego wystepuje przy 8,17 ppm. W zakresie 7,55-7,29 ppm, obok
sygnatéw pochodzacych od pierScienia indolu, pojawiaja si¢ rowniez sygnaly pierScienia
benzenowego. Przy nizszych warto$ciach przesunigcia chemicznego obserwujemy dwa
singlety, przy 5,62 oraz 4,68 ppm, nalezace do dwoch grup -CH2 grupy eterowej, natomiast
singlety przy 4,54 oraz 2,51 ppm odpowiadaja dwém grupom metylenowym przytaczonym
do pierscienia benzenowego. Nie sg one rowno cenne, co wyklucza powstanie pochodne;j
dimerycznej. Sygnat przy 4,54 ppm odpowiada protonom grupy metylenowej znajdujacej si¢
pomiedzy pierScieniem triazolowym a pier§cieniem benzenowym, natomiast protony
przytaczone do grupy -N3 pojawiaja si¢ przy wartosci 2,51 ppm.

Dodatkowo otrzymatam nowe dipodstawione pochodne indolu (18 i 20), ktore stanowity
substraty do syntezy konjugatow zawierajacych dwa ugrupowania indolowe

roznie podstawione potaczone pierscieniem triazolowym (19 i 21, Schemat 3).
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Schemat 3. Synteza pochodnych 19 i 21

@)

Na podstawie przedstawionego na rysunku 57 widma *H NMR pochodnej 19 mozna
potwierdzi¢ otrzymanie zwigzku o strukturze przedstawionej na Schemacie 4. Jak mozemy
zaobserwowaé, W zakresie 8,43-7,04 ppm widnieja sygnaly odpowiadajace protonom
pierscieni indolu. Ze wzgledu na rézne otoczenie elektronowe obydwu pochodnych indolu
tworzacych zwigzek 19, sygnaly te sg przesuni¢te wzgledem siebie. Pochodna 19 jest

niesymetryczna. Podobng zalezno$¢ obserwujemy w przypadku pochodnej 21.
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Rysunek 57. Widmo *H NMR pochodnej 19

Analiza widm masowych ESI-MS pochodnych 19 i 21 wskazuje na otrzymanie
czasteczek o masach 399 oraz 427 u, co opowiada masom molowym czgsteczek 19 i 21. Jako
przyktad na rysunku 58 przedstawitam widmo masowe pochodnej 19, gdzie obserwujemy
jony pseudomolekularne powstate poprzez przytaczenie do czasteczki zwigzku 19 kationdw

metali takich jak s6d (422 [M+Na]"), czy potas (438 [M+K]).

101
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Rysunek 58. Widmo ESI-MS pochodnej 19

Jednym z kluczowych substratow do syntezy roznych zwigzkéw biologicznie aktywnych
jest ftalimid. W literaturze mozemy znalez¢ przyktady pochodnych ftalimidu wykazujacych
dziatanie przeciwzapalne, przeciwbolowe, przeciwnowotworowe, przeciwdrobnoustrojowe
I przeciwdrgawkowe [177,178]. Znane sg takze pochodne ftalimidu o wtasciwosciach

antyoksydacyjnych [179-181]
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Zwazajac na aktywno$¢ przeciwutleniajacg zarowno pochodnych indolu jak i ftalimidu
uznatam, ze polaczenie tych dwoch ugrupowan moze spowodowaé efekt synergiczny
i uzyskam zwigzki o jeszcze lepszych wlasciwosciach antyoksydacyjnych. W zwiazku
z powyzszym otrzymatam seri¢ pochodnych indolowo-ftalimidowych polaczonych
lancuchami alifatycznymi i pierScieniem triazolowym (26-29, Schemat 4). Substratami do
przeprowadzonej reakcji CuAAC byty N-azydoalkiloftalimidy o réznej dtugosci tancucha
alifatycznego (22-25) oraz, zawierajacy terminalne wigzanie potrojne,
3-propargiloksymetyloindol (5) [P1].
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Schemat 4. Synteza triazolowych pochodnych indolu i ftalimidu

Strukture zwigzkow 26-29 potwierdzitam za pomoca metod spektroskopowych.
Na widmach *H NMR wszystkich nowych triazolowych pochodnych indolu i ftalimidu
charakterystyczny singlet atomu wodoru pierScienia triazolowego obserwujemy w zakresie
8,05-8,00 ppm. Sygnaly pochodzace od protondéw pierScieni aromatycznych indolu
i ftalimidu wystepuja w zakresie 7,86-7,50 ppm. Protony grup metylenowych grupy eterowej
mozemy zaobserwowaé w przedziale 5,30-4,52 ppm, natomiast przy nizszych wartosciach
przesuni¢cia chemicznego pojawiajg si¢ sygnaly protondw wchodzacych w sklad tancucha
alifatycznego. Na widmach FT-IR wystepuja charakterystyczne pasma absorpcji z maksimum
przy ok. 3400 cm™ charakterystyczne dla drgan rozciggajacych wigzania N-H grupy
aminowej ugrupowania indolu oraz pasma absorpcji, przy warto$ciach ok. 1700 cm™,

wskazujace na obecnos$¢ wigzan C=0O grup karbonylowych czasteczki ftalimidu.

Erytrocyty sa modelami komérkowymi wykorzystywanymi w badaniach aktywnosci
biologicznej zwigzkéw in vitro. Obecna w erytrocytach hemoglobina transportuje tlen
dlatego jest ona szczegoOlnie narazona na dziatanie RFT. Ekspozycja erytrocytow na stres
oksydacyjny moze w konsekwencji skutkowaé przerwaniem btony komoérkowej czerwonych

krwinek prowadzacym do hemolizy (Rys. 59), czyli uwolnienia hemoglobiny z erytrocytéw
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do osocza krwi. Dlatego jednym z glownych kryteriow ograniczajacych zastosowanie
nowych zwigzkéw bioaktywnych majacych kontakt z krwig jest ocena ich
hemokompatybilnosci [182-184].

Erytrocyt Sferocyt Hemoliza

Rysunek 59. Proces hemolizy

Wszystkie zwigzki wchodzace w sklad pierwszej grupy otrzymanych przeze mnie
pochodnych zbadatam, we wspotpracy z Zaktadem Biologii Komodrki Wydzialu Biologii
UAM, pod katem aktywnoSci cytotoksycznej wzgledem erytrocytow ludzkich oraz
aktywnos$ci protekcyjnej wobec indukowanej przez AAPH hemolizie czerwonych
krwinek [P1,P2].

Wigkszo$¢ otrzymanych przeze mnie triazolowych pochodnych indolu, z wyjatkiem
pochodnych 7, 14, 17 i 29 wykazata aktywnos$¢ hemolityczng wobec erytrocytow ludzkich na
poziomie mniejszym niz 5%, co wskazuje na ich hemokompatybilno$¢ (Rys. 60). Wsrod
pochodnych dimerycznych 6-9 nie zauwazylam zwigzku migdzy budowg strukturalng
zwigzkow a ich cytotoksycznoscig, hemolityczna jest tylko pochodna z tancuchem
pentylowym (7). Brak hemokompatybinosci u pochodnych z ugrupowaniem
azydometylobenzenowym moze by¢ zwigzana z potozeniem podstawnika azydometylowego
wzgledem pierscienia triazolowego — zardbwno pochodna 14 jak i 17 zawierajg pierScien
benzenowy podstawiony w pozycji 1,2, ktora znajduje si¢ najblizej pierscienia triazolowego.
Pochodna 17 zawiera dwa podstawniki z grupg azydkowa, co rowniez moze wptywac na jej
hemolityczno§¢. Natomiast sposrod pochodnych indolowo-ftalimidowych  26-29,
cytotoksyczna okazata si¢ pochodna z najdtuzszym, dodecylowym, tancuchem weglowym
(29) [P1,P2].
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niebieskim zaznaczylam dimeryczne pochodne indolu z linkerami alifatycznymi, kolorem zielonym — pochodne z
dodatkowym pierscieniem benzenowym, kolorem fioletowym pochodne diindolowe, natomiast kolorem zottym

zwigzki indolowo-ftalimidowe; Dane zawarte: 2[P1], °[P2]

AAPH (2,2'-chlorowodoreku-azobis(2-amidynopropanu) to zwigzek, ktory pod
wplywem temperatury rozktada si¢ z wytworzeniem rodnikow nadtlenkowych
i alkoksylowych (Rys. 61).

+ +
NH, NH,

+
NH,
+ L]
00
N NH, A
HZN)S< \N><K 2 HZNJ>'\ 20, » HaN
AAPH NH,
+

+ rodnik nadlenkowy
NH, NH,

00" 5 o
HoN = 0y + HoN

rodnik alkoksylowy

Rysunek 61. Mechanizm termicznego rozktadu AAPH

Znaczna cz¢$¢ pochodnych pierwszej grupy skutecznie chronita czerwone krwinki przed
hemolizg indukowang przez rodniki powstajace w wyniku rozpadu AAPH (Rys. 62) [185].
Co ciekawe, pochodne indolowo-ftalimidowe z tancuchem pentylowym i dodecylowym
(27 1 29), nie wykazaly zadnej aktywnosci protekcyjnej, natomiast dimery indolowe
zawierajace linkery alifatyczne o tej samej liczbie atomow wegla (7 i 9) efektywnie zmiataty
wolne rodniki. Interesujgca jest takze niska aktywnos$¢ cytoprotekcyjna pochodnej

zawierajacej dwa dipodstawione ugrupowania indolowe (21). W poréwnaniu do pozostatych
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analogow diindolowych dziatanie protekcyjne pochodnej 21, =zawierajacej dwa
dipodstawione (w pozycjach C3 i N1) ugrupowania indolowe, jest najstabsza [P1,P2]. Moze
to wynika¢ z podstawienia atomu azotu obu ugrupowan indolowych wchodzacych w sktad tej
czasteczki. Aktywnos¢ przeciwrodnikowa pochodnych indolu zwigzana jest z aromatycznym
charakterem ugrupowania indolowego zawierajacego grup¢ NH. Wolne rodniki
sg neutralizowane poprzez przeniesienie atomu wodoru lub elektronow z uktadu indolu
(odpowiednio mechanizmy HAT i SET), na skutek utworzenia stabilizowanego rezonansem
rodnika indolilowego [186,187,P2].
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Rysunek 62. Aktywnosé cytoprotekcyjna nowych triazolowych pochodnych indolu [%]. Badanie wykonane dla
stezenia 0,1 mg/mL w porownaniu do Troloxu (Tx) jako odniesienia. Kolorem niebieskim zaznaczytam
dimeryczne pochodne indolu z linkerami alifatycznymi, kolorem zielonym — pochodne z dodatkowym
pierScieniem benzenowym, kolorem zottym zwigzki indolowo-ftalimidowe, natomiast kolorem fioletowym
pochodne diindolowe; Dane zawarte: 2[P1], °[P2]

Dla wszystkich pochodnych pierwszej grupy przeprowadzitam takze badania in silico
parametrow ADME (ang.: absorption, distribution, metabolism, excretion — wchtanianie,
dystrybucja, metabolizm, wydalanie) okres$lajace profil farmakokinetyczny potencjalnego
kandydata na lek. Wigkszo$¢ zwigzkoéw spetnia regute Lipinskiego: masa czgsteczkowa <500,
liczba donorow wigzan wodorowych <5, liczba akceptoréw wigzan wodorowych <10
i warto$ci wspotczynnika podziatu oktanol-woda (logP) <5. Wyjatek stanowig pochodne 7-9
oraz 29, ktorych masa czasteczkowa przekracza warto$¢ 500 g/mol. Wartosci parametrow

ADME analizowanych zwigzkow zestawitam w Tabeli 2.

-51 -



Tabela 2. Wiasciwosci fizykochemiczne zwigzkow nalezgcych do pierwszej grupy pochodnych indolowych

Zwigzek HBA HBD log Poiw M [g/mol]
6 6 2 2,87 496,56
7 6 2 3,56 524,62
8 6 2 4,57 566,70
9 6 2 5,96 622,80
14 6 1 2,95 373,41
15 6 1 2,91 373,41
16 6 1 2,91 373,41
17 9 1 2,99 428,45
19 4 3,37 427,50
21 4 1 3,03 399,45
26 5 1 2,63 415,44
27 5 1 3,24 443,50
28 5 1 4,16 485,58
29 5 1 5,65 541,68

Sposréd pochodnych pierwszej grupy do predykeji aktywnosci przeciwdrobnoustrojowej
wybratam zwigzki 6, 8, 15 oraz 19, ze wzgledu na ich niska cytotoksyczno$¢ i rownoczesnie
wysoka aktywno$¢ cytoprotekcyjna. Zwiazki te wykazaly potencjalng aktywnos$¢
przeciwbakteryjng oraz przeciwgrzybiczng okreslong na podstawie powinowactwa
do receptorow biatkowych bakterii Escherichia Coli (2Q85) oraz grzybow z gatunku
Candida Albicans (5V5Z) zdefiniowanych na podstawie metody dokowania
molekularnego. Prawdopodobne oddziatywania jakie moga wystapi¢ pomiedzy badanymi
ligandami a receptorem bakterii E. Coli przedstawitam na przyktadzie zwigzku 6 na rysunku

ponizej (Rys. 63).
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Rysunek 63. Struktura pochodnej 6 w miejscu aktywnym domeny biatka 2Q85 z mozliwymi wigzaniami
wodorowymi zaznaczonymi jako czarne linie przerywane.

2. Pochodne drugiej grupy

Kwasy zotciowe (np. litocholowy, deoksycholowy i cholowy; Rys. 64), syntetyzowane

w organizmie wszystkich kregowcow, stanowig gldowne produkty metabolizmu cholesterolu.

Kwas litocholowy R'=OH,R?=R3=H
Kwas deoksycholowy R!=OH; R2=0OH,R*=H
Kwas cholowy R!'=R?*=R>=O0H

Rysunek 64. Struktura kwasow litocholowego, deoksycholowego oraz cholowego

Ich wlasciwosci fizyko-chemiczne, takie jak, wysoka stabilno$¢, biokompatybilnos¢
i amfifilowo$¢ sprawiaja, ze kwasy zotciowe 1 ich pochodne pelnia wazne funkcje
w ukladach biologicznych, w tym regulacj¢ metaboliczng, ochrong przeciwdrobnoustrojowa
1 solubilizacje lipidow podczas trawienia. Kwasy zotciowe wykazuja wysoka zdolnos¢ do
penetracji 1 rozbijania membran biologicznych. Udowodniono, ze mogg one uszkadza¢ btony
erytrocytow, a takze indukowac kurczenie si¢ komorek, co prowadzi do uwalniania przez nie
materialdow wewnatrzkomoérkowych [188-190]. Badania przeprowadzone wczesniej w naszej

grupie badawcze] wykazaly, ze potaczenie czasteczki graminy z pochodnymi kwasow
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zotciowych ~ wplywa na obnizenie ich aktywnos$ci hemolitycznej [191,192]. Wplyw
czasteczki graminy na cytotoksyczno$¢ kwasow zotciowych wzbudzit moje zainteresowanie,
dlatego postanowilam przeprowadzi¢ kolejne modyfikacje i otrzyma¢, metoda chemii
click, pochodne indolu i kwasow zolciowych wzbogacone dodatkowo ugrupowaniem

triazolowym (37-43, Schemat 5) [P3].

\/ tBUOH/MeOH
CuSO4x5H,0
aackorbmlan sodu

e

R!

30) R1=R2 = H, R3 = OAc }<O 37)R1=R2 = H, R3 = OAc

31) R1= R3 = OAc, R2 = H R3 38) R1=R3 = OAc, R2=H

32) R1=R2 = R3 = OAc 39) R1= R2 = R3 = OAc

33) R1= R2 = H, R3 = OCHO 40) R1= R2 = H, R3 = OCHO
34) R1= R3 = OCHO, R2 = H 41) R1= R3 = OCHO, R2 = H
35) R1= R2 = R3 = OCHO 42) R1= R2 = R3 = OCHO

36) R1= OH, R2 = H, R3 = OCHO 43) R1= OH, R2 = H, R3 = OCHO

Schemat 5. Synteza triazolowych pochodnych indolu i kwaséw zétciowych

Struktury otrzymanych produktéw potwierdzitam za pomocg metod spektroskopowych.
Na widmach *H NMR wszystkich nowych triazolowych konjugatéw indolowo-steroidowych,
w zakresie 7,58-7,57 ppm, widoczny jest sygnat diagnostyczny dla protonu pier$cienia
triazolowego. Dla pochodnych formylowych 40-43 obserwujemy dodatkowy sygnat
w zakresie 8,11-8,02 ppm charakterystyczny da grupy -OCHO. Sygnaly odpowiadajace
protonom pierscienia aromatycznego ugrupowania indolowego pojawiaja si¢ w zakresie
8,43—7,28 ppm u wszystkich nowych biokoniugatéw. Bardzo charakterystyczne sygnaty
w zakresie 0,69-0,59, 0,94-0,90 oraz 0.90—0.74 ppm dajg takze trzy grupy metylowe uktadu
steroidowego. Na widmach *C NMR pochodnych 37-43 widoczne s3 charakterystyczne
sygnaty dla atoméw wegla grup karbonylowych (grup acetylowych, formylowych i grupy
estrowej) znajdujace si¢ w regionie ok. 170 ppm. Sygnaly diagnostyczne dla atomoéw wegla
pierScienia 1,2,3-triazolowego obserwuje si¢ w zakresie 143,4-143,3 i 123,6-123,5 ppm.
Atomy wegla pierScieni indolu wystepujg w zakresie 136,0-115,6 ppm. Na widmach FT-IR
pochodnych 37-43 mozemy zaobserwowac¢ pasma drgan charakterystyczne dla wigzan =C-H
(ok. 3100 cm™), -C-H (ok. 2900-2800 cm™), C=0 (1700 cm™). Dla pochodnej 43 mozemy
zaobserwowaé dodatkowo szerokie pasmo absorpcji z maximum przy 3435 cm™ pochodzace

od drgan rozciagajacych wigzan grupy hydroksylowe;.
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Sprawdzitam rowniez, jaki wplyw mialy zastosowane przeze mnie modyfikacje

na cytotoksycznos¢ otrzymanych zwigzkow.

Jak wida¢ na ponizszym wykresie (Rys. 65) acetylowe pochodne kwasoéw litocholowego
1 deoksycholowego, a takze formylowe pochodne wszystkich przebadanych kwasow
z6tciowych (litocholowego, deoksycholowego i1 cholowego) wykazaty bardzo wysoka
aktywno$¢ cytotoksyczng. Polaczenie tych pochodnych z czasteczka graminy nie wptyneto
znaczgco na obnizenie aktywnos$ci hemolitycznej otrzymanych zwigzkow. Otrzymane przeze
mnie konjugaty indolu i pochodnych kwasoéw zétciowych z pierscieniem triazolowym, jako
elementem laczacym (37-43), cechuje znacznie nizsza cytotoksyczno$¢ w pordwnaniu z ich

analogami bez ugrupowania triazolowego [192, P3].
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Rysunek 65. Aktywnosé hemolityczna acetylowych (kolor pomarariczowy) oraz formylowych (kolor zielony)
pochodnych kwasow zéiciowych (Ac/F-LCA, Ac/F-DCA, Ac/F-CA), ich soli z graming (Ac/F-LCA-G, Ac/F-
DCA-G, Ac/F-CA-G) oraz zwigzkow 37-40 [%]. Badanie wykonane dla stezenia 0,1 mg/mL.

Dane zawarte: 2 [11], °[P3]

Metody modelowania molekularnego pozwolily na predykcj¢ potencjalnej aktywnosci
przeciwdrobnoustrojowej pochodnej diacetylowej (38) i diformylowej (41) kwasu
deoksycholowego, oraz jej monopodstawionego analogu, zawierajacego jedna
niepodstawiong grupe hydroksylowa (43), a takze poroéwnanie wptywu konkretnych grup
(acetylowi, formylowa, hydroksylowa) na ich interakcje z okreslonymi domenami
biatkowymi bakterii szczepu Escherichia Coli (2Q85) oraz grzybow gatunku Candida
Albicans (5V5Z). Wszystkie przebadane pochodne (38, 41, 43) wykazaly potencjalng
aktywnos$¢ przeciwbakteryjng 1 przeciwgrzybiczng [P3]. Na ponizszych rysunkach
przedstawiono sposéb, w jaki ligandy 38, 41 oraz 43 oddziatujg z domeng biatka 2Q85.

W przypadku diacetylowej pochodnej 38 pomigdzy domeng liganda i biatka moze

powsta¢ wigzanie wodorowe pomiedzy tlenem jednej z grup acetylowych uktadu
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steroidowego, a reszta aminokwasu TYR-190. Na rysunku 66 mozemy zauwazyc,
ze pomiedzy tlenem grupy estrowej taczacej uktad steroidowy z pierScieniem triazolowym
oraz atomem azotu tego pierscienia a resztg seryny (SER-229) moga powsta¢ dwa dodatkowe
wigzania wodorowe. W tworzeniu wigzan wodorowych z reszta aminokwaséw ARG-327
oraz SER-116 bierze udziat atom tlenu grupy acetylowej przytaczonej do pierScienia
indolowego.

Interakcje diformylowej pochodnej 41 z domeng biatka 2Q85 (Rys. 67) polegaja na
prawdopodobnym tworzeniu wigzan wodorowych pomiedzy karbonylowymi atomami tlenu
grupy estrowej 1 formylowej liganda a reszta aminokwasow TYR-158 oraz SER-116. Atom
azotu pierscienia triazolowego oddzialuje natomiast z resztg ARG-159. Dodatkowo pierscien
pirolowy uktadu indolowego moze uczestniczy¢ w oddzialywaniach kation-pi z reszta
LYS-262.

Atom tlenu niepodstawionej grupy hydroksylowej pochodnej formylowej 43 (Rys. 68)
moze wigzac¢ si¢ poprzez wigzanie wodorowe z resztg argininy ARG-214. Karbonylowy atom
tlenu grupy estrowej moze oddzialywa¢ za pomoca wigzan wodorowych z resztami
glutaminy GLN-120 oraz argininy ARG-327. Rysunek 57 wskazuje takze na oddziatywane
kation-pi pierscienia indolowego i ARG-327 [P3].
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Rysunek 66. Struktura pochodnej 38 wewngtrz miejsca aktywnego domeny biatka 2085 z zaznaczonymi
interakcjami: zielone linie ciggle — oddzialywanie hydrofobowe i niebieskie linie przerywane — wigzanie
wodorowe.
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Rysunek 67. Struktura pochodnej 41 wewngtrz miejsca aktywnego domeny biatka 2085 z zaznaczonymi
interakcjami: zielone linie ciggle — oddzialywanie hydrofobowe, niebieskie linie przerywane — wigzanie
wodorowe, zielone linie przerywane — oddzialywania kation-pi.
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Rysunek 68. Struktura pochodnej 43 wewngqtrz miejsca aktywnego domeny biatka 2Q85 z zaznaczonymi
interakcjami: zielone linie ciggle — oddzialywanie hydrofobowe, niebieskie linie przerywane — wigzanie
wodorowe, zielone linie przerywane — oddziatywania kation-pi.

Odziatywania ligandow 38, 41 i 43 z domeng biatkoweg Candida Albicans (5V5Z) opisane
zostaty w publikacji P3.
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3. Pochodne trzeciej grupy

Ze wzgledu na predyspozycje uktadu indolowego do ulegania reakcjom substytucji
elektrofilowej w pozycji C3, to wlasnie ten sposéb modyfikacji jest najczesciej stosowany
przy syntezie nowych pochodnych indolu. W naszej grupie badawczej otrzymano szereg
zwigzkow indolu podstawionych w pozycji C3 wykazujacych wysoki potencjat
antyoksydacyjny. Jednym z takich zwigzkéw jest 3-etoksymetyloindol, ktéry w testach
z AAPH wykazal aktywnos$¢ cytoprotekcyjng (79%) zblizona do aktywno$ci wzorca —
Troloxu (86%) [127]. Przeprowadzono takze badania ktore wykazaly, ze podstawienie atomu
azotu indolo-3-karbinolu grupa acetylowa znacznie obniza aktywnos$¢ cytoprotekcyjng jego
prekursora. Z kolei N-acetylowa pochodna indolu podstawiona w pozycji C3 ugrupowaniem
pirolidynotiokarbaminianowym wykazuje wysoka aktywno$¢ przeciwutleniajaca [P4].
Z danych literaturowych wynika, ze znane sa pochodne indolu podstawione w pozycji N1
o wilasciwosciach antyoksydacyjnych [193-195]. Majac na uwadze powyzsze fakty,
postanowitam zbada¢, jaki wptyw bedzie miato podstawienie pozycji N1 analogdw indolu na
ich aktywno$¢ przeciwutleniajaca. W konsekwencji tego, trzecig grupe zsyntezowanych
przeze mnie pochodnych stanowig N-podstawione estrowe pochodne indolu zawierajace

w pozycji C3 grupe etoksymetylowa (51-60, Schemat 6) [P4].

\ o0—
// // 50) R= J\‘f_<o 56) R= N—{o@
o o J\"’\_<OJ ’ p
51)R= - o
57)R= 5{;«

[o]

o
sH)R= °_< o—
AN alubb AN : %0 (
53 R= 5 O_é h
_<0

o_/

50-60 \
R 59) R= o
syR= 5 \<0_/
o

J @
. o o

5 OR= 2y
55) R= /—/_60 o

Iz
4

Schemat 6. Synteza N-podstawionych pochodnych indolu (a: BrR, NaH, DMF;
b: kwas benzoesowy, PPhs NBS, CH,Cl;, Et3;N)

Kwas salicylowy (kwas 2-hydroksybenzoesowy) jest jednym z najszerzej opisanych
zwigzkow o wilasciwosciach przeciwgoraczkowych, przeciwreumatycznych 1 przeciw-

bolowych. Wykazuje takze dziatanie antyoksydacyjne dzigki obecnosci m.in. grupy
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fenolowej. Wedtug Velika B. & Kron 1. oraz Foki M. C. fenole redukujg poziom utleniania
zwigzkOw organicznych poprzez przeniesienie atomu wodoru z grupy OH na rodniki
ponadtlenkowe [196,197].

Ze wzgledu na opisane powyzej wlasciwosci pochodnych fenolowych, uznatam,
iz cickawym aspektem mojej pracy bedzie zbadanie aktywnosci antyoksydacyjnej pochodne;j
indolowej zawierajacej dodatkowo ugrupowanie fenolowe. W zwigzku z tym  grupe
pochodnych estrowych poszerzylam o ester N-acetylo-3-metyloindolu i kwasu
2,5-dihydroksybenzoesowego (61, Schemat 7).

\ HO THF, DCC Qj/\o
: — |
N
o
)\ OH :< 61 OH
o

Schemat 7. Synteza pochodnej 61

o OH

Metody spektroskopowe pozwolily na okreslenie struktur otrzymanych pochodnych.
Na widmach H NMR zwigzkéw 50-61, w zakresie 8,41-6,19 ppm, obecne sa sygnaly
charakterystyczne dla protondw pierscieni aromatycznych uktadu indolu oraz pier§cieni
benzenowych podstawnikéw. Protony grup metylenowych nalezacych do grupy eterowe;j
wystepuja jako dublety Ilub singlety przy wartosciach okoto 5,50-4,15 ppm.
Charakterystycznym sygnatem widocznym na widmach *C NMR jest sygnal nalezacy do
karbonylowego atomu wegla obecny przy okoto 170 ppm. Atomy wegla pierscieni indolu
oraz pierscienia benzenowego obecne sg natomiast w zakresie 158-109 ppm. Na ponizszym
rysunku (Rys. 69) przedstawitam przykladowe widma protonowe pochodnych

z podstawnikiem propanianoetylowym (54) oraz octanobenzylowym (57).
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Rysunek 69. Widma *H NMR pochodnych 54 i 57

Widmo FT-IR estru pochodnej indolu z kwasem 2,5-dihydroksybenzoesowym 61
zawiera bardzo charakterystyczne szerokie pasmo absorpcji, z maximum przy 3215 cm?,
diagnostyczne dla drgan wigzan grup hydroksylowych. Pasma absorpcji w zakresie
3050-2800 cm™ odpowiadaja drganiom wigzania C-H pier$cieni aromatycznych i tancuchow
alifatycznych. Intensywne pasmo odpowiadajace drganiom rozciggajacym  grupy

karbonylowej zlokalizowane jest przy okoto 1700 cm™ (16, 18, 20-30).

Badania cytotoksyczno$ci wykazaly, ze wigkszo$¢ otrzymanych przeze mnie
N-podstawionych pochodnych indolu dziata hemolitycznie wobec erytrocytow ludzkich
(51, 53, 55-57, 59-61) w stezeniu 0,1 mg/mL. Sposrod zwigzkéw zawierajacych podstawnik
fenylowy, tylko pochodna 58 nie powodowata hemolizy krwinek czerwonych. Do zwigzkoéw
hemokompatybilnych zaliczaja si¢ takze trzy pochodne z podstawnikiem alifatycznym
(50, 52, 54) Aktywnos¢ cytotoksyczna otrzymanych przeze mnie N-podstawionych
pochodnych indolu moze by¢ determinowana obecno$cig hydrofobowych podstawnikow

estrowych w pozycji NI, ktore umozliwiajg penetracje dwuwarstwy fosfolipidowe;j
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erytrocytéw. Obnizenie ste¢zenia badanych zwigzkéw 50-61 do 0,01 mg/mL zredukowato ich
aktywno$¢ hemolityczna, co pozwolito na analiz¢ ich wlasciwosci cytoprotekcyjnych [P4].

Z przeprowadzonych badan wynika, ze podstawienie heterocyklicznego atomu azotu
indolu wptyneto niekorzystnie na aktywnos$¢ cytoprotekcyjng jego pochodnych. Sposrod
zwiazkow 50-61, najwyzszg aktywnos¢ przeciwutleniajgcg wobec indukowanej przez AAPH
hemolizie krwinek czerwonych wykazaty zwigzki z podstawnikami fenylooctanoetylowym
(59) (31%), pentanianometylowym (55) (20%) i benzoesowym 60 (19%) w poréwnaniu do
Troloxu (52%). Pozostale N-podstawione pochodne indolu wykazaty bardzo niska
aktywnos¢ antyoksydacyjng [P4].

Ze wzgledu na wysoka aktywnos$¢ przeciwutleniajaca pochodnych fenolu spodziewatam
si¢, iz poltaczenie rownie aktywnej biologicznie czasteczki, jaka jest indol, z kwasem
2,5-dihydroksybenzoesowym bedzie prowadzi¢ do otrzymania nowego zwigzku
o analogicznych Ilub Ilepszych wiasciwosciach antyoksydacyjnych. Wbrew moim
oczekiwaniom pochodna 61 nie wykazata znaczacej aktywnosci przeciwutleniajace;.
Dane literaturowe wskazuja, ze niektore N-podstawione pochodne indolu wykazuja
aktywno$¢ przeciwdrobnoustrojowa [198-200]. Dlatego postanowitam okreslic aktywno$¢
przeciwbakteryjng i przeciwgrzybiczng pochodnych 50-61 w badaniach prowadzonych
we wspotpracy z Katedra Gleboznawstwa 1 Mikrobiologii, Wydzialu Rolnictwa,
Ogrodnictwa i Bioinzynierii, Uniwersytetu Przyrodniczego w Poznaniu, wobec wybranych
gatunkow bakterii i grzybow [P4].

Aktywnos$¢ przeciwbakteryjng zwigzkow 50-61 okreslono wobec szczepow bakterii
Micrococcus luteus, Bacillus subtilis, Escherichia coli oraz Pseudomonas fluorescens, jako
zdolno$¢ do hamowania ich wzrostu. Najlepszym inhibitorem okazal si¢ zwigzek 53
(z podstawnikiem octano-tert-butylowym), ktory hamowat wzrost bakterii gatunku Bacillus
subtilis. U pozostalych pochodnych nie zaobserwowano istotnej aktywnosci
przeciwbakteryjnej [P4].

Do zbadania aktywnosci przeciwgrzybicznej zwigzkéw 50-61 wykorzystano grzyby
gatunkow Alternaria alternata, Fusarium culmorum, Trichoderma harzianum, Trichoderma
atroviride oraz Botrytis cinerea. Pochodne z podstawnikami octanometylowym (50),
propanianoetylowym (54), fenylooctanometylowym (58) i fenylooctanoetylowym (59)
wykazaly najwyzsza aktywno$¢ przeciwgrzybiczng. Otrzymane przeze mnie N-podstawione
pochodne indolu okazaty si¢ najefektywniej hamowac rozwdj grzyboéw gatunku Trichoderma
atroviride. Wigkszo$¢ zwiazkow nalezacych do trzeciej grupy opisywanych pochodnych

moze by¢ rozwazana jako potencjalne substancje o dziataniu przeciwgrzybicznym [P4].
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Podsumowanie

Celem naukowym niniejszej rozprawy doktorskiej byto otrzymanie nowych pochodnych
indolu o potencjalnej aktywnos$ci antyoksydacyjnej, ktére w przysztosci moglyby znalez¢
zastosowanie w farmakologii. Dodatkowym aspektem mojej pracy byto okreslenie
aktywnosci przeciwbakteryjnej 1 przeciwgrzybicznej, wybranych nowo otrzymanych
pochodnych i tym samym poszerzenia obszaru ich potencjalnego zastosowania.

Wszystkie nowo otrzymane zwiazki scharakteryzowatam poprzez analiz¢ widm NMR
i FT-IR oraz (dla wigkszo$ci pochodnych) za pomocg spektrometrii mas EI-MS lub ESI-MS.

Wszystkie badania aktywno$ci hemolitycznej i cytoprotekcyjnej przeprowadzono we
wspolpracy z Zakladem Biologii Komoérki Wydziatu Biologii UAM. Czgé¢ tych badan
wykonatam samodzielnie.

Badania aktywnosci przeciwbakteryjnej i przeciwgrzybicznej zostaly zrealizowane we
wspotpracy z Katedra Gleboznawstwa i Mikrobiologii, Wydzialu Rolnictwa, Ogrodnictwa
1 Bioinzynierii, Uniwersytetu Przyrodniczego w Poznaniu.

Badania dokowania molekularnego przeprowadzono w Zaktadzie Chemii Kwantowe;j
Wydziatu Chemii UAM.

Procedury syntezy nowych pochodnych, ich charakterystyka spektroskopowa oraz

pozostate wyniki badan zostaly przedstawione w czterech publikacjach naukowych [P1-P4].

W wyniku przeprowadzonych badan:

— Lacznie zsyntezowalam trzydziesci pig¢ nowych pochodnych indolu;

— Nowa pochodna indolu zawierajagca tancuch n-propargilowy przylaczony do
heterocyklicznego atomu azotu pierscienia indolowego oraz nowa pochodna
zawierajgca ugrupowanie azydkowe w tancuchu bocznym pozycji C3 postuzyly mi
jako substraty do syntezy pochodnych diindolowych;

— Przy zastosowaniu metody chemii click, otrzymalam czternascie nowych
triazolowych pochodnych indolu w tym: cztery pochodne zawierajace dodatkowo
ugrupowanie ftalimidowe, cztery pochodne dimeryczne z linkerami alifatycznymi,
trzy izomery pochodnych z dodatkowym dipodstawionym pierscieniem benzenowym

oraz jeden analog tripodstawiony oraz dwie pochodne diindolowe;
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Metodg chemii click, uzyskatam siedem nowych pochodnych indolowo-steroidowych
zawierajacych takze pierScien 1,2,3-triazolowy;

Przeprowadzitam reakcje 3-etoksymetyloindolu z serig bromoestrow, w skutek czego
otrzymatam 10 nowych N-podstawionych estrowych pochodnych indolu;

Dodatkowo, w reakcjach z pochodnymi kwaséw benzoesowych, uzyskatam dwie
estrowe pochodne indolu

Otrzymane zwiazki scharakteryzowatam spektroskopowo (*H NMR, ¥C NMR,
FT-IR, MS)

Znaczna czg$¢ otrzymanych przeze mnie pochodnych okazata sie¢ by¢
biokompatybilna wobec erytrocytéw ludzkich;

Znaczna czg¢$¢ zwigzkéw wykazalta aktywno$¢ protekcyjng wobec wywolanej przez
AAPH hemolizie krwinek czerwonych; cze$¢ badan biologicznych przeprowadzitam
samodzielnie;

Badania przeprowadzone z uzyciem metod in silico, a takze metod
eksperymentalnych, wykazaly potencjalng aktywnos$¢ przeciwgrzybiczng niektorych
nowo otrzymanych zwiazkoéw;

Za pomoca metod teoretycznych ocenitam wlasciwosci fizykochemiczne wybranych
zwigzkOdw w oparciu o reguly Lipinskiego i Vebera, wigkszo§¢ badanych zwiazkoéw

spetnia kryteria tych regut.
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Tabela 3. Porownanie numeracji zwigzkow zawartej w niniejszej pracy do numeracji obowiqzujgcej
w poszczeg6lnych publikacjach P1-P4.

Rozprawa doktorska Publikacja Rozprawa doktorska Publikacja
Publikacja 1 [P1] Publikacja 3 [P2]
26 24 37 19
27 25 38 20
28 26 39 21
29 26 40 15
Publikacja 2 [P2] 41 16
6 5 42 17
7 6 43 18
8 7 18 4
8 8 Publikacja 4 [P4]
14 9 50 18
15 10 51 19
16 11 52 20
17 12 53 21
18 3 54 22
19 13 55 23
20 4 56 24
21 14 57 25
58 26
59 27
60 17
61 29

-64 -



Spis rysu

Rysunek 1.

Rysunek 2.
indolu

Rysunek 3.
Rysunek 4.
Rysunek 5.
Rysunek 6.
Rysunek 7.

nkow

Struktura czgsteczki indolu

Reakcje substytucji elektrofilowej zachodzacej w pozycjach C2 1 C3 pierscienia

Schemat reakcji halogenowania indolu
Schemat reakcji nitrownia indolu
Schemat reakcji sulfonowania indolu
Schemat reakcji metylowania indolu

Schemat reakcji acetylowania indolu

Rysunek 8. Acetylowanie indolu w warunkach Friedla-Craftsa

Rysunek 9.

Rysunek 10
utworzenia

Rysunek 11

Rysunek 12.
Rysunek 13.
Rysunek 14.
Rysunek 15.
Rysunek 16.
Rysunek 17.
Rysunek 18.
Rysunek 19.
Rysunek 20.
Rysunek 21.

Rysunek 22.
metylo-1H-

Rysunek 23
COX-2

Rysunek 24
Rysunek 25

Schemat reakcji formylowania indolu metoda Vilsmeiera-Haacka

. Mechanizm katalizowanej kwasem octowym reakcji Mannicha prowadzacej do
graminy

. Schemat reakcji Mannicha zachodzacej w obnizonej temperaturze
Struktury mezomeryczne anionu indolilowego

Schemat alkilowania indolu w pozycji N1 przy uzyciu reakcji Mitsunobu
Reaktywnos¢ pierscienia benzenowego indolu

Schemat metabolizmu tryptofanu

Struktura czasteczek strychniny i brucyny

Struktury czasteczek alkaloidow Vinca bedacych w zastosowaniu klinicznym
Struktury czasteczek wybranych alkaloidow sporyszu

Struktury czasteczek: a) harminy 1 b) harmaliny

Struktury czasteczek: a) harminy 1 b) harmaliny

Struktury czasteczek: a) rezerpiny; b) johimbiny; c) ajmaliny

Wzor strukturalny Indometacyny (kwasu 2-(1-(4-chlorobenzoilo)-5-metoksy-2-
indol-3-ilo)octowego)

. Pochodne indometacyny o wlasciwosciach przeciwzapalnych selektywne wobec

. Wzory strukturalne: a) Acemetacyny, b) Tenidapu, c) Etodolaku

. Struktury lekéw stosowanych w terapiach przeciwnowotworowych:

a) Sunitynib, b) Alectinib, ¢) Panobinostat

Rysunek 26
Rysunek 27

. Pochodne indolowe o wiasciwos$ciach przeciwnowotworowych

. Struktury czasteczek lekéw przeciwmigrenowych: a) sumatryptan;

b) almotryptan; c) zolmitryptan; d) naratryptan

- 65 -



Rysunek 28.
Rysunek 29.
Rysunek 30.

Pochodne indolu o wtasciwosciach przeciwbakteryjnych i przeciwgrzybiczych
N-podstawione pochodne indolu o wiasciwosciach przeciwbakteryjnych

Pochodne indolowo-triazolowe o dziataniu

przeciwgrzybiczymprzeciwgrzybicznym

Rysunek 31.

Leki zawierajace czasteczke indolu o aktywnos$ci przeciwwirusowe;j:

a) Umifenovir; b) Delawirdyna

Rysunek 32.
Rysunek 33.
Rysunek 34.
Rysunek 35.
Rysunek 36.
Rysunek 37.
Rysunek 38.
Rysunek 39.
Rysunek 40.
Rysunek 41.
Rysunek 42.
Rysunek 43.
Rysunek 44.
Rysunek 45.
Rysunek 46.
Rysunek 47.
Rysunek 48.
Rysunek 49.
Rysunek 50.
Rysunek 51.
Rysunek 52.

Pochodne indolu o aktywnosci przeciwwirusowej

Kaskadowa reakcja melatoniny i jej metabolitdw z wolnymi rodnikami
Kwas indolilo-3-propionowy (IPA)

Hybryda steroidowo-indolowa o wtasciwosciach przeciwutleniajacych
Pochodna triazolowo-indolowa

Pochodne indolu z nienasyconym tancuchem bocznym w pozycji C5
N-podstawione pochodne indolu o wlasciwosciach antyoksydacyjnych
Struktura czasteczki indolo-3-karbinolu

Dimeryczne, trimeryczne i tetrameryczne metabolity 13C
Proponowane mechanizmy antyoksydacyjne 13C

Budowa czasteczki graminy

Przyktadowe mechanizmy reakcji, jakim ulega gramina

Schematy reakcji graminy z nukleofilami

Schemat reakcji otrzymywani bisindolowej pochodnej graminy
Schemat syntezy indolo-3-karbinolu

Schemat reakcji metylojodku graminy z odczynnikami Grignarda
Dimeryzacja graminy

Schemat reakcji otrzymywania 3-bromoindolu

Synteza 4-alkilograminy

N-alkilowanie graminy bromkiem etylu

Przyktadowe bioaktywne pochodne graminy o wtasciwos$ciach

przeciwnowotworowych, przeciwwirusowych, przeciwgrzybicznych, owadobdjczych
I przeciwporostowych

Rysunek 53.
Rysunek 54.

Schemat reakcji CUAAC
Mechanizm reakcji CUAAC

Rysunek 55. Wybrane pochodne triazolowe o wlasciwosciach przeciwnowotworowych (a i b);
przeciwbakteryjnych (c); przeciwzapalnych (d) oraz struktury lekéw zawierajacych pierscien
1,2,3-triazolowy

- 66 -



Rysunek 56. Widma *H NMR pochodnych 6 i 15

Rysunek 57. Widmo *H NMR pochodnej 19

Rysunek 58. Widmo ESI-MS pochodnej 19

Rysunek 59. Proces hemolizy

Rysunek 60. Aktywnos$¢ hemolityczna nowych triazolowych pochodnych indolu [%]
Rysunek 61. Mechanizm termicznego rozktadu AAPH

Rysunek 62. Aktywnos¢ cytoprotekcyjna nowych triazolowych pochodnych indolu [%]

Rysunek 63. Struktura pochodnej 6 w miejscu aktywnym domeny biatka 2Q85 z mozliwymi
wigzaniami wodorowymi zaznaczonymi jako czarne linie przerywane

Rysunek 64. Struktura kwasow litocholowego, deoksycholowego oraz cholowego

Rysunek 65. Aktywnos¢ hemolityczna acetylowych oraz formylowych pochodnych kwasow
z6tciowych, ich soli z graming oraz zwiazkow 37-40 [%]

Rysunek 66. Struktura pochodnej 38 wewnatrz miejsca aktywnego domeny biatka 2Q85
z zaznaczonymi interakcjami

Rysunek 67. Struktura pochodnej 41 wewnatrz miejsca aktywnego domeny biatka 2Q85
z zaznaczonymi interakcjami

Rysunek 68. Struktura pochodnej 43 wewnatrz miejsca aktywnego domeny biatka 2Q85
z zaznaczonymi interakcjami

Rysunek 69. Widma *H NMR pochodnych 54 i 57

- 67 -



Schematy przeprowadzonych syntez
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Schemat 1. Synteza dimeréw triazolowo-indolowych

X DCM, H,0
| CuSOxSH,0 }g; ig
_— /\ asckorbinian sodu ’
= Y, — \ 16) 1,4
10) 1,2 N
0o 11,3 A
12) 1,4

DCM, H,0 d
CuSO4x5H,0
asckorbinian sodu 17
N3 \
N3
13
N3 N

Schemat 2. Synteza triazolowych pochodnych indolu 7 pierscieniem benzenowym
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Schemat 5. Synteza triazolowych pochodnych indolu i kwasow Zélciowych
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Schemat 6. Synteza N-podstawionych pochodnych indolu (a: BrR, NaH, DMF;
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Streszczenie rozprawy doktorskiej

,»Nowe pochodne graminy — synteza, analiza spektroskopowa
oraz ocena aktywnosci biologicznej”

mgr Natalia Berdzik

promotor: prof. UAM dr hab. Beata Jasiewicz

Celem mojej pracy doktorskiej bylo otrzymanie nowych pochodnych indolowych
o potencjalnych wtasciwos$ciach antyoksydacyjnych. Poprzez zastosowanie odpowiednich

modyfikacji czasteczki graminy otrzymatam trzy grupy nieznanych dotad zwigzkow.

Stosujac metod¢ chemii klik otrzymatam dimery indolowo-triazolowe zawierajace
taczniki alifatyczne o roznej dlugosci tancucha weglowego oraz pochodne z dodatkowym
ugrupowaniem fenylowym lub pier§cieniem ftalimidowym. Przy wykorzystaniu warunkow
reakcji chemii klik otrzymalam réwniez zwiazki zawierajace ugrupowania indolowe,
triazolowe oraz steroidowe. W ostatnim etapie pracy przeprowadzilam reakcje prowadzace

do otrzymania serii N-podstawionych estrow indolu.

Otrzymane pochodne scharakteryzowatam za pomoca metod spektroskopowych
IH NMR, ¥C NMR, FT-IR oraz MS. Za pomocg metod in silico ocenitam réwniez

wlasciwosci fizykochemiczne wybranych zwigzkow.

Przy wspolpracy z Wydzialem Biologii UAM okreslitam hemokompatybilnosé
wszystkich nowo otrzymanych pochodnych. Wigkszo§¢ z tych zwiazkow przebadatam
réwniez pod katem ich aktywnos$ci cytoprotekcyjnej. Dodatkowym aspektem mojej pracy
byta wstepna ocena wlasciwosci przeciwbakteryjnych 1 przeciwgrzybicznych wybranych
zwigzkoéw, okre§lonych na podstawie badan eksperymentalnych, przeprowadzonych we
wspotpracy z Uniwersytetem Przyrodniczym w Poznaniu, oraz z wykorzystaniem metod

dokowania molekularnego.
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Summary of doctoral dissertation
""New gramine derivatives - synthesis, spectroscopic analysis
and biological activity”
mgr Natalia Berdzik

supervisor: prof. UAM, dr hab. Beata Jasiewicz

The aim of my Ph.D. thesis was to obtain new indole derivatives with potential
antioxidant properties. By appropriate modifications of the gramine molecule, three groups of

previously unknown compounds were obtained.

Using click chemistry, indole-triazole dimers with aliphatic linkers of different carbon
chain lengths and derivatives with an additional phenyl moiety or phthalimide ring were
obtained. Compounds containing indole, triazole and steroid groups were also obtained using
click chemistry reaction conditions. In the last stage of my work, reactions leading to the

preparation of a series of N-substituted indole esters were carried out.

The obtained derivatives were characterized by spectroscopic methods H NMR,
13C NMR, FT-IR and MS. The physicochemical properties of selected compounds were
determined by theoretical methods.

In cooperation with the Faculty of Biology of Adam Mickiewicz University, the
hemocompatibility of all newly obtained derivatives was determined. Most of these
compounds were tested for their cytoprotective activity. Another aspect was the preliminary
study of antibacterial and antifungal properties of selected compounds based on experimental
research carried out in cooperation with the University of Life Sciences in Poznan and by

molecular docking methods.
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ABSTRACT ARTICLE HISTORY
The new series of triazole-bearing gramine derivatives were syn- Received 29 July 2020
thesized through a CuAAC procedure. The structures of all newly Accepted 10 December 2020
obtained compounds were confirmed by spectroscopic analysis

and DFT methods. The obtained derivatives were screened for ~ KEYWORDS
their protective potency against oxidative haemolysis induced by ~ Gramine; r']ndoh Id'c.k‘
free radicals generated from 2,2"-azobis(2-methylpropionamidine) Lejr:;znéryiﬁ:zgyﬁfj
dihydrochloride (AAPH). Our work demonstrates that derivatives oxidative stress
with propyl or octyl linker and phthalimide group associated

with indole-triazole moiety, which have a folded structure,

effectively protect human erythrocytes against oxidative stress-

induced haemolysis.
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1. Introduction

Indole derivatives, present in natural compounds such as L-tryptophan, serotonin and
melatonin, are of particular importance due to their biological properties (Chiou et al.
2010; Lee et al. 2010; Rao et al. 2011; Pawar et al. 2015; Garg et al. 2019). Many indole
compounds show antioxidant properties manifested by their ability to scavenge react-
ive oxygen species (ROS) (Herraiz and Galisteo 2004; Survase et al. 2019). Gramine, a
natural indole alkaloid, has been widely used as a pharmaceutical lead scaffold for
constructing various biologically active indole-containing compounds (Hong et al.

CONTACT B. Jasiewicz ) beatakoz@amu.edu.pl
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2009; Li et al. 2009; Suzen et al. 2012). Some of the gramine-uracil conjugates protect
the human erythrocytes (RBC) against the oxidative stress-induced haemolysis
(Kozanecka-Okupnik et al. 2018). Gramine can also modify the membrane-perturbing
activity of select steroids and protect against RBC membrane disturbances (Kozanecka-
Okupnik et al. 2017). Encouraged with the above findings and in continuation of our
work on the synthesis of biologically active alkaloids derivatives, herein, we report the
synthesis and structural analysis, as well as the cytoprotective properties of several novel
triazole-bearing indoles. Introduction of a 1,2,3-triazole ring to the parent molecule often
lead to new, potentially biologically active compounds. For example, indole-triazole con-
jugates are selective inhibitors and inducers of bacterial biofilms (Minvielle et al. 2013),
indole-triazole-amino acid conjugates are a highly effective antifungal agents (Rao et al.
2011). Therefore, a combination of triazole pharmacophore with an alkaloid molecule
should allow the promise of new drugs. RBCs are the main cellular components of
human blood; therefore, the haemocompatibility of potential blood-contacting com-
pounds is evaluated using RBC (Kozanecka-Okupnik et al. 2017, 2018). In vitro haemo-
compatibility assays, including haemolysis and RBC shape-transformation tests, are used
to assess the membrane-partitioning potential of compounds (Malczewska-Jaskota et al.
2016; de la Harpe et al. 2019). Any harmful effects of the compound tested on the RBC
membrane molecular structure do not allow its use for in vivo biomedical studies (Farag
and Alagawany 2018).

2. Results and discussion
2.1. Chemistry

The synthesis of new compounds is illustrated in Scheme 1. Compound 2 was pre-
pared via the reaction of gramine (1) with acetic anhydride. The reaction of compound
2 with ethyl or propargyl alcohol gives the indole analogues 3 and 19, respectively.
The "H NMR spectrum of 3 shows signals near 3.58 ppm and at 1.24 ppm characteristic
of the ethoxy group. In contrast, signals from the methylene group and hydrogen
atom from the alkyne group (compound 19) are present at 4.16 and 2.47 ppm,
respectively. The absorption bands at 1079 cm~" (3) and 2095 (19) in the FT-IR spectra
confirmed the presence of C-O-C and -C=CH groups in the structure. In the EI-MS
spectra of 3 and 19, the molecular ions are observed at m/z=175 and m/z=185,
respectively. Lower than expected yields for the alkylation step led to identification of
compounds 8-10 linked by an alkyl linker (Scheme 1), in addition to the desired prod-
ucts 4-7. The lowest yield (20%) was noted for the reaction of compound 3 with 1,12-
dibromoundecane. In the case of this reaction, no dimer was obtained.

In the "H NMR spectrum of compound 4, in addition to signals from the 3-ethoxy-
indole-3-carbinol molecule (except for the signal from the N1 hydrogen atom), there
are signals from methylene groups of the alkyl chain. The triplets at 4.27 ppm and
3.29 ppm correspond to the hydrogen atoms of the methylene group at the indole
ring and to the hydrogen atoms of the methylene group adjacent to the bromine
atom, respectively whereas hydrogen atoms from the third methylene group of the
propyl chain are present in the range of 2.34-2.28 ppm (Figure S1, supplementary
materials). The signal from the hydrogen atoms of the methylene group at the indole
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Scheme 1. Synthesis of gramine derivatives 2-19: (I) acetic anhydride, temp. 5 h; (ll) ethanol, 10%
NaOH; (lll) 50% NaOH, PhCHs, TBAB, Br(CH,), Br; (IV) NaNs, acetone/water; (V) phenylacetylene,
sodium ascorbate, CuSO,4-5H,0, CH,Cl,/H,0 (1:1); (VI) propargyl alcohol, 10% NaOH; (VII) sodium
ascorbate, CuS0,4-5H,0, CH,Cly/H,0 (1:1).
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ring for dimer 8 is present at 4.06 ppm in the form of a triplet and corresponds to
four hydrogen atoms whereas hydrogen atoms from the central methylene group are
present in the range of 2.43-2.34 ppm (Figure S2, supplementary materials). MS spec-
tra of all bromide compounds (4-7) show signals characteristic to the presence of
1:1 M + 2 isotope of bromine atoms. For example, in the EI-MS spectrum of compound
4 (Fig. S3a) we can observe two peaks of 100% intensity in the molecular ion region,
depending on which bromine isotope (79 or 81) ion contains, at m/z=295 and m/
z=297, respectively. In the EI-MS spectrum of compound 8, a signal from a molecular
ion is observed at m/z=390 (50% intensity) (Figure S3b, supplementary materials).
The lack of the signals from the bromine atom additionally confirms the proposed
structure of the compound. The detailed analysis of '"H NMR, EI-MS and FT-IR spectra
of the remaining bromides 5-7 and dimers 9, 10 are presented in Experimental part.
3-Ethoxy-indole-3-carbinol N-alkyl bromides 4-7 were converted into respective 3-
ethoxy-indole-3-carbinol N-alkyl azides 11-14, which together with phthalimide N-alkyl
azides 20-23 were further modified into new triazole products 15-18 and 24-27
(Scheme 1). In the "H NMR spectra of all new triazole derivatives 15-18 and 24-27,
the characteristic singlet of hydrogen atom of triazole ring is observed in the range of
8.05-7.58 ppm. Signals near 4.70ppm (compounds 15-18) correspond to hydrogen
atoms of methylene groups (-CH,-O-); signals from the hydrogen atoms of the ethoxy
group are in the range of 3.64-3.49 ppm (-O-CH,-) and at 1.19-1.29- ppm -CHs; while
the signals of the hydrogen atoms of the phenyl ring are observed in the range of
7-8 ppm. Moreover, in all this spectra we can see signals from hydrogen atoms of the
indole ring in the range of 7.82-6.95 ppm. In '"H NMR spectra of 24-27, in addition to
the signals of the indole moiety and the triazole ring, signals from the phthalimide
ring in the range of 7.70-7.90 ppm are also present. The representative '"H NMR spec-
trum of compound 15 is shown in Fig. S4, supplementary materials. Detailed spectro-
scopic analysis of compounds 15-18 and 24-27 are presented in Experimental part.

2.2. Biological activity

The haemolytic activity of the derivatives and their effect on RBC shape were exam-
ined. The level of derivatives-induced haemolysis was as obtained for the control RBC;
however, derivative 27 was an exception due to its slight haemolytic activity (Table
S1, supplementary materials). Examination of derivatives-induced RBC shape modifica-
tion showed no impact in comparison with the control RBC; however, derivatives 16,
24, and 25-27 were the exceptions. Namely, 16 and 24 induced echinocytosis, 25-27
induced stomatocytosis, what are the result of incorporation of molecules into the
RBC. According to the bilayer-couple hypothesis (Lim et al. 2002), echinocytes are the
result of molecules incorporation into the exoplasmic layer of the RBC membrane
(16,24). On the other hand, stomatocytes are created as an effect of compound
(25-27) accumulation in the endoplasmic layer. However, no changes in the RBC
shape are not clear evidence of a lack of membrane-partitioning activity of compound
tested (Manaargadoo-Catin et al. 2016). As has been shown in Figure S5 (supplemen-
tary materials) the high cytoprotective properties against free radicals induced oxida-
tive haemolysis was reported for compounds 8,15,17,24 and 26. The data obtained
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show a strong correlation between the chemical structure of the derivatives and their
cytoprotective activity. Structurally, the compounds can be divided into diindole deriv-
atives and derivatives in which the triazole ring is present in two different gramine
positions. As shown from the data in Fig. S5, for each group of compounds an essen-
tial element of the structure is the alkyl linker length. In the case of di-indole com-
pounds, only compound 8 (propyl linker) has a high cytoprotective activity while
dimeric derivatives with pentyl or octyl linker, exhibit a low activity. Among the tri-
azole derivatives, activity show compounds with propyl and octyl linker, whereas for
derivatives with a pentyl or dodecyl linker, the RBC protection properties are very low
(compounds 16 and 18) or none (compounds 25 and 27). Moreover, compounds con-
taining phthalimide rings with a propyl (24) and octyl (26) linker are more effective
than the derivatives with 4-phenyltriazole ring connected with gramine nitrogen atom
by propyl and octyl linker (compounds 15 and 17, respectively). Particularly note-
worthy is derivative 24, whose cytoprotective activity is almost twice as high as
obtained for derivative 15. It should also be noted that the most cytoprotective deriv-
atives caused RBC shape transformation, namely echinocytosis (24) or stomatocytosis
(26). Therefore, the high efficiency of 24 and 26 against RBC oxidative haemolysis can
be explained as a result of their specific RBBC membrane-partitioning activity. Based on
the data contained in the paper, we can state that the protective activity of gramine
derivatives is influenced by all structural elements: the length of the alkyl linker, the
place of introducing the triazole group into the parent molecule and the presence of
additional functional groups (phenyl ring, phthalimide group). In order to clearly state
which structural factor is the most important, additional experimentation is necessary.

2.3. Theoretical calculations

The molecular geometry, energy, and dipole moments of new compounds were calcu-
lated by DFT methods. Semiempirical calculations were made to determine the influence
of spatial structure on the properties of compounds. The lowest values of energy are
observed for compounds 10, 18, and 27 (Table S2, supplementary materials). Energy
decreases from a shorter to longer hydrocarbon chain, which is related to symmetry
and convertible position of long hydrocarbon chains of molecules. Compounds with lon-
ger hydrocarbon chains are also much more thermodynamically stable. We suppose
that specific folded molecular structure of 24 and 26 may also influence its RBC mem-
brane partitioning and high cytoprotective efficiency in oxidative stress conditions.
Compounds 25 and 27 form a linear structure and have no cytoprotective effects on
RBC at all. Calculated structures of compounds are in supplementary part (Figure S6).

3. Experimental

All experimental procedures are described in the supplementary materials.
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4. Conclusions

In summary, the results obtained in this study show that new gramine-triazole-phthali-
mide conjugates with a propyl (24) and octyl linker (26) are active as cell membrane-
partitioning and cytoprotective agents in oxidative stress conditions. Taking together,
the structural features such as (i) the position of gramine modification, (ii) the type of
group connected to the triazole ring, (iii) the length of the hydrocarbon chain, and (iv)
the spatial arrangement of the molecule, seems to be crucial for the favorable bio-
logical activity of new gramine derivatives under the oxidative stress conditions.
Further studies should help to find more detailed structure-activity relationships.
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New triazole-bearing gramine derivatives — synthesis, structural analysis and protective

effect against oxidative haemolysis

Weronika Kozanecka-Okupnik, Arleta Sierakowska, Natalia Berdzik, lwona Kowalczyk,

Lucyna Mréwczynska, and Beata Jasiewicz

The new series of triazole-bearing gramine derivatives were synthesized through a
CUAAC procedure. The structures of all newly obtained compounds were confirmed by
spectroscopic analysis and DFT methods. The obtained derivatives were screened for
their protective potency against oxidative haemolysis induced by free radicals generated
from 2,2’-azobis(2-methylpropionamidine) dihydrochloride (AAPH). Our work
demonstrates that derivatives with propyl or octyl linker and phthalimide group
associated with indole-triazole moiety, which have a folded structure, effectively protect

human erythrocytes against oxidative stress-induced haemolysis.
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General Methods:

The melting points (mp) were obtained with a Biichi SMP-20 apparatus. *H NMR spectra
were recorded on a Varian 300/400 spectrometer with CDClz or DMSO-ds as the solvent and
TMS as the internal standard. Chemical shifts are reported in 6 (parts per million) values. EI
mass spectra were recorded on Bruker 320MS/450 GC mass spectrometer. FT-IR spectra
were recorded on Nicolet iS 5 (KBr pellets). TLC analysis was performed using Sigma-
Aldrich silica gel 60 plates with a fluorescent indicator (254 nm). All chemicals or reagents

used for syntheses were commercially available.

Synthesis of indole derivatives

N,O-diacetyl-indole-3-carbinol (2). A solution of gramine (522 mg, 3 mmol) in fresh distilled
acetic anhydride (8 mL) was heated at the reflux temperature for 5 h (TLC: MeOH-
(CH3)2.CO-NH4OH 10:10:1). The reaction mixture was then cooled to 0-5 °C. Then 30 mL of
ice-cooled water was added, and the solution was stirred at 0-5 °C temperature for 3 h. The
obtained brown solid was washed with water and crystallized from n-hexane. Compound 2
was obtained as a white powder. Mp 89-90 °C, yield 70%. *H NMR (300 MHz, CDCl3, TMS,

S2



ppm): 8n = 8.45-8.42 (d, 1H, 7-H), 7.63-7.60 (d, 1H, 4-H), 7.48 (s, 1H, 2-H), 7.42-7.36 (t, 1H,
5-H/6-H), 7.35-7.29 (t, 1H, 5-H/6-H), 5.27 (s, 2H, -CH20-), 2.63 (s, 3H, CHsCO-), 2.09 (s,
3H, CHsCOO"). EI-MS (m/z, % int.): 231 (M*, 100). FT-IR (KBr) vma 3115, 1732, 1705,
1607, 1457, 1342, 1331, 1249.

3-Ethoxy-indole-3-carbinol (3). Compound 2 (50 mg, 0,2 mmol) was dissolved in 1 mL
ethanol, 0,5 ml 10% NaOH was added. The mixture was stirred for 24h at room temperature
(TLC: (CeHs)CHs-AcOEt 5:1). The mixture was cooled in an ice/water bath, added dropwise
35 mL of cold water, and put in a refrigerator overnight. The resulting white precipitate was
infiltrated and crystallized from n-hexane.

Yellow oil, yield 70%. *H NMR (300 MHz, DMSO-ds, TMS, ppm): dn = 9.93 (s, 1H, NH),
7.58-6.97 (5H, indole ring), 4.72 (s, 2H, indole ring-CH.0-), 3.58 (g, 2H, -O-CH>-), 1.24 (t,
3H, -CH3). EI-MS (m/z, % int.): 175 (M*, 63). FT-IR (KBr) vmax: 3402-2862, 1457, 1338,
1079.

General procedure for the preparation of N-(n-bromoalkane)-3-ethoxy-indole-3-carbinol (4-
7) and dimers (8-10).

Compound 3 (200 mg, 1.14 mmol) was dissolved in 3 mL toluene. To a stirred mixture, an
aqueous solution of NaOH (50% w/w) (1 g) and after 15 min (120 mg, 0.4 mmol) BusNBr
(tetrabutylammonium bromide) were added, followed by appropriate dibromoalkane (0.4
mmol). The solution was stirred at room temperature overnight, monitored by TLC, and then
was poured onto crushed ice and extracted with diethyl ether (3 x 30 mL). The extract was
washed with water (3 x 50 mL), brine (100 mL), and dried over anhydrous Na>SOs. The
solvent was evaporated under reduced pressure to afford a residue that was purified over silica
gel ((CeHs)CHa/ACOEt, 5:1).

N-(3-bromopropane)-3-ethoxy-indole-3-carbinol (4). Yellow oil, yield 56 %. 'H NMR (403
MHz, CDClz, TMS, ppm): 8u = 7.71 (d, 1H, 7-H), 7.35 (d, 1H, 4-H), 7.22 (t, 1H, 6-H), 7.15-
7.12 (m, 2H, 5-H, 2-H), 4.69 (bs, 2H, indole ring-CH20-), 4.27 (t, 2H, -CH»-indole ring),
3.59-3.54 (q, 2H, -O-CH>-), 3.29 (t, 2H, -CH2-Br), 2.34-2.28 (m, 2H, -CH>-), 1.25-1.21 (t, 3H,
-CHa). EI-MS (m/z, % int.): 297 (M*, 100).

N-(5-bromopentane)-3-ethoxy-indole-3-carbinol (5). Yellow oil, yield 70 %. *H NMR (403
MHz, CDCls, TMS, ppm): 6n = 7.72 (d, 1H, 7-H), 7.32 (d, 1H, 4-H), 7.28-7.16 (m, 2H, 5-H,
6-H), 7.12 (s, 1H, 2-H), 4.73 (s, 2H, -CH20-), 4.13 (t, 2H, -CH»-indole ring), 3.64-3.57 (q,
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2H, -O-CH>-), 3.46-3.37 (m, 2H, -CH-Br), 1.94-1.83 (m, 4H, -CH>-), 1.55-1.45 (m, 2H, -
CH>-), 1.27 (t, 3H, -CHg). EI-MS (m/z, % int.): 325 (M, 65).
N-(8-bromooctane)-3-ethoxy-indole-3-carbinol (6). Yellow oil, yield 50 %. 'H NMR (300
MHz, CDCl3, TMS, ppm): én = 7.71 (d, 1H, 7-H), 7.32 (d, 1H, 4-H), 7.28-7.14 (m, 2H, 5-H, 6-
H), 7.12 (s, 1H, 2-H), 4.73 (s, 2H, -CH-0-), 4.10 (t, 2H, -CH>-indole ring), 3.63-3.51 (q, 2H, -
O-CHz>-), 3.41 (t, 2H, -CH-Br), 1.90-1.80 (m, 4H, -CH>-), 1.45-1.40 (m, 4H, -CH>-), 1.34 (bs,
4H, -CH>-), 1.26 (t, 3H, -CHa). EI-MS (m/z, % int.): 365 (M*, 60).
N-(12-bromododecane)-3-ethoxy-indole-3-carbinol (7). Yellow oil, yield 20 %. *H NMR (300
MHz, CDCl3, TMS, ppm): én = 7.68 (d, 1H, 7-H), 7.29 (d, 1H, 4-H), 7.21-7.09 (m, 3H, 2-H, 5-
H, 6-H), 4.70 (s, 2H, -CH20-), 4.06 (t, 2H, -CH>-indole ring), 3.60-3.44 (q, 2H, -O-CH>-),
3.40 (t, 2H, -CH>-Br), 1.89-1.79 (m, 4H, -CH>-), 1.43-1.38 (m, 2H, -CH»-), 1.25 (t, 3H, -
CH3), 1.24-1.21 (m, 14H, -CH>-). EI-MS (m/z, % int.): 421 (M, 50).

N,N -propanedi-(3-ethoxy-indole-3-carbinol) (8). Yellow oil, yield 32 %. *H NMR (300 MHz,
CDCl3,TMS, ppm): 8n = 7.73 (d, 2H, 7-H), 7.21-7.11 (m, 6H, 4-H, 5-H, 6-H), 7.03 (s, 2H, 2-
H), 4.69 (s, 4H, -CH20-), 4.06 (t, 4H, -CHz-indole ring), 3.61-3.54 (g, 4H, -O-CH>-), 2.43-
2.34 (m, 2H, -CHa»-), 1.24 (t, 6H, -CH3). EI-MS (m/z, % int.): 390 (M*, 50). FT-IR (KBr) vmax:
3433, 3047, 2970, 2925, 2858, 1662, 1467.

N,N -pentanedi-(3-ethoxy-indole-3-carbinol) (9). Yellow oil, yield 10 %. *H NMR (300 MHz,
CDCIl3,TMS, ppm): 8n = 7.72 (d, 2H, 7-H), 7.35-7.12 (m, 6H, 4-H, 5-H, 6-H), 7.06 (s, 2H, 2-
H), 4.72 (s, 4H, -CH20-), 4.06 (t, 4H, -CHz-indole ring), 3.64-3.57 (g, 4H, -O-CH>-), 1.88-
1.83 (m, 6H, -CHy-), 1.27 (t, 6H, -CH3). EI-MS (m/z, % int.): 418 (M*, 50). FT-IR (KBr) vmax:
3431, 3048, 2927, 2856, 1660, 1467.

N,N -octanedi-(3-ethoxy-indole-3-carbinol) (10). Yellow oil, yield 13 %. *H NMR (300 MHz,
CDCI3,TMS, ppm): én = 7.90 (d, 2H, 7-H), 7.71 (d, 2H, 4-H), 7.39-7.10 (m, 6H, 2-H, 5-H, 6-
H), 4.72 (s, 4H, -CH20-), 4.07 (t, 4H, -CH>-indole ring), 3.66-3.56 (q, 4H, -O-CH>-), 2.07 (s,
2H, -CH>-), 1.82 (bs, 6H, -CH»-), 1.71 (s, 2H, -CH>-), 1.30 (bs, 2H, -CH»-), 1.26 (t, 6H, -
CHj3). EI-MS (m/z, % int.): 460 (M*, 70). FT-IR (KBr) vmax: 3400, 3052, 2928, 2855, 1716,
1663, 1612, 1467, 1363.

General procedure for the preparation of azides 11-14. To a stirred solution of appropriate N-
(n-bromoalkane)-3-ethoxy-indole-3-carbinol (4-7) (1 eq) in 3 mL, acetone was added the
sodium azide (1,3 eq) dissolved in water (3 mL). The solution was stirred at room temperature
overnight, monitored by TLC, and then was poured onto crushed ice and extracted with
diethyl ether (3 x 30 mL). The extract was washed with water (3 x 50 mL), brine (100 mL),
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and dried over anhydrous Na>SOa. The solvent was evaporated under reduced pressure to
afford azides 11-14 with good yield (80%). The products were characterized by FT-IR spectra
(KBr).

General procedure for the preparation of compounds 15-18. An appropriate azide (1 eq) was
dissolved in a mixture of dichloromethane and water (5 mL, 1:1), phenylacetylene (1.2 eq)
was added, the mixture was stirred for 15 min. To the homogenous solution, CuSO4-5H20 (5
mg, catalytic amount) and sodium ascorbate (10 mg, catalytic amount) in water 1 mL were
added. The solution was stirred at room temperature overnight, monitored by TLC, and then
was poured onto crushed ice and extracted with dichloromethane (3 x 30 mL). The extract
was washed with water (3 x 50 mL), brine (100 mL), and dried over anhydrous Na>SQO4. The
solvent was evaporated under reduced pressure to afford a residue that was purified over silica
gel ((CeHs)CHa/AcOEt, 5:1).
3-(ethoxymethyl)-1-(3-(4-phenyl-1H-1,2,3-triazol-1-yl)propyl)-1H-indole (15). Yellow oil,
yield 36 %. *H NMR (300 MHz, CDCl3,TMS, ppm): &n = 7.82 (d, 1H, 7-H), 7.73 (d, 1H, 4-
H), 7.63 (s, 1H, triazole ring), 7.48-7.34 (m, 3H, 2-H, 5-H, 6-H), 7.28-7-18 (m, 5H, Ar-H),
4.71 (s, 2H, -CH20-), 4.34 (t, 2H, -CHo-triazole ring), 4.23 (t, 2H, -CH.-indole ring), 3.64-
3.57 (q, 2H, -O-CH>-), 2.58-2.49 (m, 2H, -CH>-), 1.29-1.24 (t, 3H, -CHz3). EI-MS (m/z, %
int.): 332.3 [M", 8]. FT-IR (KBr) vmax: 3132, 3048, 2927, 2854, 1659, 1611, 1464, 1334.
3-(ethoxymethyl)-1-(5-(4-phenyl-1H-1,2,3-triazol-1-yl)pentyl)-1H-indole (16). Yellow oil,
yield 80 %. *H NMR (300 MHz, CDCl3, TMS, ppm): 6u = 7.78 (d, 1H, 7-H), 7.68 (d, 1H, 4-
H), 7.58 (s, 1H, triazole ring), 7.41 (t, 2H, 5-H, 6-H), 7.34-7.09 (m, 5H, Ar-H), 7.03 (s, 1H, 2-
H), 4.65 (s, 2H, -CH20-), 4.27 (t, 2H, -CH>-triazole ring), 4.04 (t, 2H, -CH-indole ring),
3.58-3.51 (q, 2H, -O-CH>-), 1.92-1.79 (m, 4H, -CH»-), 1.26-1.19 (t, 3H, -CH3), 0.88-0.83 (m,
2H, -CHy-). EI-MS (m/z, % int.): 360.4 [M™, 9]. FT-IR (KBr) vmax: 3439, 3129, 3054, 2929,
2856, 1611, 1551, 1464.
3-(ethoxymethyl)-1-(8-(4-phenyl-1H-1,2,3-triazol-1-yl)octyl)-1H-indole  (17). Yellow oil,
yield 50 %. 'H NMR (300 MHz, CDCl3, TMS, ppm): éu = 7.71 (d, 1H, 7-H), 7.68 (bs, 1H,
triazole ring), 7.48-7.42 (m, 1H, 4-H), 7.31-7.29 (m, 2H, 5-H, 6-H), 7.24-7.08 (m, 5H, Ar-H),
6.95 (s, 1H, 2-H), 4.69 (s, 2H, -CH20-), 4.06 (t, 2H, -CH>-triazole ring), 3.62-3.52 (q, 2H, -O-
CHy-), 3.40 (t, 2H, -CH2-indole ring), 1.87-1.80 (m, 4H, -CH>-), 1.43 (bs, 4H, -CH>-), 1.32
(bs, 4H, -CH»-), 1.23 (t, 3H, -CHz3). EI-MS (m/z, % int.): 402.5 [M*, 5]. FT-IR (KBr) vmax:
3357, 3055, 2934, 2854, 1614, 1553, 1467.
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3-(ethoxymethyl)-1-(12-(4-phenyl-1H-1,2,3-triazol-1-yl)dodecyl)-1H-indole (18). Qil, yield 58
%. 'H NMR (300 MHz, CDCl3, TMS, ppm): éu = 7.71 (d, 1H, 7-H), 7.68 (bs, 1H, triazole
ring), 7.48-7.42 (d, 1H, 4-H), 7.31-7.29 (m, 2H, 5-H, 6-H), 7.23-7.08 (m, 5H, Ar-H), 6.95 (s,
1H, 2-H), 4.69 (s, 2H, -CH20-), 4.05 (t, 2H, -CH>-triazole ring), 3.64-3.49 (g, 2H, -O-CH>-),
3.49 (t, 2H, -CHz-indole ring), 1.88-1.79 (m, 4H, -CH>-), 1.43-1.21 (m, 19H, -CH>-, -CHa).
EI-MS (m/z, % int.): 458.6 [M*, 4]. FT-IR (KBr) vmax: 3355, 3054, 2928, 2857, 1614, 1553,
1481.

3-propargyloxy-indole-3-carbinol (19). Compound 2 (200 mg, 0,86 mmol) was dissolved in 1
mL propargyl alcohol, 0,5 mL 10% NaOH was added. The mixture was stirred for 24h at
room temperature (TLC: (CeHs)CH3s/AcOEt, 5:1). The reaction mixture was then poured onto crushed
ice and extracted with diethyl ether (3 x 30 mL). The extract was washed with water (3 x 50
mL), brine (100 mL), and dried over KOH (pellets). The solvent was evaporated under
reduced pressure to afford the crude product, which was purified over silica gel
((CeHs)CH3/ACOEt, 5:1).

Yellow oil, yield 75%. 'H NMR (300 MHz, CDCl3, TMS, ppm): 8n = 8.13 (s, 1H, NH), 7.75
(d, 1H, 7-H), 7.32 (d, 1H, 4-H), 7.21-7.12 (m, 2H, 5-H, 6-H), 7.17 (s, 1H, 2-H), 4.84 (s, 2H, -
CH20-), 4.16 (s, 2H, -CH,-CCH), 2.47 (s, 1H, -C=CH). EI-MS (m/z, % int.): 185 (M", 40).
FT-IR (KBr) vmax: 3396, 3052, 2922, 2854, 2095, 1720,1455.

Azides 20-23 were obtained according to (Krchova et al. 2013).

General procedure for the preparation of compounds 24-27. Compound 19 was dissolved in
CH2Cl2:H20 (10 mL, 1:1) and was stirred for 24 h. After that, to the mixture, an appropriate
azide 20-23 (1.3 mmol for 20 and 21; 1.5 mmol for 22 and 23), CuSQO4-5H,0 (5 mg, catalytic
amount), and sodium ascorbate (13 mg, catalytic amount) in 1 mL water were added. The
solution was stirred at room temperature for seven days and monitored by TLC. The mixture
was washed by diethyl ether (3 x 15 mL) and extracted with dichloromethane (3 x 15 mL).
The extract was washed by water (3 x 50 mL), brine (100 mL), and dried over anhydrous
Na>S0s.The solvent was evaporated under reduced pressure to obtain brown oils.
2-(3-(4-(((1H-indol-3-yl)methyl)-1H-1,2,3-triazol-1-yl)propyl)isoindoline-1,3-dione (24).
Brown oil, yield 35 %. *H NMR (400 MHz, CDCl3, TMS, ppm): 8x = 10.11 (s, 1H, NH), 8.00
(s, 1H, triazole ring), 7.84-7.82 (d, 4H, ArH phthalimide), 7.75-7.71 (d, 4H, 4-H, 7-H), 7.21
(s, 1H, 2-H), 5.29 (s, 2H, triazole ring-CH2-0-), 4.75 (s, 2H, -O-CHz-indole ring), 4.37 (t, 2H,

S6



Npnthatimidc-CH2-), 3.72 (t, 2H, -CH2-Niazo1), 2.30 (m, 2H, -CH2-). EI-MS (m/z, % int.): 414.7
[M*, 2]. FT-IR (KBr) vmax: 3402, 2880, 2818, 1770, 1709, 1613, 1460, 1399, 1365, 1189.
2-(5-(4-(((1H-indol-3-yl)metoxy)methyl)-1H-1,2,3-triazol-1-yl)pentyl)isoindoline-1,3-dione
(25). Brown oil, yield 21 %. 'H NMR (400 MHz, CDCl3, TMS, ppm): &x = 10.08 (s, 1H, NH),
8.02 (s, 1H, triazole ring), 7.83-7.80 (d, 4H, ArH phthalimide), 7.71-7.67 (d, 4H, 4-H, 7-H),
7.18 (s, 1H, 2-H), 5.29 (s, 2H, triazole ring-CH2-O-), 4.65 (s, 2H, -O-CH2-indole ring), 4.29
(t, 2H, Npnthaiimia-CHz2-), 3.65 (t, 2H, -CH2-Ntriazol), 2.17 (M, 2H, -CH>-), 1.90 (m, 2H, -CH>-),
1.25 (m, 2H, -CH2-). EI-MS (m/z, % int.):441.2 [M*, 4]. FT-IR (KBr) vmax: 3272, 2946, 2866,
1770, 1706, 1609, 1458, 1437, 1398, 1187.
2-(8-(4-(((1H-indol-3-yl)metoxy)methyl)-1H-1,2,3-triazol-1-yl)octyl)isoindoline-1,3-dione
(26). Brown oil, yield 15 %. 'H NMR (400 MHz, DMSO-dgs, TMS, ppm): 8n = 9.94 (s, 1H,
NH), 8.04 (s, 1H, triazole ring), 7.86-7.83 (d, 4H, ArH phthalimide), 7.59-7.50 (d, 4H, 4-H, 7-
H), 7.06 (s, 1H, 2-H), 4.97 (s, 2H, triazole ring-CH»-O-), 4.52 (s, 2H, -O-CHz-indole ring),
4.32 (t, 2H, Npnthaimid-CH2-), 3.56 (t, 2H, -CH2-Ntriaza1), 3.37 (m, 2H, -CH>-), 2.98 (m, 2H, -
CHz-), 1.70 (m, 2H, -CH2-), 1.60 (m, 2H, -CH-), 1.36 (m, 2H, -CH3-), 1.26 (m, 2H, -CH>-).
EI-MS (m/z, % int.): 484.4 [M™, 6]. FT-IR (KBr) vmax: 3413, 2933, 2857, 1770, 1708, 1613,
1462, 1397, 1328, 1244.
(12-(4-(((1H-indol-3-yl)metoxy)methyl)-1H-1,2,3-triazol-1-yl)dodecyl)isoindoline-1,3-dione
(27). Brown oil, yield 5 %. *H NMR (400 MHz, CDCl3,TMS, ppm): 8n = 10.11 (s, 1H, NH),
8.05 (s, 1H, triazole ring), 7.84-7.81 (d, 4H, ArH phthalimide), 7.71-7.69 (d, 4H, 4-H, 7-H),
7.07 (s, 1H, 2-H),5.30 (s, 2H, triazole ring-CH2-O-), 4.79 (s, 2H, -O-CHz-indole ring), 4.32 (t,
2H, Npnthatimid-CH2-), 3.53 (t, 2H, -CH2-Ntriazal), 3.40 (m, 2H, -CH>-), 3.25 (m, 2H, -CH>-),
1.86 (m, 2H, -CH>-), 1.76 (m, 2H, -CH>-), 1.65 (m, 2H, -CH>-), 1.49 (m, 2H, -CH>-), 1.41 (m,
8H, -CH>-). EI-MS (m/z, % int.): 527.5 [M* -CHa, 2]. FT-IR (KBr) vmax: 3419, 2929, 2843,
1769, 1707, 1613, 1459, 1397, 1337, 1189.
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Biological assay

Human red blood cells (RBC)

Fresh human RBC suspensions were purchased from the blood bank in Poznan according to
the bilateral agreement no. ZP/907/1002/18. The cells were washed three times (3000 rpm, 10
min, 4 °C) in 7.4 pH phosphate-buffered saline (PBS - 137 mM NaCl, 2.7 mM KCI, 10 mM
Na:HPO4, 1.76mM KH2PO.) supplemented with 10 mM glucose. After washing, RBC were
suspended in the PBS buffer at 1.65 x 10° cells/mL, stored at 4 °C, and used within 5 h.
Haemolysis assay

RBC (1.65 x 108 cells/mL, ~1.5% haematocrit) were incubated in PBS (7.4 pH) supplemented
with 10 mM glucose and containing derivatives tested at concentration equal to 0.1 mg/mL
for 60 min at 37°C in a in a thermo-shaker. Samples with RBC incubated in PBS without
compounds tested were taken as the controls. Each sample was repeated three times, and the
experiments were repeated three times using RBC from different donors. After incubation, the
RBC suspensions were centrifuged (3000 rpm, 10 min, 4°C), and the degree of haemolysis
was estimated by measuring the absorbance of the supernatant at 540 nm. The results were
expressed as the percentage (%) of haemolysis, which was determined using the following
formula:

haemolysis (%) = (sample Ab - negative control Ab)/ (positive control Ab - negative control
Ab) x 100

where the negative control means samples with RBC in PBS, the positive control means
samples with PBS replaced by ice-cold distilled water.

Erythrocyte shape determination

The following incubation, as above, RBC were fixed in 5% paraformaldehyde (PFA) plus
0.01% glutaraldehyde (GA) for 1 h at room temperature. The fixed cells were washed by
exchanging the supernatant with PBS buffer, settled on poly-L-lysine-treated (0.1 mg/mL, 10
min, room temperature) cover glasses, and mounted on 80% glycerol. The coverslips were
sealed with nail polish. A large number of cells in several separate experimental samples were
studied using a RED-233 MOTIC microscope (63 x objective, 10 x ocular). Images were
acquired using a Motica 3.0 MP microscopic camera and the program Motic Images Plus 3.0.
The shapes of RBC in every sample were estimated according to the Bessis classification
(Bessis et al. 1973).

Inhibition of oxidative-haemolysis

RBC (1.65 x 108 cells/mL, ~1.5% haematocrit) were pre-incubated in PBS buffer (pH 7.4)
supplemented with 10 mM glucose, and containing derivatives at the concentration equal to
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0.1 mg/mL for 20 minutes at 37 °C in a shaking water bath. After pre-incubation, the standard
free radicals inducer 2,2’-azobis(2-methylpropionamidine)dihydrochloride (AAPH) were
added to get the final concentration equal to 60 mM. Samples were incubated for the next 4
hours at 37 °C in a thermo-shaker. RBC incubated in PBS only and in the presence of AAPH,
were taken as a control. After incubation, the RBC suspensions were centrifuged (3000 rpm,
10 min, 4 °C), and the degree of haemolysis was determined by measuring the absorbance
values (Ab) of the supernatants at 540 nm. The percentage of oxidative haemolysis inhibition
was calculated using the following equation:

Inhibition of haemolysis(%)= 100 — [(Absample—Abbiank / Abcontrol —Abbiank)] X 100

where Absample IS the absorbance value of supernatant obtained from samples incubated with
compounds tested, Abpiank is the absorbance of the supernatant obtained from samples without
compounds tested and without AAPH, and Abcontrol IS the absorbance of the supernatant
obtained from samples with AAPH and in the absence of compound tested.

Each sample was repeated three times, and the experiments were repeated three times using
RBC from different donors.
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Table S1. Effects of compounds on RBCs membrane permeability (haemolysis) and RBC
shape. Incubation conditions: 0.1 mg/mL, 60 min, 37° C

Compound Haemolysis RBCs dominated
(%) 60 min shape
control (PBS) 1.52+1.30 D,DE
8 2.08+1.29 D,DE
9 2.47+1.65 D,DE
10 1.80+1.32 D,DE
15 2.12+1.76 D,DE
16 1.79+0.94 DE.E
17 2.50+1.68 D,DE
18 2.82+2.03 D,DE
24 1.02+0.56 DE.E
25 1.38+0.70 S
26 1.26+0.35 S
27 6.40+2.40 S
Trolox (Tx) 1.09+0.41 D,DE

Haemolysis values lower than 5% means no haemolytic activity of compounds; abbreviations of dominated
RBCs shape: D-discocytes, DE-discoechinocytes, E-echinocytes, S-stomatocytes
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AAPH-induced haemolysis. Incubation conditions: pre-incubation with compounds at 0.1
mg/mL for 20 min at 37° C, incubation with 60 mM AAPH for 240 min at 37° C; means
values = SD are presented (n=9). X - no cytoprotective activity; * - the significant difference
as compared to Trolox (p<0.05).

Statistical analysis
Data presented are shown as mean values * standard deviation (SD) (n = 9). Statistically

significant differences were assessed by applying a paired Student's t-test and were considered

statistically significant at p< 0.05.
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Calculation

The DFT calculations were performed using the Gaussian 09 program package (Frisch et al.

2009). The calculations employed the B3LYP exchange-correlation functional, which

combines the hybrid functional of Becke (Becke et al. 1997). with the gradient-correlation
function of Lee (Lee et al. 1988) and the split-valence polarized 6-311G(d,p) basis set (Hehre

et al. 1989).

Table S2. Selected parameters of investigated compounds 8-10, 15-18, and 24-27 estimated
by B3LYP/6-311G(d,p) calculations.

Compound Parameters
Energy (a.u)  Dipol moment (Debye)
8 -1230.713714 3.4925
9 -1309.343263 1.0518
10 -1427.298480 3.2879
15 -1147.028173 2.2068
16 -1225.661378 5.3643
17 -1343.583298 6.5947
18 -1500.869152 3.8216
24 -1388.550507 6.0594
25 -1506.496486 7.1761
26 -1585.129722 6.8779
27 -1742.392641 5.4308
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ABSTRACT

A series of indole-1,4-disubstituted-1,2,3-triazole conjugates were
synthesised by click chemistry. The haemolytic properties and cyto-
protective activity of all the newly synthesised indole-triazole con-
jugates were tested in vitro. In addition, molecular docking was
performed in silico for the selected conjugates to determine their
antibacterial and antifungal properties. The results indicate that
indole-triazole derivatives effectively protect human erythrocytes
against free radical-induced haemolysis in a structure-dependent
manner and that bis-indole-bis-triazole derivatives with alkyl linkers
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are excellent cytoprotective agents against oxidative haemolysis.
The tested series of indole-1,4-disubstituted-1,2,3-triazole conju-
gates may have an affinity for the active sites of specific protein
domains (PDB IDs: 2Q85 and 5V5Z) according to molecular dock-
ing studies.
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2 N. BERDZIK ET AL.

1. Introduction

Reactive oxygen species (ROS) are products of the incomplete reduction of oxygen
molecules (Hajam et al. 2022) and are involved in many cellular processes (Parcheta
et al. 2021). Chronic oxidative stress induced by high levels of ROS may contribute
to the induction of lifestyle diseases (Hajam et al. 2022). Despite the wide range of
natural and endogenous antioxidants, there is a growing interest in the synthesis of
new bioactive compounds with antioxidant properties. N-heterocyclic compounds
such as indoles and triazoles play an important role in the pharmaceutical industry.
Synthetic indole derivatives with remarkable antioxidant properties include indole
hydrazones (Demurtas et al. 2019) and indole-3-acetamides (Kanwal et al. 2021).
Antioxidant properties are also found in triazole analogues (Alam 2022). The combi-
nation of indole and triazole pharmacophores in a single molecule is a promising
strategy for the development of new compounds with improved biological efficacy
(Danne et al. 2018). As shown in our previous work (Kozanecka-Okupnik et al. 2022;
Jasiewicz et al. 2023) selected C-3 substituted indole compounds effectively protect
against AAPH (2,2'-azobis (amidinopropane dihydrochloride)-induced oxidative hae-
molysis of human erythrocytes. Human erythrocytes (red blood cells, RBC) are an
excellent model to study free radical-induced oxidative damage in the cell membrane
and to evaluate the antioxidant activity of new compounds. The action of free radicals
on the RBC membrane results in peroxidation of membrane proteins and lipids and
an increase in membrane permeability, leading to ROS-dependent oxidative haemolysis
(Srour et al. 2000). In our previous work (Kozanecka-Okupnik et al. 2022), we showed
that the protective activity of triazole-based gramine derivatives is influenced by the
length of the alkyl linker, the position of the triazole group in the indole moiety and
additional functional groups. In order to determine which structural factor is most
important, we synthesised a series of novel indole-triazole derivatives containing at
least one triazole ring and one or more indole moieties and evaluated their protective
properties against oxidative haemolysis. In addition, docking studies were performed
to determine their potential antibacterial and antifungal properties. By combining in
vitro and in silico studies, we characterise the multilevel biological activity of a new
series of indole-1,4-disubstituted-1,2,3-triazole conjugates.

2. Results and discussion
2.1. Chemistry

Compound 2 was synthesised from gramine (1) according to reported procedures
(Kozanecka-Okupnik et al. 2022). N-Acetyl-3-azidemethylindole (3) was synthesised in
a reaction of N-acetyl-3-hydroxy-methylindole with DPPA, while compound 4 was
obtained in a reaction of 3-etoxyindole-3-carbinol with propargyl bromide. Bioconjugates
5-14 were synthesised using Cu(l)-catalysed alkyne/azide cycloadditions (Scheme 1).
The azide substrates were prepared from appropriate dibromoalkanes, dibromoxylenes,
or 1,3,5-trisloromomethyl)benzene by reaction with sodium azide. The reaction of
alkyl azides with compound 2 afforded compounds 5-8 containing two indole moieties
and two triazole rings linked by an alkyl linker. The reaction of aryl azides with
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15

Scheme 1. Synthesis of indole derivatives 2-15.

compound 2, regardless of the molar ratio of substrates (1:1, 2:1 or 3:1), gave deriv-
atives with one triazole ring and one indole group (compounds 9-12). The combination
of propargyl derivatives 2 or 4 with azide derivative 3 gave bis-indole compounds
13 and 14. Compound 15 was obtained by the published method (Thesing 1954).
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The structures of the new compounds were confirmed by spectral data (Figures S1-
S10 in the Supplementary). In the '"H NMR spectra of compounds 5-14, signals at
8.40 to 6.95ppm correspond to protons from the indole moiety, triazole ring and
benzene ring (compounds 9-12). Conjugates with triazole ring (compounds 5-13)
show characteristic proton signals (NH) at about 11 ppm. The CH, groups give singlet
signals at 2.60 ppm for compound 13 and 2.51 ppm for compound 14. The 3C NMR
spectra of compounds 5-14 show characteristic signals in the range 146.05-109.50
which are assigned to carbon atoms from the indole and triazole rings. The carbon
atoms of the carbonyl groups (for compounds 13 and 14) are observed at 168.41 ppm
and 168.37 ppm, respectively. The appearance of absorption bands at 3050cm™" is
attributed to=CH (triazole) stretching frequencies. Absorption bands at 2100cm™'
(compounds 9-12) and 1700cm™" (compounds 13 and 14) confirmed the presence
of -N; and -C=0 groups in the structure of the synthesised compounds.

2.2. Biological activity

Assessing the haemolytic activity of new compounds is one of the most important
methods for evaluating their haemobiocompatibility (Jasiewicz et al. 2021). Haemolysis
of red blood cells is explained by the incorporation of various molecules into the
lipid bilayer of the red blood cell membrane, resulting in an increase in membrane
permeability to ions. Compounds that induce haemolysis of 5% or more of the RBC
in the sample at a given concentration are not haemobiocompatible (Farag and
Alagawany 2018). The haemolytic activity of the derivatives was evaluated at a con-
centration of 0.1 mg/mL. No haemolytic activity was confirmed for compounds with
the alkyl linker, namely compounds 5, 7 and 8 (from 2.89% + 1.02 to 3.13% + 0.91,
respectively), and compounds with the benzene ring, namely compounds 10 and 11
(2.13% + 0.80 and 2.95% =+ 1.25, respectively). Compounds 13 and 14, are also hae-
mocompatible at the concentration used (4.98% + 1.97 and 4.2% * 1.52, respectively).
On the other hand, compounds 6 (5.94% * 2.25), 9 (6.17% + 2.89 SD), and 12 (8.84%
+ 3.47 SD), were not haemobiocompatible in this study. Interestingly, the haemolytic
activity of gramine dimer 15 (37.75% * 2.54 SD) was significantly higher than that
of gramine (2.92% = 1.02). Our previous work (Kozanecka-Okupnik et al. 2022) showed
that selected indole-triazole conjugates at concentrations of 0.1 mg/mL did not induce
significant structural modification in the RBC membrane and protect RBC against free
radical-induced haemolysis. In order to compare the cytoprotective properties of our
new compounds with the previous ones, the same concentration (0.1 mg/mL) was
used to assess their cytoprotective activity. As shown in Figure S11, all new
indole-triazole conjugates (5-14) exhibit higher cytoprotective activity (ranging from
47.81% £ 10.56 to 84.06% = 3.17) than the parent gramine (30% = 2.00) (Jasiewicz
et al. 2021). Bis-indole-bis-triazole derivatives with an alkyl linker (5-7) are the most
effective cytoprotective agents with activity ranging from 80.60% + 12.56 to 84.06% +
3.17, assuming the highest values (>80%) for compounds with a propyl (5), pentyl
(6), and octyl (7) linker. The results indicate that compounds 5-7 protect RBC against
free radical-induced haemolysis as effectively (p>0.05) as the standard Trolox (83.42% =+
2.87). The cytoprotective activity of compounds with a benzene ring (9-12) is lower
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(in the range from 63.93% + 13.88 to 73.19% + 7.04) and decreases in the following
order 9>10=11>12. A comparison of the bis-indole triazole compounds 13 and 14
shows differences in their cytoprotective properties (69.66% + 13.88 versus 47.81% +
10.58,). The antiradical activity of indole derivatives is related to aromatic indole
systems with an NH group. Free radicals are neutralised when the indole rings initially
transfer hydrogen or electrons to free radicals (HAT and SET mechanisms, respectively),
forming a resonance-stabilised indolyl radical (Silveira et al. 2013). As shown in our
previous work (Jasiewicz et al. 2023), an essential element of the structure of indole
derivatives that significantly affects their cytoprotective efficacy is the nature of the
functional groups present at the C-3 position. The electron-rich triazole ring, linked
to the indole system by an electron-donating ether group at the C-3 position, makes
derivatives 5-13 effective cytoprotective compounds under oxidative stress. Furthermore,
compounds 5-13 can become resonance-stabilised radicals as a result of the loss of
a hydrogen atom from the -CH,-O-CH,- groups. Such loss of a hydrogen atom from
the methylene group has been previously described for other C-3 substituted indoles
(Jasiewicz et al. 2021). In addition, compounds 5-13 can interact with the hydrophobic
and/or hydrophilic domain of cell membrane components through hydrogen bonding.
Since the NH group is the active redox centre of indole, the substitution of the
nitrogen atoms of the indole rings may be responsible for the lower cytoprotective
activity of compound 14. Furthermore, unlike 13, derivative 14 does not have an
ether group in its structure. Gramine dimer 15 has no cytoprotective activity due to
its very high haemolytic activity (37.74% + 2.54) at a concentration of 0.1 mg/mL.

2.3. ADME analysis

The SwissADME web server was used to determine the ADME (absorption, distribution,
metabolism and excretion) profile of compounds 5-14. As shown in Table S1
(Supplementary part), most of the compounds fulfil Lipinski’s rule of five: molecular
weight <500, number of hydrogen bond donors <5, number of hydrogen bond
acceptors <10 and LogP values <5. Of all the compounds tested, compound 8 is the
most lipophilic (log P 5.96). The log pvalue of the other derivatives range from 1.83
to 4.57, indicating that they can interact with the lipid bilayer of the cell membrane.

2.4. Docking study

The potential antibacterial and antifungal activity of compounds 5, 7, 10, 11, and 13
was determined in a docking study. Molecular docking studies reveal potential inter-
actions between a ligand and a macromolecular target and estimate the ligand-receptor
binding energy. At lower energy levels, the ligand-receptor binding is more stable
(Morris and Lim-Wilby 2008; Nowak et al. 2023). Figures S12(a—f) (Supplementary part)
show the probable binding mechanisms of the ligands to the 2Q85 and 5V5Z protein
domains (PDB IDs). The binding energies are comparable to one another (Table S2,
Supplementary part). These statistics indicate that the affinity for the selected protein
domain is significant.
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The synthesis, biological experiments and molecular docking study are described
in the supplementary material.

3. Conclusions

In conclusion, bis-indole-bis-triazole compounds with a propyl (5), pentyl (6) and octyl
(7) linkers showed significant cytoprotective activity in vitro by inhibiting oxidative
haemolysis of human erythrocytes. The haemocomaptible compound 5 with propyl
linker and a molecular weight of <500 is the best candidate for future research as a
potential new antioxidant. Molecular docking studies show affinity of compounds 5,
7, 10, 11 and 13 to the macromolecular targets. The affinity to 2Q85 and 5V5Z
receptors implies that the compounds 5, 7, 10, 11 and 13 have potent antibacterial
and antifungal properties.
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Novel gramine-based bioconjugates obtained by click chemistry as cytoprotective

compounds and potent antibacterial and antifungal agents

Natalia Berdzik?, Beata Jasiewicz®*, Kamil Ostrowski?, Arleta Sierakowska® , Milda

Szlauzys?, Damian Nowak® and Lucyna Mrowczynska®

A series of indole-1,4-disubstituted-1,2,3-triazole conjugates were synthesised by click
chemistry. The haemolytic properties and cytoprotective activity of all the newly
synthesised indole-triazole conjugates were tested in vitro. In addition, molecular
docking was performed in silico for the selected conjugates to determine their
antibacterial and antifungal properties. The results indicate that indole-triazole
derivatives effectively protect human erythrocytes against free radical-induced
haemolysis in a structure-dependent manner and that bis-indole-bis-triazole derivatives
with alkyl linkers are excellent cytoprotective agents against oxidative haemolysis. The
tested series of indole-1,4-disubstituted-1,2,3-triazole conjugates may have an affinity
for the active sites of specific protein domains (PDB IDs: 2Q85 and 5V52), according

to molecular docking studies.
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1. Chemistry - general experimental information

All synthesis reagents were purchased from Sigma-Aldrich. The solvents chloroform,
dichloromethane, toluene, dimethylformamide, dimethylsulfoxide, tetrahydrofuran, ethyl
acetate and methanol were purchased from commercial sources (Merck, Fisher) and used
without purification. IR spectra: FT/IR Nicolet iS5 (KBr pellet, cm™) *H and **C NMR
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spectra: Bruker Avance 600 MHz, Varian VNMR-S 400 MHz. Elemental analysis was carried
out on an Elemental Analyzer Vario EL 111 apparatus to determine the percentage content of
nitrogen, carbon and hydrogen.

Synthesis of compound 3

N-acetyl-3-hydroxymethylindole (0.54 mmol) was dissolved in dimethylformamide (2 mL).
DPPA in dimethylformamide (1 mL) was than added. The reaction mixture was cooled to 0°C
and DBU was added dropwise. The mixture was stirred at 0°C for 2 hours. The reaction was
monitored by TLC (PhMe:EtOAc 5:1). Distilled water (5 mL) was added and the reaction
mixture was extracted with ethyl acetate, washed with distilled water and brine and dried
(anh. Na;S0,). The organic layer was evaporated to dryness under reduced pressure. The
crude was purified by column chromatography (PhMe: EtOAc 50:1).

N-Acetyl-3-azidemethylindole (3)

Yellow oil, yield 59%. *H NMR (400 MHz, CDCl5): 8, = 8.44 (d, J = 8.2 Hz, 1H), 7.59 (d, J
= 8.2 Hz, 1H), 7.44 (bs, 1H), 7.40-7.30 (m, 2H), 4.49 (d, J = 1.0 Hz, 2H, -CH,-N3), 2.64 (s,
3H, COCHj3). *C NMR (101 MHz, CDCls): 8¢ = 168.36, 136.00, 129.80, 125.83, 123.88,
118.87, 116.77, 46.08, 23.92. FT-IR (KBr, cm™) vmax: 3120, 3049, 2928, 2871, 2107, 1706.
EI-MS (m/z, % int.): 214 (M*, 25%).

Synthesis of compound 4

Crushed KOH (1 mmol) was added to 3-etoxymethylindole (0.7 mmol), dissolved in
dimethylformamide (2 mL). The mixture was stirred for 10 min at room temperature.
Propargyl bromide (0.9 mmol) was than added dropwise. The reaction mixture was stirred for
24 hours at room temperature. The reaction was monitored by TLC (PhMe: EtOAc 5:1). The
crude product was purified by column chromatography (PhMe: EtOAc 50:1).

3-(ethoxymethyl)-1-(prop-2-yn-1-yl)-1H-indole (4)

Yellow oil, yield 60%. *H NMR (400 MHz, CDCls): 84 = 7.71 (d, J = 7.9 Hz, 1H), 7.38 (d, J
= 8.2 Hz, 1H), 7.28 — 7.24 (m, 1H), 7.22 (s, 1H), 7.17 (ddd, J = 8.0, 7.1, 1.0 Hz, 1H), 4.85 (d,
J=2.6 Hz, 2H, -N-CH>-), 4.70 (d, J = 0.6 Hz, 2H, -CH,-0O-), 3.58 (9, J = 7.0 Hz, 2H, -O-H,-
), 2.39 (t, J = 2.6 Hz, 1H, -C=CH), 1.23 (d, J = 7.0 Hz, 3H, -CH2-CHj). FT-IR (KBr, cm™)
Vmax. 3285, 3053, 2972, 2926, 2855, 2122. EI-MS (m/z, % int.): 213 (M", 100).
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General procedure for the preparation of compounds 5-8

3-Propalgyloxymethylindole (1 mmol) was dissolved in THF (2 mL). A suitable azide (0.5
mmol) was than added. CuSO,4-5H,0 (5 mg, 0.00002 mmol) and sodium ascorbate (13 mg,
0.00007 mmol) were added in 1 mL of distilled water. The mixture was stirred at room
temperature. Subsequent portions of the catalyst were added until the aqueous layer of the
reaction mixture turned bluish-green. The reaction was monitored by TLC (PhMe: EtOAc
5:1). A brown solid precipitated when the reaction mixture was stirred. The precipitate was
filtered off under reduced pressure, then washed with distilled water and diethyl ether. The

precipitate was dried at room temperature.

1,3-bis(4-(((1H-indol-3-yl)methoxy)methyl)-1H-1,2,3-triazol-1-yl)propane (5)

Brown solid, yield 36%, mp 100-105°C. *H NMR (600 MHz, DMSO-ds): 81 = 11.02 (s, 2H,
NH), 8.15 (s, 2H, triazole rings), 7.56 (d, J=7,9 Hz, 2H, indole rings), 7.38-7.36 (m, 4H,
indole rings), 7.10-7.07 (m, 2H, indole rings) 7.01-6.98 (m, 2H, indole rings), 4.68 (s, 4H),
4.53 (s, 4H, -O-CH,-), 4.44-4.23 (m, 4H), 1.79-1.72 (m, 2H). **C NMR (600 MHz, DMSO-
de): 8c = 145.01, 136.25, 126.92, 125.12, 124.18, 121.12, 118.66, 118.60, 111.38, 111.18,
63.41, 61.93, 46.59, 30.05. FT-IR (KBr) vmax: 3262, 3138, 3055, 2925, 2858, 1728, 1456.
Anal. Calcd for Cy7H28NgO, (MW = 496.23): C 65.31, H 5.68, N 22.57; Found: C 65.82, H
5.49, N 22.53%.

1,5-bis(4-(((1H-indol-3-yl)methoxy)methyl)-1H-1,2,3-triazol-1-yl)pentane (6)

Brown solid, yield 39 %, mp 100-105°C. *H NMR (400 MHz, DMSO-ds): 84 = 11.03 (s, 2H,
NH), 8.09 (s, 2H, triazole rings), 7.54 (d, J=7.9 Hz, 2H, indole rings), 7.38-7.36 (m, 4H,
indole rings), 7.11-7.07 (m, 2H, indole rings) 7.01-6.97 (m, 2H, indole rings), 4.66 (d, J=4.0
Hz, 4H, -CH,-0O-), 4.53 (d, J=5.3 Hz, 4H, -O-CH,-), 4-36-4.23 (m, 4H), 1-77-1.74 (m, 6H).
13C NMR (400 MHz, DMSO-dg): 8¢ = 144.66, 136.30, 126.97, 125.21, 123.88, 122.72,
121.19, 118.72, 111.45, 111.20, 63.46, 61.97, 49.08, 34.85, 31.51. FT-IR (KBr) vmax: 3395,
3057, 2926, 2859, 1788, 1457. Anal. Calcd. for C,9H3,NgO, (MW = 524.26): C 66.39, H 6.15,
N 21.36; Found: C 66.18, H 6.24, N 21.28%.

1,8-bis(4-(((1H-indol-3-yl)methoxy)methyl)-1H-1,2,3-triazol-1-yl)octane (7)

Brown solid, yield 19%, mp 90-92°C. *H NMR (600 MHz, DMSO-dg): & = 11.03 (s, 2H,
NH), 8.12 (s, 2H, triazole rings), 7.53 (d, J=7.9 Hz, 2H, indole rings), 7.38-7.33 (m, 4H,
indole rings), 7.10-7.07 (m, 2H, indole rings) 7.00-6.97 (m, 2H, indole rings), 4.66 (d, J=2.5
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Hz, 4H, -CH,-0-), 4.53 (s, 4H, -O-CHy-), 4.34-4.28 (m, 8H), 1.77-1.74 (m, 8H). *C NMR
(600 MHz, DMSO-dg): 3¢ = 144.69, 136.27, 126.92, 125.10, 123.95, 121.12, 118.64, 118.57,
111.39, 111.18, 63.41, 61.95, 49.29, 29.42, 27.97, 25.51. FT-IR (KBr) vmax: 3140, 3055, 2927,
2855, 1800, 1457. Anal. Calcd for Ca;HgsNsO, (MW = 566.31): C 67.82, H 6.76, N 19.77;
Found: C 67.74, H 6.59, N 19.52%.

1,12-bis(4-(((1H-indol-3-yl)methoxy)methyl)-1H-1,2,3-triazol-1-yl)dodecane (8)

Brown solid, yield 49 %, mp 100-105°C. 'H NMR (400 MHz, DMSO-dg): 81 = 11.03 (s, 2H,
NH), 8.11 (s, 2H, triazole rings), 7.53 (d, J=8.2 Hz, 2H, indole rings), 7.38-7.36 (m, 4H,
indole rings), 7.11-7.07 (m, 2H, indole rings) 7.00-6.97 (m, 2H, indole rings), 4.66 (s, 4H, —
CH,-0-), 4.52 (s, 4H, -O-CH,-), 4.30 (d, J=6.8 Hz, 8H), 1.77-1.74 (m, 8H) 1.11-1.07 (m,
8H). *C NMR (400 MHz, DMSO-ds): 8¢ = 144.47, 136.35, 125.23, 123.85, 122.99, 121.20,
118.72, 118.66, 111.49, 111.24, 63.46, 61.98, 49.42, 29.61, 28.79, 28.32, 25.76, 25.13. FT-IR
(KBr) vmax: 3250, 2923, 2851, 1794, 1457. Anal. Calcd. for C3sHssNsO, (MW = 622.37): C
69.43, H 7.44, N 17.99; Found: C 69.26, H 7.28, N 18.08%.

General procedure for the preparation of compounds 9-12

3-Propalgyloxymethylindole (1 mmol) was dissolved in DMSO (3 mL). A suitable azide (0.5
mmol) was than added. CuSO,4-5H,0 (5 mg, 0.00002 mmol) and sodium ascorbate (13 mg,
0.00007 mmol) were added in 1 mL of distilled water. The mixture was stirred at room
temperature. Further portions of the catalyst were added until the aqueous layer of the reaction
mixture turned bluish-green. The reaction was monitored by TLC (PhMe: EtOAc 5:1). A
brownish-yellow solid precipitated when the reaction mixture was stirred. The precipitate was
filtered under reduced pressure, then washed with distilled water and diethyl ether. The

precipitate was dried at room temperature.

3-(((1-(2-(azidomethyl)benzyl)-1H-1,2,3-triazol-4-yl)methoxy)methyl)-1H-indole (9)

Brown solid, yield 18%, mp 78-82°C. *H NMR (400 MHz, DMSO-ds): & = 11.03 (s, 1H,
NH), 8.12 (s, 1H, triazole ring), 7.53 (d, J=8.8 Hz, 1H, indole ring), 7.37 (s, 1H, indole ring)
7.36 (d, J=2.8 Hz, 1H, indole ring) 7.34-7.32 (m, 2H), 7.12-7.07 (m, 3H), 6.99-6.97 (m, 2H,
indole ring), 5.81 (s, 2H), 4.67 (s, 2H, -O-CH,-), 4.53 (s, 2H, —CH,-0-), 2.50 (s, 2H). B¢
NMR (400 MHz, DMSO-dg): d¢c = 145.19, 136.81, 134.69, 130.41, 129.48, 129.26, 129.04,
127.48, 125.67, 124.66, 123.56, 121.68, 119.22, 119.13, 111.94, 111.73, 63.97, 62.42, 51.50,
50.28. FT-IR (KBr) vmax: 3251, 3056, 2913, 2859, 2098, 1618, 1433. Anal. Calcd. for
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Ca0H19N7O (MW = 373.17): C 64.33, H 5.13, N 26.26; Found: C 64.48, H 5.21, N 26.33%.

3-(((1-(3-(azidomethyl)benzyl)-1H-1,2,3-triazol-4-yl)methoxy)methyl)-1H-indole (10)

Brown solid, yield 50 %, mp 110-114°C. *H NMR (400 MHz, DMSO-dg): 84 = 11.05 (s, 1H,
NH), 8.17 (s, 1H, triazole ring), 8.03 (s, 1H) 7.55 (s, 1H, indole ring), 7.46-7.42 (m, 4H), 7.36
(d, J=1.2 Hz, 1H), 7.12-7.09 (m, 1H, indole ring), 7.01-6.98 (m, 1H, indole ring), 5.62 (s,
2H), 4.68 (s, 2H, -O-CHy-), 4.54 (s, 2H, —CH,-0-), 2.55 (s, 2H). *C NMR (400 MHz,
DMSO-dg): 6¢c = 144.64, 136.63, 136.32, 136.18, 129.10, 128.25, 128.12, 127.70, 126.99,
125.18, 123.96, 122.83, 121.19, 118.65, 111.46, 111.24, 63.46, 61.96, 55.03, 53.34. FT-IR
(KBr) vmax: 3400, 3058, 2929, 2873, 2099, 1611, 1488. Anal. Calcd. for C,oH19N;O (MW =
373.17): C 64.33, H 5.13, N 26.26; Found: C 64.30, H 5.28, N 26.22%.

3-(((2-(4-(azidomethyl)benzyl)-1H-1,2,3-triazol-4-yl)methoxy)methyl)-1H-indole (11)

Brown solid, yield 40 %, mp 104-106°C. *H NMR (400 MHz, DMSO-ds): 84 = 11.03 (s, 1H,
-NH), 8.13 (s, 1H, triazole ring), 7.52 (d, J=7.8 Hz, 1H, indole ring), 7.38-7.29 (m, 6H), 7.10-
7.07 (m, 1H, indole ring), 6.99-6.95 (m, 1H, indole ring), 5.56 (s, 2H), 4.65 (s, 2H, -O-CH,-),
4.50 (s, 2H, —CH,-0-), 2.50 (s, 2H). *C NMR (400 MHz, DMSO-ds): 8¢ = 144.75, 136.31,
136.00, 135.54, 128.78, 128.29, 126.98, 125.21, 124.02, 121.21, 118.74, 118.65, 111.47,
111.22, 63.47, 61.92, 55.01, 52.38. FT-IR (KBr) vmax: 3394, 3244, 3054, 2914, 2858, 2097,
1617, 1457. Anal. Calcd. for C»H19N;O (MW = 373.17): C 64.33, H 5.13, N 26.26; Found: C
64.29, H 5.20, N 26.19%.

3-(((1-(3,5-bis(azidomethyl)benzyl)-1H-1,2,3-triazol-4-yl)methoxy)methyl)-1H-indole (12)
Brown solid, yield 12 %, mp 105-110°C."H NMR (400 MHz, DMSO-de): & = 11.02 (s, 1H,
NH), 8.12 (d, J=7.0 Hz, 1H, triazole ring), 7.53 (d, J=7.9 Hz, indole ring) 7.41-7.23 (m, 5H),
7.10-7.07 (m, 1H, indole ring), 7.00-6.96 (m, 1H, indole ring), 5.54 (s, 2H), 4.64 (s, 2H, -O-
CH,-), 4.50 (s, 2H,—CH,-0-), 3.35 (s, 4H). *C NMR (400 MHz, DMSO-dg):5¢ = 144.72,
137.15, 136.32, 127.35, 126.98, 125.24, 124.12, 121.21, 118.75, 118.66, 111.47, 111.17,
63.52, 61.91, 54.95, 52.33. FT-IR (KBr) vmax: 3394, 3241, 3054, 3006, 2861, 2100, 1611,
1457. Anal. Calcd. for C2;H20N100 (MW = 428.18): C 58.87, H 4.71, N 32.69; Found: C
58.92, H 4.74, N 32.73%.
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Synthesis of compound 13

N-acethyl-3-azidomethylindole (0.3 mmol) and 3-propargyloxymethylindole (0.4 mmol) were
dissolved in dichloromethane (5 mL). CuSO4-5H,0 (5 mg, 0.00002 mmol) and sodium
ascorbate (13 mg, 0.00007 mmol) were added in 1 mL of distilled water. The mixture was
stirred at room temperature. Further portions of the catalyst were added until the aqueous
layer of the reaction mixture turned bluish-green. The reaction was monitored by TLC (PhMe:
EtOAc 1:1). An orange solid precipitated when the reaction mixture was stirred. The reaction
mixture was extracted with ethyl acetate and washed with water and brine. The organic layer
was dried (anh.Na,SO,) and evaporated under reduced pressure. The crude product was
purified by column chromatography (gradient elution PhMe: EtOAc 5:1 — PhMe: EtOAc 1:1).

1-(3-((4-(((1H-indol-3-yl)methoxy)methyl)-1H-1,2,3-triazol-1-yl)methyl)-1H-indol-1-
yl)ethanone (13)

Yellow, thick oil, yield 74%. *H NMR (400 MHz, CDCls): 8 = 11.01 (s, 1H, NH), & 8.42 (d,
J=8.4 Hz, 2H, indole rings), 8.28 (s, 1H), 7.61-7.06 (m, 10H, indole rings), 5.60 (s, 2H,
triazole ring), 4.74 (s, 2H), 4.63 (s, 2H), 2.60 (s, 3H, -CH3). *C NMR (400 MHz, CDCls): 8¢
=168.42, 146.05, 136.31, 135.92, 128.43, 127.00, 126.03, 124.75, 124.15, 122.30, 122.23,
119.78, 119.05, 118.65, 116.79, 115.73, 112.48, 111.18, 64.42, 62.92, 45.29, 29.62. FT-IR
(KBFr) vmax: 3401, 3114, 3052, 2924, 2854, 1710. Anal. Calcd. for C,3H21N50, (MW =
399.17): C 69.16, H 5.30, N 17.53; Found: C 68.99, H 5.34, N 17.48%.

Synthesis of compound 14

N-acethyl-3-azidomethylindole (0.3 mmol) and N-propargil-3-etoxymethylindole (0.4 mmol)
were dissolved in dichloromethane (5 mL). CuSO,4-5H,0 (5 mg, 0.00004 mmol) and sodium
ascorbate (13 mg, 0.00007 mmol) were added in 1 mL of distilled water. The mixture was
stirred at room temperature. Further portions of the catalyst were added until the aqueous
layer of the reaction mixture turned bluish-green. The reaction was monitored by TLC (PhMe:
EtOAc 1:1). The reaction mixture was extracted with ethyl acetate and washed with water and
brine. The organic layer was dried (anh. Na,SO,4) and evaporated under reduced pressure. The
crude product was purified by column chromatography (gradient elution CHClI3: EtOAc 5:1 —
CHCIs: EtOAC 1:1).
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1-(3-((4-((3-(ethoxymethyl)-1H-indol-1-yl)methyl)-1H-1,2,3-triazol-1-yl)methyl)-1H-indol-1-
yl)ethanone (14)

Brown, thick oil, yield 21%. 'H NMR (400 MHz, CDCls): 6 8.41-8.38 (m, 2H, indole rings),
8.34 (s. 1H), 7.41-7.11 (m, 10H, indole rings), 5.56 (s, 2H), 5.36 (s, 2H), 4.64 (s, 2H), 3.75-
3.67 (m, 2H), 2.58 (s, 3H), 2.54-2.52 (s, 3H). *C NMR (400 MHz, CDCls): 8¢ = 168.37,
145.13, 136.30, 135.96, 130.90, 128.30, 127.10, 126.10, 124.74, 124.17, 122.18, 121.65,
119.77, 119.55, 118.65, 116.84, 115.50, 113.01, 109.50, 65.46, 64.47, 45.58, 42.06, 29.70,
15.30. FT-IR (KBr) vimax: 3435, 3119, 3049, 2955, 1709. Anal. Calcd. for C2sH25Ns0, (MW =
427.20): C 70.24, H 5.89, N 16.38; Found: C 70.32, H 5.92, N 16.41%.
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Biological activity

Human red blood cells preparation

All methods were carried out in accordance with the relevant guidelines and regulations, and
the Bioethics Committee approved all experimental protocols for Scientific Research at the
Medical University of Poznan (agreement no. ZP/907/1002/18). Human red blood cell
concentrates were purchased from Blood Bank in Poznan without any contact with blood
donors. Informed consent was obtained from all blood donors. Freshly human RBC
suspensions (hematocrit 65%) were washed three times (3000 rpm, 10 min, +4°C) in 7.4 pH
phosphate buffered saline (PBS — 137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPQ4, 1.76 mM
KH,PQO,4) supplemented with 10 mM glucose. After washing, cells were suspended in PBS
buffer at 1.65x10° cells/mL (hematocrit 15%), stored at 4°C, and used within 5 h.

Haemolytic assay

RBC (1.65 x 108 cells/mL, ~1.5% hematocrit) were incubated in PBS (7.4 pH) supplemented
with 10 mM glucose and containing derivatives tested at a concentration equal to 0.1 mg/mL
for 60 min at 37 °C in a in a thermo-shaker. RBC incubated in PBS without compounds tested
were taken as the negative controls, RBC incubated in ice-cold deionized water were taken as
the positive controls. Each sample was prepared in triplicate, and the experiments were
repeated three times (n=9). After incubation, the RBC suspensions were centrifuged (3000
rpm, 10 min, 4 °C), and the absorbance of the supernatants at 540 nm was measured. The
results were expressed as a percentage (%) of haemolysis which was calculated using the
following formula:

haemolysis (%) = (sample Ab/positive control Ab) <100

where sample Ab is the absorbance value of the supernatant of RBC incubated with
compounds tested and positive control AB is an absorbance value of supernatant of RBC
incubated in ice-cold deionized water. Each sample was prepared in triplicate, and the results
are presented as a mean value (£SD) of three independent experiments (n=9). Haemolysis

degree <5% indicates no haemolytic activity of a compound.

Inhibition of oxidative stress-induced haemolysis

The cytoprotective activity of derivatives was evaluated according to the previously described
method (Jasiewicz et al 2021). Briefly, RBC (1.65x10° cells/mL, 1.5% hematocrit) were
preincubated in PBS (pH 7.4) supplemented with 10 mM glucose, containing compound

tested or Trolox used as the standard antioxidant at a concentration of 0.1 mg/mL for 20 min
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at 37°C in the shaking incubator. After pre-incubation, 2,2'-azobis(2-methylpropionamidine)
dihydrochloride (AAPH) was added at a final concentration of 60 mM, and samples were
incubated for the next four hours. Erythrocytes incubated in PBS, and incubated with AAPH,
were taken as the negative and positive controls, respectively. After incubation, the RBC
suspensions were centrifuged (3000 rpm, 5 min, +4° C), and the degree of haemolysis was
determined by measuring the absorbance (Abs) of the supernatant at A=540 nm in BioMate™
160 UV-Vis spectrophotometer. The percentage of ROS-induced haemolysis inhibition was
calculated using the following equation:

Inhibition of haemolysis (%) = 100—[(AbScomp—AbSpes/AbSaapH—ADbSpes) X 100%]
where Abscomp is the absorbance value of supernatant obtained from samples incubated with a
compound tested in the presence of AAPH, Abspgs is the absorbance of the supernatant
obtained from negative control, and Absaapn is the absorbance of the supernatant obtained
from positive control, respectively. Each sample was made in triplicate, and the results are
presented as a mean value (+SD) of three independent experiments with RBC obtained from
different donors.

Statistical analysis
For haemolytic activity, data were plotted as the arithmetic mean + standard deviation (SD) of
the results of three independent experiments, with every sample (test samples and positive

controls) in triplicate (n = 9).
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antioxidant Trolox (Tx) at the concentration of 0.1 mg/mL against oxidative haemolysis
induced by AAPH (60 mM, 37°C, 4 hours). The results are presented as the mean value +
standard deviation in comparison with Tx activity (*p <0.05, **p <0.01, ***p <0.001). Non

statistically significant difference is indicated as ns. # - data adopted from (Jasiewicz et al.
2021).
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Molecular docking

The chosen 2Q85 and 5V5Z receptors can be found in the Protein Data Bank (PDB) (RCBS
Protein DATA BANK). The 2Q85 receptor is thought to have antibacterial activity (E. coli
MurB) (Zoeiby et al. 2003), whereas the 5V5Z receptor is thought to have antifungal activity
(CYP51 Ca) (Hargrove et al. 2017). Docked structures are examined in the same active site of

the protein domains as co-crystallized ligands. 2Q85's search parameters were as follows:
centre (x, y, z): 13.853, 0.000, 0.000, and size (X, Y, z) (80*80*80) A°. The centre (x,y, z) of
5V5Z was -41.500, -11.400, 23.547, and the size (x, y, z) was (70*100*60) A1t helped us

test if chosen structures can bind to selected active sites of the 2Q85 and 5V5Z proteins’
domains. The molecular docking technique was carried out with the help of the rdkit tool
(Landrum 2016), which enables the creation of 3D structures using SMILES representations
of structures. The 3D structures were saved in *.pdb format and subsequently translated to the
AutoDock Vina algorithm's needed *.pdbqt format (Trott and Olson 2010). The files were
converted using the OpenBabel application (O'Boyle et al 2011; The Open Babel Package
2023). The receptors were created using AutoDock Tools 1.5.7 (Sanner 1996; Morris et al
2009). The AutoDock Vina multiple CPU methodology (Trott and Olson 2010) was used to
perform the molecular docking process. The Chimera tool (1.16) was used to visualize the
highest-scoring ligand postures in molecular docking as well as probable H-bond formation
(Pettersen et al 2004).
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Fig. S12a. The structure 5™ inside the active site of the 2Q85 protein domain with black
marked possible H-bonds.
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Fig. S12b. The structure 11" inside the active site of the 2Q85 protein domain.
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Vina: -10.9 kcal/mol
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Fig. S12c. The structure 13" inside the active site of the 2Q85 protein domain with a black-
marked possible H-bond.

Fig. S12d. The structure 5™ inside the active site of the 5V/5Z protein domain.
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Fig. S12f. The structure 13" inside the active site of the 5V5Z protein domain.
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Table S1. Physicochemical properties of compounds 5-14.

Compound | HBA | HBD | log Poww | M [g/mol]
5 6 2 2.87 496.56
6 6 2 3.56 524.62
7 6 2 4.57 566.70
8 6 2 5.96 622.80
9 6 1 2.07 373.41

10 6 1 2.07 373.41
11 6 1 2.07 373.41
12 9 1 1.83 428.45
13 4 0 3.37 427.50
14 4 1 3.03 399.45

Table S2. Binding energies (kcal/mol) for structures 5, 7, 10, 11, 13.

Binding energy — 2Q85 Binding energy — 5V5Z
Compound (kealimal) © ealimal)
5 -11.0 -10.1
7 -10.2 -8.0
10 -9.6 -9.4
11 -9.5 -9.5
13 -10.9 -10.6
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ABSTRACT: New formyl and acetyl derivatives of bile acid
propargyl esters and their bioconjugates with modified gramine
molecules have been obtained using the click chemistry method to
study their hemolytic potency. The structures of all compounds
were confirmed by spectral ('"H- and *C NMR and FT-IR)
analysis and mass spectrometry (ESI-MS) as well as PMS
semiempirical methods. According to the results, the structural
modification of formyl and acetyl bile acid derivatives, leading to
the formation of new propargyl esters and indole bioconjugates,
reduces their hemolytic activity. According to molecular docking
studies, the tested ligands are highly likely to exhibit a similar
affinity, as native ligands, for the active sites of specific protein
domains (PDB IDs: 2Q8S and SVSZ). The obtained results may

e

be helpful for the development of selective bile acid bioconjugates as effective antibacterial, antifungal, or antioxidant agents.

1. INTRODUCTION

Natural products represent many chemical compounds
synthesized by living organisms that play a significant role in
different physiological processes. Steroids and alkaloids are
important natural products.” Among steroids, cholesterol is a
crucial component of the animal cell membrane”™® and a
substrate for synthesizing vitamin D, bile acid, and steroid
hormones.'™ Steroids vary in the presence of different
functional groups. Due to their biological significance and
chemical properties, steroids and their derivatives are widely
used in biomimetic chemistry, host——guest chemistry, and
pharmacology.”'® As structural building blocks, bile acids are
used in constructing molecular receptors, and their dimers are
employed in developing macrocyclic artificial receptors that
exhibit good organogellation properties.'' ="

Among the alkaloids, the group that gained much interest is
indole alkaloids. Reserpine is known for its antipsychotic and
antihypertensive activity. Vincristine and vinblastine are used
for cancer treatment. Harmine, Harman, and harmaline exhibit
antidepressant, antiplatelet, and spasmolytic activity.'”~"*
Gramine, [1-(1H-indol-3-yl)-N,N-dimethylmethanamine], the
best-known indole alkaloid, is often used as an initial
compound in synthesizing various biologically active sub-
stituted indoles. This tertiary amine and its derivatives have
broad biological activities such as antiviral, antibacterial,
antioxidant, and anticancer. They also play an essential role
in amino acid metabolism and affect redox processes.'” '

© 2023 The Authors. Published by
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Bioconjugates are compounds containing at least one
biomolecule. Among the most known steroid-polyamine
bioconjugates is squalamine, an amino sterol antibiotic.””*’
Squalamine has been isolated from liver cells of spiny dogfish
(Squalus acanthias),”* and its activity against Gram-positive
and Gram-negative bacteria, protozoa, fungi, and viruses,
including HIV, has been confirmed.*

Bioconjugates of indole, such as indole-phthalimide or
indole-uracil, exhibit high cytoprotective effects against AAPH-
induced oxidative hemolysis.””*° Some indole-containing
pyrazole analogs showed significant activity against leukemia,
whereas substituted-3-(4,5-diphenyl-1H-imidazol-2-yl)-1H-in-
dole derivatives act as an antibacterial agent.””**

In recent years, compounds containing a triazole ring have
gained more attention. Triazoles are attractive pharmaco-
phores because they resist oxidation, reduction, and hydrol-
ysis.”” ™% The 1,2,3-triazole five-membered heterocyclic ring
can form inter- or intramolecular hydrogen bonds and dipole—
dipole interactions, increasing product solubility and ability to

bind other molecules.**
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Figure 1. Synthesis of N-acetyl-3-azidemethylindole (4).
R (5) R'=R2=H, R®=OH
(6) R'=R3=0OH,R%2=H
(7)R'=R2=R%®=OH
(i) propargyl alcohol, p-TsOH
(ii) HCO,H, HCIO, or Ac,0, Py
‘BuOH/MeOH
+ 4)

(8) R'=R?=H, R®= OCHO

(9) R'=R®=0CHO, R =

(10) R'=R2=R3=0OCHO

(11) R'= OH, R = H, R® = OCHO
(12) R'=R2=H, R®= OAc

(13) R'=R%®= 0OAc, R2=H

(14) R'=R2=R%®= OAc

sodium ascorbate,
CuS0O4 x 5H,0

(15) R'=R?=H, R® = OCHO
(16) R'=R%®= OCHO, R2=H
(17) R'=R2=R3= OCHO

(18) R'= OH, R2 = H, R® = OCHO
(19) R'=R2=H, R®= OAc

(20) R'=R3=0Ac,R2=H

(21) R'=R2=R%®= 0OAc

Figure 2. Synthesis of bile-acids propargyl esters (8—14) and new 1,2,3-triazole ring bioconjugates (15—21) of bile acid derivatives and gramine

derivative.

Owing to the importance of both the indole compounds and
bile acids and as a continuation of our interest in alkaloid and
steroid modification, in this work, we report the synthesis and
structural analysis of bile acids-indole conjugates linked by
triazole ring.

It is well-known that bile acids as amphiphilic molecules
possess hemolytic potency dependent on their chemical
structure and concentration. The molecular mechanism of
interaction between bile acids molecules and the cell
membrane, as well as the hemolysis type, is dependent on
the protonation of the anionic group of bile acids.***

Based on the fact that the hemolytic activity of bile acids and
their formyl and acetyl derivatives can be reduced or
eliminated by the introduction of gramine,®® the newly
synthesized compounds have also been evaluated for their
hemolytic potency.

Considering that both bile acid derivatives and indole
compounds could be eflicient antibacterial and fungicidal
agents, we studied their potent antimicrobial activity with a
molecular docking methodology. Molecular docking can

inform us whether our ligand will fit the protein’s active site
and what the binding energy might be. The lower the energy
level, the more stable the ligand—receptor complex.37’38
Moreover, molecular docking studies can reveal possible
interactions between a tiny molecule, the ligand, and a
macromolecular target, in this instance, a protein domain.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Spectroscopic Characterization.
The synthesis of N-acetyl-3-azidomethylindole (4) is shown in
Figure 1. Compound (4) was synthesized in good yield from
gramine (1) by three successive reactions: acylation,
hydrolysis, and nucleophilic substitution. In the final experi-
ment, N-acetyl-3-hydroxymethylindole and diphenylphosphor-
yl azide (DPPA) was dissolved in DMF with a catalytic amount
of DBU at 0 °C. A mixture of crude bioconjugates was
obtained and then separated by column chromatography. The
bile acid propargyl esters were obtained by reaction of
propargyl bile acids with HCOOH (8—10) or Ac,0 (12—

https://doi.org/10.1021/acs.joc.3c00815
J. Org. Chem. 2023, 88, 16719—16734
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Figure 3. '"H NMR Spectra in the region of 3.90—8.50 ppm for the most characteristic signals of compounds (15—18).

14) with satisfactory yields except for compound (11), a

byproduct with extremely low efficiency.

The synthesis of new bioconjugates of bile acids (lithocholic,
LCA; deoxycholic, DCA; cholic, CA) and gramine is presented
in Figure 2. The reaction of propargyl esters of bile acid formyl

16721

derivatives (8—14) and the azide derivative of gramine (4) in
the presence of CuSO,-SH,0 and sodium ascorbate in t-
BuOH/MeOH (5:1) gave products (15—21) in good yields.

The most characteristic signals of representative compounds
(15—18) in the range of 3.90—8.50 ppm in the 'H NMR

https://doi.org/10.1021/acs.joc.3c00815
J. Org. Chem. 2023, 88, 16719—16734
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spectra are shown in Figure 3. In the 'H NMR spectrum of
propargyl 3a-formyl-5f-cholan-24-oate (8), propargyl 3a,12a-
diformyl-Sf-cholan-24-oate (9), propargyl 3a,7a,12a-triform-
yl-Sp-cholan-24-oate (10), propargyl 3a-formyl-12a-hydroxy-
Sp-cholan-24-oate (11), and 3a-acetyl-Sp-cholan-24-oate
(12), characteristic two hydrogen singlets in the range 0.76—
0.64 and 0.95—0.93 ppm and a doublet at 0.98—0.83 ppm
assigned to CH;-18, CH;-19, and CH;-21, respectively, are
present. The protons of the 3a-OCHO group gave signals in
the range 8.04—8.02 ppm for all bioconjugates (8—11) and
additionally 8.11 ppm for the 7a-OCHO group in compound
(10), and the 12a-OCHO group gave signals in the range of
8.16—8.14 ppm for compounds (9) and (10). For compound
(12), the signal at 2.03 ppm corresponds to the protons of the
3a-OCOCH; group. All compounds show characteristic
multiplets associated with the axial positions of the C3p—H
protons in the steroid skeleton in the range of 4.94—4.67 ppm.
In the spectrum of compounds (10) and (11), additional
signals correspond to the C12—H proton at 5.27 and 3.99
ppm, respectively. For compound 10, the C76—H protons
appear at 5.07 ppm. All bile acids—indole conjugates with
1,2,3-triazole ring (15—21) in CDCl; show diagnostic proton
signals C30—H at 7.58—7.57 ppm. The formyl derivatives
(15—18) show additional signals at 8.11—8.02 assigned to the
proton of the formyloxy groups. Signals diagnostic for the
aromatic ring of the indole moiety appear at the range of 8.43—
7.28 ppm for all new bioconjugates. The protons of the
methylene groups C25—H and C31—H linked directly to the
triazole ring give signals at about 5.16—5.15 ppm and 5.69—
5.68 ppm, respectively. The diagnostic protons CH; from the
acetyl groups of compounds (19—21) and the N-acetoxy
group of all new bioconjugates are found at 2.12—2.03 and
2.66 ppm, respectively. 'H NMR spectra of bioconjugates
(15—21) show characteristic multiplets of protons of C3—H
from the bile acid skeleton, ranging from 4.89 to 4.53 ppm.
The characteristic signals of C12—H protons are observed at
5.22—5.04 ppm for compounds (16, 17, 20, 21) and 3.95 ppm
for compound (18). Signals assigned to the C7/—H protons of
the bile acid skeleton occur as doublets at 5.06 and 4.90 ppm
for bioconjugates (17) and (21), respectively. In the bile acids
skeleton, two hydrogen singlets ranking from 0.69 to 0.59 and
0.94—0.90 ppm and a characteristic doublet at 0.90—0.74 ppm
were assigned to CH;-18, CH;-19, and CHj;-21, respectively.

The C NMR spectra of substrates (8—14) and
bioconjugates (15—21) show characteristic signals at 12.71—
11.94, 23.07—20.78, and 18.24—17.23 ppm, which are assigned
to CH;-18, CH;-19, and CHj;-21, respectively. For all newly
obtained acetyl derivatives (12) and (19—21), signals from the
C=O0 carbon atom occur at 170.66—170.52 ppm (3a-
OCOCH,;), 170.48—170.44 ppm (12a-OCOCH;), and
170.36 ppm (7a-OCOCH,;). However, for the new formyl
derivatives (15—18), carbon atoms in positions 3a of
formyloxy groups resonate at 160.82—160.46 ppm. The carbon
atoms of the C(12)=0 steroid skeleton gave signals in the
range of 160.67—160.47 ppm, whereas the carbon atoms of
C(7)=0 were detected at 160.55—160.53 ppm. Alternatively,
carbon atoms of the C(24)=0 and C(41)=0 groups of all
new bioconjugates gave signals in the range of 174.11—173.06
ppm and 168.32—168.29 ppm, respectively. The diagnostics
signal for C(26) as well as C(30) atoms in the 1,2,3-triazole
ring in compounds (15—21) are observed in the range of
143.40—143.25 ppm and 123.59-123.53 ppm. Additionally,
signals originating from the indole ring carbon atoms are

observed in the 135.96—115.56 ppm range. The carbon atoms
of the HC=C—CH, group in substrates (8—12) are observed
in the range 74.76—74.70 ppm, 77.80—77.72 ppm, 51.79—
51.76 ppm, and 77.80—74.70, respectively.

2.2. PM5 Calculations. The molecular models of all
bioconjugates are shown in Figure 4. The final heats of
formation (HOF) for the bioconjugates (15—21) are
presented in Table 1.

The lowest values of HOF for bioconjugates of bile acids
and gramine (15—21) are observed for cholic acids and their
conjugates (17) and (21). The number of hydroxyl groups in
the bile acid skeleton lowers the value of the determinant of
the HOF. The same relationship was observed for blocked
hydroxyl groups by formyl and acetate groups. The OAc and
OAc groups facilitate the formation of intramolecular H-bonds
and stable host—guest complexes. These complexes may be
stabilized by H-bonding or electrostatic interactions arising
from the bile acid molecule’s OCHO and OAc groups. The
HOF value decreases with increasing numbers of OCHO and
OAc groups in the bile acids skeleton.

Bioconjugates with hydroxyl groups blocked with formyl
groups (15—17) also have higher HOF values than derivatives
with acetic groups. This fact can be explained by their smaller
steric hindrance and lower electron density, which are not
conducive to creating interactions with other molecules. In
contrast, comparing the HOF values of bioconjugates of
deoxycholic acid (16) and (18), in which one or two hydroxyl
groups have been blocked, the bioconjugate with the
unblocked hydroxyl group at C(12) has a higher HOF value
than the one with all blocked groups.

2.3. Hemolytic Activity. The effect of structural
modifications of bile acid molecules on their ability to
incorporate into cell membranes was investigated using red
blood cells (RBCs) as a model.”**> Our previous study has
shown that at a concentration of 0.1 mg/mL, the formyl
modification of bile acids increases their hemolytic activity,
especially in the case of noncytotoxic cholic acid. The
hemolytic activity of acetyl-LCA and DCA was significantly
higher than their native forms, whereas the acetyl-CA was not
active as membrane perturbing agents at the same concen-
tration.*®

As shown in Figure S, the hemolytic activity (%) of all
synthesized formyl derivatives of bile acids propargyl esters
(8—11) and their bioconjugates with modified gramine
molecules linked with 1,2,3-triazole ring (15-18), is
significantly decreased (in the range of 2.36—13.87%) in
comparison with formyl derivatives (F-LCA, F-DCA, and F-
CA in the range of 94—99%). Similarly, acetyl derivatives of
bile acid propargyl esters (12—13) and their triazole
bioconjugates (19—20) are less cytotoxic (3.36—8.26%) than
acetylated bile acids (Ac-LCA, AccDCA—97—98%). A notable
exception is cholic acid derivatives, where the hemolytic
activity has not changed significantly (Figure 6).

As mentioned before, as amphiphilic compounds, bile acids
interact easily with the lipid bilayer of RBC and modify RBC
shape from dysocytic to echinocytic or stomatocytic, depend-
ing on their chemical structure and concentration used.’® As
shown in Figure 7, after incubation with derivatives 10 and 17,
the RBC shape is dyscocytic. Therefore, structural modification
of bile acid formyl derivatives by introducing indole and 1,2,3-
triazole moieties modifies their interaction with the RBC
membrane and consequently does not affect the discocytic

https://doi.org/10.1021/acs.joc.3c00815
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Figure 4. Molecular models of bioconjugates (15—21) calculated by
the PMS method.

Table 1. Heat of Formation (HOF) [kcal/mol]
Bioconjugates (15-21)

compound HOF [kcal/mol]
15 —187.4677
16 —277.1396
17 —362.3263
18 —229.9797
19 —196.5772
20 —282.5585
21 —376.1200

RBC shape. A similar result is observed in the acetyl
derivatives.

2.4. Molecular Docking. The PDB IDs for the studied
macromolecular structures were 2Q85 and SVSZ. The possible
interactions between the analyzed structures and the protein
domains are presented below. The graphical representations
reflect the “best” ligand pose in each of the protein domains. It
is the pose with the lowest binding energy.

Figures 8—13 show how the best poses of the 16th, 18th,
and 20th structures interact with the 2Q8S protein domain.
For compound 16, six hydrogen bonds (Figure 8) could be
formed between the ligand and the protein domain. The
weakest hydrogen bond could occur between the ligand’s
oxygen and the protein’s LYS-262 amino acid due to the
longest distance. The strongest hydrogen bond could occur
between the ligand’s oxygen atom and the TYR-158 residue.
Figure 9 indicates the possibility of a cation—pi interaction. For
18, one hydrogen bond could occur between the ligand and
the GLN-120 or ARG-327 residues. Both are strong and
comparable (Figure 10). Figure 11 shows the possibility of two
hydrogen bond formations along with cation—pi interaction.
For derivative 20, two hydrogen bonds could form between
the ligand and the protein domain. Both with comparable
strength. Because of the shorter length (2.11 A), a hydrogen
bond between the ligand’s oxygen and the ARG-327 residue is
more likely to form. Figure 13 suggests that two additional
hydrogen bonds can be formed between the ligand and SER-
229 and TYR-190.

Figure 14 shows that no hydrogen bonds can form between
the best pose of the 16thth structure and the 5V5Z protein
domain. Figure 15 indicates that the 16th structure can be
additionally stabilized by the pi—pi interaction. Figure 16
indicates that one hydrogen bond could form between the
18th structure’s best pose and SER-378 or HIS-377 residues in
the SVSZ protein domain. Figure 17 shows one additional
hydrogen bond between the ligand and the TYR-132 amino
acid. Figure 18 displays no hydrogen bonds between the 20th
structure’s best pose and that of the SV5Z protein domain.
Figure 19 shows the additional stabilization due to pi—pi
interactions.

The docked molecules possess a non-negligible affinity to
the 2Q8S protein domain, implying that they could be suitable
inhibitors. Bach figure (Figures 8, 10, 12, 14, 16, and 18)
shows binding energies with a specified kcal/mol unit. Despite
forming a lower number of possible hydrogen bonds, the
affinities of structures 16, 18, and 20 (Figure 4) for the SVSZ
protein domain are even a little stronger than those of the
2Q85 domain. Figures 9, 11, 13, 15, 17, and 19 explain the
interaction between the ligands and the protein domains.
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Figure 6. Hemolytic activity of bile acids (LCA, DCA, and CA), their acetyl derivatives (Ac-LCA, Ac-DCA, and Ac-CA), new esters (12—14), and
bioconjugates with gramine (19—21). The bile acid derivatives are marked with different pattern. The compounds were tested at a concentration of

0.1 mg/mL. *Data are published in ref 36.

Figure 7. Effect of derivatives 10 (A) and 17 (B) (0.1 mg/mL) on
RBC shape as observed in light microscopy (60 min, 37 °C) at 63X
magnification. Scale bar—10 pum.

3. CONCLUSIONS

In summary, this study presents the synthesis and chemical
characterization of new formyl and acetyl derivatives of bile
acid propargyl esters and their bioconjugates with modified
gramine molecules linked with a 1,2,3-triazole ring. The results
obtained in this study confirm that structural modification of

16724

formyl and acetyl derivatives of bile acids results in alterations
of their cell membrane interactions and decreases their
hemolytic activity. The molecular docking investigations reveal
that the selected compounds have an affinity for the protein
targets of interest (2Q85 and SVSZ), which are associated with
antibacterial and antifungal activity, respectively. Therefore,
they are likely to be biologically active compounds.

4. EXPERIMENTAL SECTION

4.1. Chemistry. 4.1.1. Synthesis of N-Acetyl-3-azidemethylin-
dole (4). N-Acetyl-3-hydroxymethylindole (3) (0.54 mmol, 102 mg)
was dissolved in dimethylformamide (2 mL). Then diphenylphos-
phoryl azide (DPPA) (1 mmol, 275 mg) diluted in dimethylforma-
mide (1 mL) was added. The reaction mixture was cooled to 0 °C,
and then 1,8-diazabicyclo[S.4.0Jundec-7-ene (DBU) (1 mmol, 152
mg) was added dropwise. The mixture was stirred at 0 °C for 2 h. The
reaction was monitored by TLC (PhMe/EtOAc S:1). The distilled
water was added (S mL), and the reaction mixture was extracted with
ethyl acetate, washed with distilled water and brine, then dried over
anhydrous Na,SO,. The organic layer was evaporated under reduced
pressure. The crude product was purified by column chromatography
(PhMe/EtOAc 50:1).

https://doi.org/10.1021/acs.joc.3c00815
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Figure 9. Structure of bioconjugate 16 (Figure 4) inside the active site of the 2Q8S protein domain with marked following interactions: green solid
lines—hydrophobic contact, light-blue—hydrogen bond, and light-green—cation—pi interaction.

Yellow oil, yield: 68 mg, 59%, '"H NMR (400 MHz, CDCly): § 8.44 CH,—Nj,), 2.64 (s, 3H, 42-CH;). *C{'H}NMR (101 MHz, CDCl,):
(d,J =82 Hz, 1H, 40 H), 7.59 (d, ] = 8.2 Hz, 1H, 37 H), 7.44 (s, 1H, 5168.4 (C-41), 136.0, 129.8, 128.8, 125.8, 123.9, 120.1, 118.9, 116.8,
33 H), 7.40—7.30 (m, 2H, 38 H, 39 H), 449 (d, J = 1.0 Hz, 2H, 31- 46.1 (31-CH,—N3;), 23.9 (42-CH,). FT-IR (KBr, cm™) v, 3120
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Figure 10. Structure of bioconjugate 18 (Figure 4) inside the active site of the 2Q8S protein domain with yellow marked possible H-bonds.
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Figure 11. Structure of bioconjugate 18 (Figure 4) inside the active site of the 2Q8S protein domain with marked following interactions: green
solid lines—hydrophobic contact, light-blue—hydrogen bond, and light-green—cation—pi interaction.

(=C-H), 3049 (=C—H), 2928 (C—H), 2871 (C—H), 2107 (-
N,), 1706 (C=O0). EI-MS (m/z): 214 (25%). Anal. Calcd for
C,;H,oN,O (MW = 214.09): C, 61.67; H, 4.71; N, 26.15; O, 7.47.
Found: C, 61.69; H, 4.68; N, 26.17; O, 7.46.

4.1.2. General Procedure for the Preparation of Compounds (8—
11). Propargyl lithocholate (or deoxycholate and cholate) (7.23
mmol, 1.0 equiv) was dissolved in 20 mL of HCOOH (90%) and
heated at 60 °C in a water bath for 4 h. The reaction was monitored
by TLC. The reaction mixture was cooled to room temperature and
poured onto ice, and the white solid was washed with water. The
crude product was obtained and purified by column chromatography
(eluent CHCl,). The reaction yield was: (8) 3.0 g, 94%, (9) 3.3 g
94%, (10) 3.72 g 97%, and (11) 200 mg, 6% (product of
nonexhaustive formylation), respectively.

4.1.2.1. Propargyl 3a-Formyl-53-cholan-24-oate (8). White oil,
'"H NMR (300 MHz, CDCL,): 6 8.04 (d, J = 1.0 Hz, 1H, 3¢-OCHO),
4.94—4.78 (m, 1H, 34-H), 4.68 (d, ] = 3.0 Hz, 2H, O—CH,), 247 (4,
J=2.5Hz, 1H, —C=CH), 0.94 (s, 3H, CH;-19), 0.92 (d, ] = 6.4 Hz,
3H, CH;21), 0.64 (s, 3H, CH;18). “C{'H}NMR (76 MHz,
CDCly): § 173.4 (C-24), 160.8 (3-OCHO), 77.8 (-C=), 74.7 (=
CH), 74.4 (C-3), 56.4, 55.9, 51.8 (OCH,), 42.7, 41.9, 40.4, 40.1, 35.8,
35.3,34.9, 34.6, 32.2, 30.9, 30.8, 28.2, 27.0, 26.6, 26.3, 24.2, 23.3, 20.8
(C-19), 182 (C-21), 12.0 (C-18). FT-IR (KBr, cm™) v, 3302
(C=C-H), 2938 (C—H), 2867 (C—H), 1746 (C=0), 1714 (C=
0), 1436 (C—H), 1376 (C-0), 1202 (C—0). ESI-MS m/z: 465 [M
+ Na]* (100%), 481 [M + K]* (10%). Anal. Calcd for C,sH,,0,
(MW = 442.31): C, 75.98; H, 9.56; O, 14.46. Found: C, 75.95; H
9.58; O, 14.47.

https://doi.org/10.1021/acs.joc.3c00815
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Figure 13. Structure of bioconjugate 20 (Figure 4) inside the active site of the 2Q8S protein domain with marked following interactions: green

solid lines—hydrophobic contact and light-blue—hydrogen bond.

4.1.2.2. Propargyl 3a,12a-Diformyl-5f-cholan-24-oate (9). White
oil, '"H NMR (300 MHz, CDCl,): § 8.14 (s, 1H, 12a-OCHO), 8.04
(d, ] = 0.9 Hz, 1H, 3a-OCHO), 5.25 (s, 1H, 123-H), 4.89—4.79 (m,
1H, 34-H), 4.68 (d, ] = 3.0 Hz, 2H, O—CH,), 2.48 (t, ] = 2.5 Hz, 1H,
—C=CH), 0.93 (s, 3H, CH;-19), 0.83 (d, J = 6.3 Hz, 3H, CH;-21),
0.75 (s, 3H, CH;-18). *C{'H} NMR (76 MHz, CDCl,): § 173.2 (C-
24),160.7 (12-OCHO), 160.6 (3-OCHO), 77.7 (C=), 76.0 (C-12),
74.8 (=CH), 74.1 (C-3), 51.8, 49.2, 47.3, 45.0, 41.7, 35.6, 34.8, 34.7,
34.2, 34.0, 32.1, 30.9, 30.5, 27.4, 26.8, 26.5, 25.9, 25.7, 23.4, 22.9 (C-
19), 17.5 (C-21), 12.3 (C-18). FT-IR (KBr, cm™) v,,,.: 3249 (C=
C—H), 2935 (C—H), 2867 (C—H), 1717 (C=0), 1450 (C—H),
1378 (C-0), 1251 (C—0), 1167 (C—H). ESI-MS m/z: 525 [M +
K]* (100%), 509 [M + Na]* (50%). Anal. Calcd for C,0H,,O4 (MW

= 486.30): C, 71.57; H, 8.70; O, 19.73. Found: C, 71.61; H, 8.68; O,
19.71.

4.1.2.3. Propargyl 3a,7a,12a-Triformyl-5p-cholan-24-oate (10).
White oil, '"H NMR (300 MHz, CDCL,): 6 8.16 (s, 1H, 12a-OCHO),
8.11 (s, 1H, 7a-OCHO), 8.03 (d, J = 1.0 Hz, 1H, 3a-OCHO), 5.27
(s, 1H, 125-H), 5.07 (s, 1H, 75-H), 4.76—4.69 (m, 1H, 35-H), 4.67
(dd, J = 2.5 Hz, 2H, OCH,) 2.47 (t, ] = 2.5 Hz, 1H, —C=CH), 0.95
(s, 3H, CH,;-19), 0.84 (d, ] = 6.4 Hz, 3H, CH;-21), 0.76 (s, 3H, CH;-
18). BC{'H} NMR (76 MHz, CDCl,): §173.1 (C-24), 160.5 (12, 7-
OCHO), 160.5 (3-OCHO), 77.7 (-C=), 75.2 (C-12), 74.7 (=
CH), 73.7 (C-3), 70.6 (C-7), 51.8 (O—CH,), 47.2, 45.0, 43.0, 40.8,
37.7, 34.7, 34.5, 34.4, 343, 31.3, 30.8, 30.5, 28.5, 27.1, 26.6, 25.5,
22.8,22.3 (C-19), 17.4 (C-21), 12.1 (C-18). FT-IR (KBr, cm™) v,,..:
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Figure 1S. Structure of bioconjugate 16 (Figure 4) inside the active site of the SVSZ protein domain with marked following interactions: green

solid lines—hydrophobic contact and cyan—pi—pi interaction.

3285 (C=C-H), 2942 (C—H), 2872 (C—H), 1716 (C=0), 1468
(C-H), 1449 (C—H), 1381 (C-0), 1181 (C—0). ESI-MS m/z:
553[M + Na]* (100%), 569 [M + K]* (10%). Anal. Calcd for
C3oH,,05 (MW = 530.29): C, 67.90; H, 7.98; O, 24.12. Found: C,
67.91; H, 8.01; O, 24.08.

4.1.2.4. Propargyl 3a-Formyl-12a-hydroxy-5p-cholan-24-oate
(11). White oil, '"H NMR (300 MHz, CDCL): 6 8.03 (d, J = 1.0
Hz, 1H, 3a-OCHO), 4.91-4.79 (m, 1H, 34-H), 4.68 (dd, ], = 2.5, ],
= 0.5 Hz, 2H, O—CH,), 3.99 (s, 1H, 123-H), 2.47 (t, ] = 2.5 Hz, 1H,
—C=CH), 0.98 (d, ] = 6.3 Hz, 3H, CH;-21), 0.93 (s, 3H, CH;-19),
0.68 (s, 3H, CH;-18). *C{'H} NMR (76 MHz, CDCl,): § 173.3 (C-
24), 160.8 (3-OCHO), 77.8 (—-C=), 74.7 (=CH), 74.2 (C-3), 73.1
(C-12), 51.8, 51.7, 48.2, 47.3, 46.5, 41.8, 35.9, 35.0, 34.8, 34.1, 34.0,
33.6, 32.1, 31.0, 30.7, 28.7, 27.4, 26.9, 26.5, 26.0, 23.6, 23.1 (C-19),

16728

17.3 (C-21), 12.7 (C-18). FT-IR (KBr, cm™) v,,.: 3510 (O—H),
3253 (C=C-H), 2944 (C—H), 2866 (C—H), 2129 (C=C), 1725
(C=0), 1466 (C—H), 1380 (C-0), 1194 (C—0). ESI-MS m/z:
481 [M + Nal]* (100%), 497 [M + K]* (20%). Anal. Calcd for
CyH,0, (MW = 458.30): C, 73.33; H, 9.23; O, 17.44. Found: C,
73.40; H, 9.19; O, 17.41.

4.1.2.5. Synthesis of Propargyl 3a-Acetyl-54-cholan-24-oate
(12). Propargyl lithocholate (5 mmol, 2 g) was dissolved in 2 mL
of anhydrous pyridine, and 2 mL of acetic anhydride was placed in the
round-bottom flask. The mixture was stirred at room temperature for
22 h. The reaction was monitored by TLC. The reaction mixture was
poured onto ice, extracted with CHCI;, washed with 5% NaHCO;
solution, water, and brine, and dried over anhydrous Na,SO,. 2.14 g
of crude product (97%) was obtained as an oil and purified by column

https://doi.org/10.1021/acs.joc.3c00815
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Figure 16. Structure of bioconjugate 18 (Figure 4) inside the active site of the SVSZ protein domain with yellow marked possible H-bonds.
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Figure 17. Structure of bioconjugate 18 (Figure 4) inside the active site of the SVSZ protein domain with marked following interactions: green
solid lines—hydrophobic contact and light-blue—hydrogen bond.

White oil, "H NMR (300 MHz, CDCL,): 6 4.77—4.67 (m, 3H, 34-

chromatography (eluent CHCly: hexane fraction 10:1). 1.52 g portion H), 4.68 (dd, J; = 2.5, ], = 0.5 Hz, 2H, O—CH,) 2.46 (t, ] = 6.8 Hz,
of pure product (12) (71%) was obtained. 1H, —C=CH), 2.03 (s, 3H, 3-OAc), 0.92 (s, 3H, CH;-19), 0.91 (d, J
16729 https://doi.org/10.1021/acs.joc.3c00815
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Figure 18. Structure of bioconjugate 20 (Figure 4) inside the active site of the SVSZ protein domain.
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Figure 19. Structure of bioconjugate 20 (Figure 4) inside the active
solid lines—hydrophobic contact, cyan—pi—pi interaction.

TN

1 b
! @ JNH Leug7A

N‘-\;?V

] Phe233A
k Phe380A
His377A

Pro230A

site of the SVSZ protein domain with marked following interactions: green

= 6.1 Hz, 3H, CH;-21), 0.64 (s, 3H, CH;-18). *C{"H} NMR (76
MHz, CDCly): § 173.4 (C-24), 170.7 (3-AcO), 77.8 (C=), 74.7 (=
CH), 74.4 (C-3), 56.5, 55.9, 53.2, 51.8, 42.7, 41.9, 40.4, 40.1, 35.8,
35.3, 35.0, 34.6, 32.2, 31.0, 30.8, 28.2, 27.0, 26.6, 26.3, 24.2, 23.3,
21.5,20.8 (C-19), 18.2 (C-21), 12.0 (C-18). FT-IR (KBr, cm™) v,.:
3253 (C=C-H), 2925 (C—H), 2863 (C—H), 1719 (C=0), 1452
(C-H), 1376 (C—H), 1249 (C-0), 1162 (C-0), 1022 (C-0).
ESI-MS m/z: 479 [M + Na]* (100%), 495 [M + K]* (10%). Anal.
Calcd for CyoH,,0, (MW = 456.32): C, 76.27; H, 9.71; O, 14.01.
Found: C, 76.29; H, 9.67; O, 14.04.

Compounds 13 and 14 were synthesized according to literature
data. >0

4.1.3. General Procedure for the Preparation of Compounds
(15—21). An appropriate bile acid derivative (8—14) (0,2 mmol, 1.0
equiv) was dissolved in +-BuOH/MeOH (5:1), (4 mL) at 60 °C using
a water bath. Then an N-acethyl-3-azidomethylindole (4) (0,2 mmol,
1.0 equiv) was dissolved in +-BuOH/MeOH (5:1) (2 mL) was added.
CuSO,-5H,0 (0.00002 mmol, 0.0001 equiv) and sodium ascorbate
(0.00007 mmol, 0.0004 equiv) in 1 mL of distilled water were added.
The mixture was stirred on a magnetic stirrer and heated in a water
bath at 60 °C. Subsequent portions of the catalyst were added until
the aqueous layer of the reaction mixture turned bluish-green. The
reaction was monitored by TLC (PhMe/EtOAc 1:1). An orange solid
precipitated as the reaction mixture was stirred. The reaction mixture
was extracted with chloroform. The organic layer was evaporated
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under reduced pressure. The crude product was purified over column
chromatography (gradient elution, starting from CHCl;/EtOAc 5:1).

4.1.3.1. {1-[(N-Acetyl-methylindole)-3-methylene]-1H-1,2,3-tria-
zole-4-yl} Methyl 3a-Formyloxy-cholan-24-oate (15). White oil,
yield: 108 mg, 82%, '"H NMR (400 MHz, CDCL;): § 8.43 (d, J = 7.9
Hz, 1H, 40 H), 8.04 (d, ] = 0.9 Hz, 1H, 3-HCOO), 7.57 (s, 1H, 30
H), 7.54 (br s, 1H, 33-Hy40.), 7-45—7.38 (m, 2H, 38 H, 39 H),
7.31-7.29 (m, 1H, 37 H), 5.68 (d, J = 1.0 Hz, 2H, CH,-31), 5.16 (d,
J = 1.4 Hz, 2H, CH,-25), 4.89—4.81 (m, 1H, 35-H), 2.66 (s, 3H,
CH,-42), 0.93 (s, 3H, CH;-19), 0.85 (d, ] = 6.4 Hz, 3H, CH;-21),
0.60 (s, 3H, CH;-18). *C{'H} NMR (101 MHz, CDCL,): § 174.1
(C-24), 168.3 (C-41), 160.8 (3-OCHO), 143.4 (C-26), 136.0, 128.4,
126.1, 124.6, 124.2, 123.6 (C-30), 118.6, 116.8, 115.6, 74.4 (C-3),
57.4, 56.4, 55.8, 45.5, 42.7, 41.9, 40.4, 40.0, 35.7, 35.2, 34.9, 34.5,
32.2, 31.0, 30.8, 29.7, 28.1, 26.9, 26.6, 26.3, 24.1, 23.3, 20.9 (C-19),
18.9 (C-21), 12.0 (C-18). FT-IR (KBr, cm™) v, 3434 (C—H),
3140 (=C-H), 2927(C—H), 2865 (C—H), 1717 (C=0). ESI-MS
(m/z): 679 [M + Na]* (100%), 695 [M + KJ* (20%), 692 [M + CI]".
Anal. Caled for C3H,N,O5 (MW = 656.39): C, 71.31; H, 7.98; N,
8.53; O, 12.18. Found: C, 71.28; H, 7.87; N, 8.76; O, 12.09.

4.1.3.2. {1-[(N-Acetyl-methylindole)-3-methylene]-1H-1,2,3-tria-
zole-4-yl} Methyl 3a,12a-Diformyloxy-cholan-24-oate (16). White
oil, yield: 97 mg, 69%, "H NMR (400 MHz, CDCL;): § 8.43 (d, ] =
8.3 Hz, 1H, 40 H), 8.11 (s, 1H, 12-HCOO), 8.03 (d, ] = 0.9 Hz, 1H,
3-HCOO), 7.57 (s, 1H, 30 H), 7.55 (br s, 1H, 33 H), 7.45—7.38 (m,
2H, 38 H, 39 H), 7.30—7.29 (m, 1H, 37 H), 5.68 (d, J = 0.8 Hz, 2H,
CH,-31), 5.20 (d, J = 3.3 Hz, 1H, 12-H), 5.15 (d, ] = 2.0 Hz, 2H,
CH,—25), 4.87—4.80 (m, 1H, 3$-H), 2.66 (s, 3H, CH;-42), 0.92 (s,
3H, CH;-19), 0.76 (d, J = 6.4 Hz, 3H, CH;-21), 0.69 (s, 3H, CH;-
18). BC{'H} NMR (101 MHz, CDCl;): § 173.9 (C-24), 168.3 (C-
41), 160.6 (3-OCHO), 160.5 (12-OCHO), 143.3 (C-26), 135.9,
128.3, 126.1, 124.8, 124.2, 123.5 (C-30), 118.6, 116.8, 115.6, 75.9 (C-
12), 74.1 (C-3), 57.4, 49.2, 47.2, 45.4, 44.9, 41.7, 35.5, 34.7, 34.6,
34.1, 34.0, 32.0, 30.9, 30.5, 27.3, 26.7, 26.4, 25.9, 24.0, 23.4, 22.9 (C-
19), 17.4 (C-21), 12.2 (C-18). FT-IR (KBr, cm™) v, 3143(=C—
H), 2941 (C—H), 2872 (C—H), 1716 (C=0). ESI-MS (m/z): 723
[M + Na]* (100%), 739 [M + K]* (12%), 701 [M + H]* (10%), 799
[M + ClO,]™, 735 [M + ClI]". Anal. Calcd for C4H;,N,O, (MW =
700.38): C, 68.55; H, 7.48; N, 7.99; O, 15.98. Found: C, 68.54; H,
7.46; N, 8.01; O, 15.99.

4.1.3.3. {1-[(N-Acetyl-methylindole)-3-methylene]-1H-1,2,3-tria-
zole-4-yl} Methyl 3a,7a,12a-Triformyloxy-cholan-24-oate (17).
White oil, yield: 103 mg, 69%, 'H NMR (400 MHz, CDCly): §
8.43 (d, ] = 8.5 Hz, 1H, 40 H), 8.14 (s, 1H, 7-HCOO), 8.10 (s, 1H,
12-HCOO), 8.02 (d, ] = 0.9 Hz, 1H, 3-HCOO), 7.57 (br s, 1H, 30
H), 7.45-7.38 (m, 2H, 38 H, 39 H), 7.30—7.28 (m, 1H, 37 H), 5.68
(d, J = 0.9 Hz, 2H, CH,-31), 5.22 (t, ] = 3.0 Hz, 1H, 12-H), 5.15 (4,
] = 2.7 Hz, 2H, CH,-25), 5.06 (d, ] = 3.5 Hz, 1H, 74-H), 4.75—4.69
(m, 1H, 35-H), 2.66 (s, 3H, CH;-42), 0.94 (s, 3H, CH;-19), 0.76 (d,
] = 6.5 Hz, 3H, CH;-21), 0.70 (s, 3H, CH;-18). *C{'H} NMR (101
MHz, CDClLy): § 173.8 (C-24), 168.3 (C-41), 160.6 (3-OCHO),
160.5 (12-OCHO), 160.5 (7-OCHO), 143.3 (C-26), 134.0, 128.4,
126.1, 124.8, 124.2, 123.5 (C-30), 118.6, 116.8, 115.6, 75.2 (C-12),
73.7 (C-3), 70.6 (C-7), 57.4, 47.0, 45.5, 44.9, 42.9, 40.8, 37.6, 34.6,
34.5, 34.2, 31.3, 30.8, 30.4, 28.5, 27.1, 26.5, 25.5, 24.0, 22.7, 22.3 (C-
19), 17.4 (C-21), 12.0 (C-18). FT-IR (KBr, cm™) v, 3143 (=C—
H), 2941 (C—H), 2869 (C—H), 1715 (C=0). ESI-MS (m/z): 767
[M + Na]* (100%), 783 [M + K]* (60%), 745 [M + H]* (20%), 843
[M + ClO,]", 823 [M + Br]7, 779 [M + Cl]™. Anal. Calcd for
C4Hg,N, 0y (MW = 744.37): C, 66.11; H, 7.04; N, 7.52; O, 19.33.
Found: C, 66.14; H, 7.01; N, 7.54; O, 19.31.

4.1.3.4. {1-[(N-Acetyl-methylindole)-3-methylene]-1H-1,2,3-tria-
zole-4-yl} Methyl 3a-Formyloxy-12a-hydroxycholan-24-oate (18).
White oil, yield: 91 mg, 68%, "H NMR (400 MHz, CDCl,): 5 8.43 (d,
J = 8.3 Hz, 1H, 40 H), 8.02 (d, ] = 0.9 Hz, 1H, 3-HCOO), 7.58 (br's,
1H, 30 H), 7.56 (br s, 1H, 33 H), 7.45—7.38 (m, 2H, 38 H, 39 H),
7.31-7.28 (m, 1H, 37 H), 5.68 (d, ] = 0.8 Hz, 2H, CH,-31), 5.16 (s,
2H, CH,-25), 4.88—4.80 (m, 1H, 34-H), 3.95 (t, ] = 2.9 Hz, 1H, 12f-
H), 2.66 (s, 3H, CH;-42), 0.92 (s, 3H, CH,-19), 0.90 (d, ] = 6.3 Hz,
3H, CH;-21), 0.63 (s, 3H, CH;-18). *C{'H} NMR (101 MHz,

CDCl,): § 174.0 (C-24), 168.3 (C-41), 160.8 (3-OCHO), 143.4 (C-
26), 136.0, 128.4, 126.1, 124.8, 124.2, 123.6 (C-30), 118.6, 116.8,
115.6, 74.2, 73.0, 57.4, 48.2, 47.2, 46.4, 45.5, 41.8, 35.9, 35.0, 34.8,
34.1, 33.6, 32.1, 31.0, 30.7, 28.7, 27.4, 26.9, 26.5, 26.0, 24.0, 23.5, 23.1
(C-19), 17.2 (C-21), 12.6 (C-18). FT-IR (KBr, cm™) v, 3435
(O-H), 3144 (=C-H), 2936 (C—H), 2868 (C—H), 1716 (C=O0).
ESI-MS (m/z): 695 [M + Na]* (100%), 673 [M + H]* (15%), 753
[M + Br]7, 707 [M + CI]™. Anal. Calcd for C;0H;,N,O4 (MW =
672.39): C, 69.62; H, 7.79; N, 8.33; O, 14.27. Found: C, 69.59; H,
7.80; N, 8.31; O, 14.30.

4.1.3.5. {1-[(N-Acetyl-methylindole)-3-methylene]-1H-1,2,3-tria-
zole-4-yl} Methyl 3a-Acetoxy-cholan-24-oate (19). White oil,
yield: 80 mg, 60%, 'H NMR (400 MHz, CDCL): & 843 (d, ] =
7.9 Hz, 1H, 40 H), 7.57 (s, 1H, 30 H, 7.54 (bs, 1H, 33 H), 7.45—7.39
(m, 2H, 38 H, 39 H), 7.31-7.28 (m, 1H, 37 H), 5.68 (d, ] = 0.9 Hz,
2H, CH,—31), 5.16 (d, J = 1.6 Hz, 2H, CH,-25), 4.76—4.68 (m, 1H,
3p-H), 2.66 (s, 3H, CH;-42), 2.03 (s, 3H, 3-OCOCH,;), 0.92 (s, 3H,
CH,-19), 0.85 (d, J = 6.4 Hz, 3H, CH;-21), 0.59 (s, 3H, CH;-18).
BC{'H} NMR (101 MHz, CDCL): § 174.1 (C-24), 170.6 (3-
COCH,;), 168.3 (C-41), 143.4 (C-26), 135.9, 128.3, 126.1, 124.7,
124.2, 123.6 (C-30), 118.6, 116.8, 115.6, 74.4 (C-3), 57.3, 56.4, 55.9,
45.5, 42.7, 41.8, 40.3, 40.1, 35.7, 35.2, 35.0, 34.5, 32.2, 31.0, 30.8,
28.1,27.0, 26.6, 26.3, 24.1, 24.0, 23.3, 21.5, 20.8 (C-19), 18.2 (C-21),
11.9 (C-18). FT-IR (KBr, cm™) v,,,.: 3147 (=C—H), 2930 (C—H),
2865 (C—H), 1734 (C=0). ESI-MS (m/z): 693 [M + Na]* (100%),
710 [M + K]* (50%), 671 [M + H]* (10%), 705 [M + Cl]~. Anal.
Calcd for C,oHg N,O5 (MW = 670.41): C, 71.61; H, 8.11; N, 8.35;
O, 11.92. Found: C, 71.64; H, 8.12; N, 8.37; O, 11.87.

4.1.3.6. {1-[(N-Acetyl-methylindole)-3-methylene]-1H-1,2,3-tria-
zole-4-yl} Methyl 3a,12a-Diacetoxy-cholan-24-oate (20). White
oil, yield: 124 mg, 85%, '"H NMR (400 MHz, CDCL,): 5 8.43 (d, ] =
8.2 Hz, 1H, 40 H), 7.57 (d, ] = 7.7 Hz, 2H, 30 H, 33 H), 7.45-7.38
(m, 2H, 38 H, 39 H), 7.30—29 (m, 1H, 37 H), 5.69 (s, 2H, CH,-31),
5.16 (s, 2H, CH,-25), 5.04 (t, ] = 2.9 Hz, 1H, 12-H), 4.74—4.66 (m,
1H, 35-H), 2.66 (s, 3H, CH;-42), 2.08 (s, 3H, 12-OCOCH;), 2.04 (s,
3H, 3-OCOCH,;), 0.90 (s, 3H, CH;-19), 0.73 (d, ] = 6.4 Hz, 3H,
CH;-21), 0.67 (s, 3H, CH;,-18). BC{'H} NMR (101 MHz, CDCl,):
5 173.9 (C-24), 170.6 (3-COCH;), 170.4 (12-COCH,), 168.3 (C-
41), 143.3 (C-26), 135.9, 128.4, 126.1, 124.8, 124.2, 123.6 (C-30),
118.6, 116.8, 115.6, 75.8 (C-3), 74.2 (C-12), 57.4, 49.3, 47.4, 4S.5,
44.9, 41.8, 35.6, 34.7, 34.5, 34.3, 34.0, 32.2, 30.9, 30.6, 27.2, 26.8,
26.6,25.6, 25.6, 24.0, 23.3, 23.0, 21.4, 21.4 (C-19), 17.4 (C-21), 12.3
(C-18). FT-IR (KBr, cm™) v, 3121 (=C—H), 2930 (C—H), 2868
(C—H), 1735 (C=0). ESI-MS (m/z): 751 [M + Na]* (100%), 767
[M + K]* (10%), 808 [M + Br]~, 763 [M + Cl]~. Anal. Calcd for
CpHN,O, (MW = 728.41): C, 69.21; H, 7.74; N, 7.69; O, 15.36.
Found: C, 69.17; H, 7.73; N, 7.72; O, 15.38.

4.1.3.7. {1-[(N-Acetyl-methylindole)-3-methylene]-1H-1,2,3-tria-
zole-4-yl} Methyl 3a,7a,12a-Triacetoxycholan-24-oate (21). White
oil, yield: 138 mg, 88%, '"H NMR (400 MHz, CDCL,): 5 8.43 (d, ] =
8.6 Hz, 1H, 40 H), 7.58 (br s, 1H, 30 H, 7.56 (bs, 1H, 33 H), 7.45—
7.38 (m, 2H, 38 H, 39 H), 7.30—-7.29 (m, 1H, 37 H), 5.68 (s, 2H,
CH,-31), 5.15 (s, 2H, CH,-25), 5.04 (t, ] = 3.0 Hz, 1H, 125-H),
490 (d, J = 9.5 Hz, 1H, 75-H), 4.61—4.53 (m, 1H, 3p-H), 2.66 (s,
3H, CH;-42), 2.12 (s, 3H, 7-OCOCH;), 2.09 (s, 3H, 12-OCOCH,),
2.0S (s, 3H, 3-OCOCH;), 0.91 (s, 3H, CH;-19), 0.74 (d, ] = 6.4 Hz,
3H, CH;-21), 0.68 (s, 3H, CH;-18); *C{'H} NMR (101 MHz,
CDCly): § 173.9 (C-24), 170.5 (3-COCH,;), 170.5 (12-COCH,),
170.4 (7-COCH,;), 168.3 (C-41), 143.3 (C-26), 136.0, 128.4, 126.1,
124.8, 124.2, 123.5 (C-30), 118.6, 116.8, 115.6, 75.3 (C-3), 74.1 (C-
12), 70.6 (C-7), 57.3, 47.2, 45.5, 43.3, 40.9, 37.7, 34.7, 34.6, 34.4,
34.3, 31.2, 30.8, 30.5, 28.8, 27.1, 26.9, 25.5, 24.0, 22.7, 22.5, 21.6,
21.5,21.4 (C-19), 17.4 (C-21), 12.1 (C-18). FT-IR (KBr, cm™") v,.:
3141 (=C-H), 2961 (C—H), 2871 (C—H), 1732 (C=0). ESI-MS
(m/z): 809 [M + Na]* (100%), 825 [M + K]* (50%), 787 [M + H]*
(20%), 866 [M + Br]~, 821 [M + CI]™. Anal. Calcd for C,,HN,O,
(MW = 786.42): C, 67.15; H, 7.43; N, 7.12; O, 18.30. Found: C,
67.17; H, 7.40; N, 7.14; O, 18.29.

https://doi.org/10.1021/acs.joc.3c00815
J. Org. Chem. 2023, 88, 16719—16734


pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.3c00815?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Organic Chemistry

pubs.acs.org/joc

Synthesis of {1-[(N-acetyl-methylindole)-3-methylene]-1H-1,2,3-
triazole-4-yl} methyl 3@,7a,12a-triacetoxycholan-24-oate (21)—The
experiment was carried out on a larger scale.

4.1.3.8. Propargyl 3a,7a,12a-Triacetyl-5p-cholan-24-oate (14). 2
mmol (1.11 g) was dissolved in -BuOH/MeOH (5:1), (40 mL) at 60
°C using a water bath. Then, N-acethyl-3-azidomethylindole (4) (2
mmol, 428 mg) was dissolved in +-BuOH/MeOH (5:1) (20 mL).
CuSO,-SH,0 (0.0002 mmol, S0 mg) and sodium ascorbate (0.0007
mmol, 139 mg) in 10 mL of distilled water were added. The mixture
was stirred on a magnetic stirrer and heated in a water bath at 60 °C.
Subsequent portions of the catalyst were added until the aqueous
layer of the reaction mixture turned bluish-green. The reaction was
monitored by TLC (PhMe/EtOAc 1:1). An orange solid precipitated
as the reaction mixture was stirred. The reaction mixture was
extracted with chloroform. The organic layer was evaporated under
reduced pressure. The crude product was purified over column
chromatography (gradient elution, starting from CHCl;/EtOAc 5:1).
944 mg portion of pure product (60%) was obtained as a white oil.

4.2. PM5 Calculations. PMS semiempirical calculations were
performed by using the WinMopac 2003 program.

4.3. Biological Activity. 4.3.1. Human Red Blood Cells. Freshly
human RBC suspensions were purchased from the blood bank in
Pozna according to the bilateral agreement between Adam Mickiewicz
University and blood bank no. ZP/2867/D/21 without any contact
with blood donors. RBCs were washed three times (3000 rpm, 10
min, 4 °C) in 7.4 pH phosphate buffered saline (PBS—137 mM
NaCl, 27 mM KCl, 10 mM Na,HPO, 176 mM KH,PO,)
supplemented with 10 mM glucose. After washing, RBC was
suspended in the PBS buffer at 1.65 X 10° cells/mL, stored at 4
°C, and used within 5 h.

4.3.2. Hemolysis Assay. RBCs (1.65 x 10° cells/mL, ~1.5%
hematocrit) were incubated in PBS (7.4 pH) supplemented with 10
mM glucose and containing derivatives tested at a 0.1 mg/mL
concentration for 60 min at 37 °C in a thermo-shaker. RBCs
incubated in PBS without compounds tested were taken as the
negative controls, and RBCs incubated in ice-cold deionized water
were taken as the positive controls. Each sample was prepared in
triplicate, and the experiments were repeated three times (n = 9).
After incubation, the RBC suspensions were centrifuged (3000 rpm,
10 min, 4 °C) and the absorbance of the supernatants at 540 nm was
measured. The results were expressed as a percentage (%) of
hemolysis, which was calculated using the following formula

hemolysis (%) = (sample Ab/positive control Ab)x100

where sample Ab is the absorbance value of the supernatant of RBC
incubated with compounds tested, and positive control, AB is an
absorbance value of the supernatant of RBC incubated in ice-cold
deionized water. Each sample was prepared in triplicate, and the
results are presented as a mean value (+SD) of three independent
experiments (n = 9).

4.3.3. Erythrocyte Shape Evaluation. The incubation was carried
out as follows: RBC was fixed in the mixture of 5% paraformaldehyde
(PFA) and 0.01% glutaraldehyde (GA) for 60 min at room
temperature. After fixation, cells were washed by exchanging the
supernatant with PBS buffer, settled on poly-L-lysine-treated (0.1 mg/
mL, 10 min, room temperature) cover glasses (15 min, room
temperature), and mounted 80% glycerol. The coverslips were sealed
with nail polish. Many cells in several separate experimental samples
were studied using a RED-233 MOTIC microscope (63X objective,
10X ocular). Images were acquired using a Motica 3.0 MP
microscopic camera and the program Motic Images Plus 3.0. The
shapes of RBC in every sample were estimated according to the Bessis
classification.”!

4.3.4. Statistical Analysis. For hemolytic activity, data were plotted
as the arithmetic mean + standard deviation (SD) of the results of
three independent experiments, with every sample (test samples and
positive controls) in triplicate (n = 9).

4.4. Molecular Docking. The molecular docking procedure was
carried out using the rdkit tool,** which allows for the construction of
3D structures from SMILES representations of structures. The 3D

structures were saved in *.pdb format and then converted to the
*pdbqt format required by the AutoDock Vina algorithm.” The
OpenBabel program was used to convert the files.***> The receptors
were prepared with the help of AutoDock Tools 1.5.7.***” The
molecular docking method was carried out using the AutoDock Vina
multiple CPU technique.*’ The visualizations of the molecular
docking’s best ligand’s poses along with the possible H-bond
formation have been done with the Chimera tool (1.16).*® The 2D
ligand—protein domain interactions graphs have been prepared with
the application of ProteinsPlus.*~>*

2Q85 and SVSZ (PDB IDs) were chosen as receptors for the
molecular docking of structures 16, 18, and 20 (see Figure 4). These
are obtained from the Protein Data Bank (PDB).>® The former is
attributed to antibacterial action (Escherichia coli MurB),”® whereas
the latter is attributed to antifungal activity (CYP51,,).”

Docked structures share the same active site of the protein domain
as cocrystallized ligands. The search parameters for 2Q85’s search
parameters were center (x, b2 z): 13.853, 0.000, 0.000, and size (x, ¥
z) (80 X 80 X 80) A% 5V5Z had the center (%, y, z) of —41.500,
—11.400, 23.547, and the size (x, y, z) of (70 X 100 X 60) A%
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1. General Information

All of the synthesis reagents were purchased from Sigma-Aldrich. Solvents chloroform,

dichloromethane, toluene, dimethylformamide, dimethylsulfoxide, tetrahydrofuran, ethyl

acetate, and methanol were obtained from commercial sources (Merck, Fisher) and used
without purification. IR Spectra: FT/IR Nicolet iS5 (KBr pellet, cm™) 'H and 3C NMR
spectra: Bruker Avance 600 MHz, Varian VNMR-S 400 MHz and Varian Mercury 300 MHz
spectrometer (Oxford, UK). EI-MS spectra: AMD Intectra Mass AMD 402 spectrometer ESI-

MS spectra: Waters HPLC/MS chromatograph. The elemental analysis was performed on the

Elemental Analyzer Vario EL III apparatus, examining the percentage content of nitrogen,

carbon and hydrogen.

2. Copies of ESI-MS spectra
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Abstract: Alkaloids are natural compounds useful as scaffolds for discovering new bioactive
molecules. This study utilized alkaloid gramine to synthesize two groups of C3-substituted in-
dole derivatives, which were either functionalized at N1 or not. The compounds were characterized
by spectroscopic methods. The protective effects of the new compounds against in vitro oxidative
hemolysis induced by standard oxidant 2,2’-azobis(2-amidinopropane dihydro chloride (AAPH) on
human erythrocytes as a cell model were investigated. Additionally, the compounds were screened
for antimicrobial activity. The results indicated that most of the indole derivatives devoid of the N1
substitution exhibited strong cytoprotective properties. The docking studies supported the affinities
of selected indole-based ligands as potential antioxidants. Furthermore, the derivatives obtained ex-
hibited potent fungicidal properties. The structures of the eight derivatives possessing indole moiety
bridged to the imidazole-, benzimidazole-, thiazole-, benzothiazole-, and 5-methylbenzothiazoline-
2-thiones were determined by X-ray diffraction. The C=S bond lengths in the thioamide fragment
pointed to the involvement of zwitterionic structures of varying contribution. The predominance of
zwitterionic mesomers may explain the lack of cytoprotective properties, while steric effects, which
limit multiple the hydrogen-bond acceptor properties of a thione sulfur, seem to be responsible for
the high hemolytic activity.

Keywords: gramine; indole derivatives; thione derivatives; anti-oxidant properties; oxidative
hemolysis; docking study; crystal structures

1. Introduction

Alkaloids are a large group of naturally occurring compounds used as precursors for
synthesizing new drugs [1-4]. Among them, the indole alkaloids, such as vinca alkaloids
(vincristine and vinblastine), reserpine, or ergot alkaloids, are of significant pharmacologi-
cal interest [5-10]. Another indole alkaloid that has been constantly receiving increasing
attention in sustainable chemistry is gramine. This earth-abundant natural compound is
used as a pharmaceutical lead scaffold for synthesizing indole-based compounds with
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different biological activities [11-16]. The dimethylamine group at the C3 position of the in-
dole ring in gramine can undergo substitution reactions [17,18]. Therefore, functionalizing
this position is convenient for obtaining more intricate structures or starting materials for
further functionalization and reactions. Many C3-substituted indole analogs are effective
as anticancer, antitubercular, antimicrobial, and antioxidant agents [5,9,19,20]. Another
modification in the structure of gramine involves substituting the nitrogen atom in the
indole group. N-substituted indole derivatives have shown anti-inflammatory, antimi-
crobial, antipsychotic, antifungal, and antioxidant effects [14,21-24]. Indole derivatives
with tertiary amino and phenyl groups at the N1 nitrogen atom exhibit significant activity
against the Staphylococcus aureus pathogen [24].

We synthesized two groups of new indole-based derivatives based on the literature
data (Figure 1) to evaluate their selected biological activity. One group of molecules
consisted of indole derivatives, featuring substituents at both the C3 and N1 positions.
Another group of gramine derivatives contained indole moieties attached by a methylene
linker at the C3 position to azoles or benzazoles.
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Figure 1. Design of the new gramine derivatives. Examples of bioactive indole derivatives aubstituted
at the C3 position (left) or at the C3 and N1 positions (right).

Azole-based compounds are essential building blocks in many pharmaceutical agents,
and they have various effects, including antimicrobial properties [25-29]. Their activities are
explained by the existence of a tautomeric equilibrium. Tautomers differ in their molecular
shapes and proton donor-acceptor properties; therefore, depending on the tautomeric form,
they can be involved in different molecular interactions between themselves or with other
targets. In the investigated series that comprise the azole-2-thione moieties, the molecules
can theoretically exist in two tautomeric forms, viz., thione and thiol. The thione form
provides the only ‘classical” hydrogen bond acceptor site, the other possibility being the
engagement as a hydrogen bond acceptor site of m-electron systems or solvation.

In the studies of membrane-active compounds for any biomedical application, hu-
man red blood cells (RBCs) are commonly used as a cell model [30-32]. Due to their
availability and lack of organelles, they are used to evaluate the cytotoxicity of newly
synthesized compounds.

RBCs are an excellent model cell for antioxidant studies due to their membrane, which
has a high polyunsaturated fatty acid content. Furthermore, RBCs with hemoglobin con-
taining heme iron are continuously exposed to oxidation during oxygen transport [33,34].
ROS (reactive oxygen species) are both radical (superoxide O,°~, hydroxyl OH®, peroxyl
RO,°*, hydroperoxyl HO,*) and nonradical (hydrogen peroxide H,O,, hypochlorous acid
HOCI, and ozone Os) forms of oxygen. They are formed through enzymatic and non-
enzymatic processes, and they can be acquired from external sources, such as food, UV
radiation, or environmental pollution [35]. Although ROS play a significant role in signal
transduction [36], excess can lead to an oxidative stress that causes cancer, diabetes, and
neurodegenerative diseases [37,38].
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Exposure of RBCs to oxidative stress can consequently result in changes in the molec-
ular structure of their cell membrane, thus leading to hemolysis. Therefore, one of the
main criteria limiting the in vitro use of new bioactive compounds is the evaluation of their
hemocompatibility. Compounds considered hemocompatible [32] are not toxic to all cells.

Cells have developed a series of antioxidant defense systems to scavenge or minimize
the formation of oxygen-derived radicals, thereby protecting themselves from oxidative
damage. These antioxidant systems include dietary antioxidants and endogenous enzy-
matic and non-enzymatic constituents. Enzymatic antioxidants, which act as catalysts, are
responsible for removing ROS from biological systems. Superoxide dismutase catalyzes
the conversion of O,°~ to HyO,, while H,O; can be reduced to water by catalase or glu-
tathione peroxidase through two distinct mechanisms. Hydroxyl radicals are generated in
the Fenton reaction from hydrogen peroxide in the presence of Fe (II) or Cu (I), and they
are neutralized by glutathione peroxidase [38,39]. The most common dietary antioxidants
include vitamins A, C, and E, as well as flavonoids and alkaloids [40,41].

This study aimed to utilize alkaloid gramine in the synthesis of two new groups of
indole derivatives with altering substituents at C3 and N1, determine their structures and
spectroscopic characteristics, and in vitro evaluate their hemocompatibility and cytoprotec-
tive activity under oxidative stress conditions. In addition, an in silico docking study was
conducted to estimate the affinity of the obtained compounds for three protein domains:
myeloperoxidase (MPO), xanthine dehydrogenase, and cyclooxygenase-2 (COX-2). These
enzymes are involved in generating ROS and contributing to oxidative stress [42—47]. Since
gramine and its derivatives have demonstrated the potential to inhibit the growth of certain
bacterial and fungal species [12], the compounds obtained were also preliminarily screened
for in vitro antimicrobial activity.

2. Results and Discussion
2.1. Synthesis and Spectroscopic Characterization of New Indole Derivatives

Gramine (1), a commercial indole alkaloid, was used as the substrate for the synthetic
routes, as shown in Figure 2.

Compounds 2-13 were synthesized by heating gramine with the corresponding sub-
strate in ethanol. Derivatives 2-9 were synthesized in an alkaline medium, which was
achieved by adding NaOH to the substrate in ethanol before adding gramine and heating.
Dimers 3 and 7 crystallized first, and, after adding water to the filtrate, Monomers 2 and
6 appeared as solids, which were then filtered. In the reaction with 1,2-dihydro-1,2,4-
triazole-3-thione (i.e., a synthesis of 12 and 13), column chromatography was necessary to
separate the dimer and monomer forms. Heating gramine in acetic anhydride produced
N-acetyl-3-acetoxymethylindole (14), which can be converted to Compound 15. Com-
pound 14 was reacted with anhydrous ethyl alcohol in an alkaline medium to produce
3-ethoxymethylindole (16). The resulting ether derivative (16) was then treated with ben-
zoic acid to yield Compound 17. Compounds 18-27 were obtained by reaction of Derivative
16 with a series of bromoesters. Derivative 29 was synthesized through a two-step process
involving the hydrolysis of N-acetyl-3-acetoxymethylindole (14), which was followed by a
reaction with 2,5-dihydroxybenzoic acid.

A crucial structural feature of azoles and benzazoles is the existence of tautomeric
forms. Figure 3 shows the following: (A) two tautomeric forms of imidazole-2-thiones
(thione and thiol) and (B) their mesomeric effect. According to the literature data, the
thione form is predominant in polar solvents and the solid state [16,48-55].
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Figure 2. Synthesis of Compounds 2-29: (a) H-R!, EtOH, NaOH, reflux (2-9) or H-R!, EtOH, and
reflux (10-13); (b) Ac,O and reflux; (c) sodium pyrrolidinedithiocarbamate, H,O, and reflux; (d) EtOH,
base, and r.t.; (e) CHCl,, benzoic acid, PPhjs, NBS, Et;N, and 0 °C; (17) Br-R?, DMF, base, and 0 °C
(18-27); (f) HpO and reflux; or (g) THF, 2,5-dihydroxybenzoic acid, DCC, and r.t.
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Figure 3. (A) The tautomeric forms of imidazole-2-thione. (B) The mesomeric effect in imidazole-2-
thione.

The NMR spectra analysis confirmed the presence of the thione forms of the newly
obtained gramine derivatives (2, 4, 6, 12, and 13) in the DMSO-dg solution.

The newly synthesized compounds (2-13, 15, 17-27, and 29) exhibited characteristic
signals for the aromatic indole system in the 8.50-6.20 ppm range, as observed in their
'H NMR spectra. Additionally, the signals from the azole rings and phenyl (17, 24-27,
and 29) substituents were visible in the aromatic region (7.00-8.50 ppm). The singlets
at 11-14 ppm were assigned to the NH protons of the gramine moiety (2-13) and the
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imidazole-, benzimidazole-2-thione or triazole-3-thione rings (4, 6, 12). The protons of
the —C(10)H,— groups of all the new compounds showed singlets in the range of about
4.65-5.80 ppm. The singlets from the -CH3 group present at the nitrogen atoms in 5 and 8
were at 3.48 and 3.75 ppm, respectively. The singlet from the methyl group at position C5
in 11 was at 2.33 ppm. A singlet near 2.60 ppm was observed for three protons from the
acetyl group (15, 29).

The 3C NMR spectra of the new compounds showed signals from the carbon atoms
of the indole rings at 109-162 ppm. Compounds 17, 24-27, and 29 also exhibited signals
in the 109-158 ppm range, which originated from the phenyl substituents. Additionally,
the spectra of Compounds 17-27 displayed signals from the carbonyl carbon atoms at
about 166-171 ppm. The acetyl group signal for Compounds 15 and 29 was observed at
approximately 168 ppm. The thione group signal was located at approximately 160 ppm
(4-8, 12, and 13) or 180-195 ppm (2, 3, and 9-11). Additionally, the signals from the
azole (4, 5, 10, 12, and 13) and benzazole (6-8 and 11) rings were present in the range
of 111-152 ppm. The signals corresponding to the carbon atoms at the C10 position of
all compounds occurred in the 33-69 ppm region. The carbon signal from the methyl
group was connected to the nitrogen atom in 5 and 8, and was approximately 33 ppm,
while the signal from the methyl group in Position C5 in 11 was at 20.92 ppm. The
carbon signal from the -CHj in the acetyl group (15 and 29) was present at 24.23 ppm and
29.92 ppm, respectively.

The structures of all the new indole derivatives were also confirmed by EI-MS and IR
spectroscopy, as well as elemental analysis.

The FT-IR spectra of all the compounds in the KBr tablets exhibited characteristic
absorption bands of 3050-2800 cm !, which corresponded to the C-H bonds of the aromatic
rings. Furthermore, in the spectra of Compounds 2-13, a wide band at 3500-3200 cm ! was
present, thereby corresponding to the stretching vibrations of N-H in the indole ring. The
carbonyl group exhibited an intense stretching vibration peak at approximately 1700 cm !
(15, 17-27, and 29). Stretching vibrations of C=S were observed from 1000 cm ™! to
1300 cm~!. The FT-IR spectrum of Compound 29 showed a broad absorption band with a
maximum of 3215 cm !, thereby indicating the O-H bond vibrations of the hydroxyl groups.

The EI-MS spectra of all the newly synthesized compounds showed signals correspond-
ing to molecular ions, with relative abundances ranging from 2 to 100%. For derivatives
2-13 and 15, ions with an intensity of 100% were identified at m/z = 130 (CoHgN)*.

The NMR (*H and '3C), EI-MS, and FT-IR spectra of the investigated compounds are
provided in the Supplementary Materials (Figures S1-525).

2.2. X-ray Analysis

We investigated, by X-ray diffraction, a series of eight compounds (2, 4-5, and 7-11),
in which indole moiety was bridged by the -CH,— group to the five-membered heterocyclic
fragments containing altered imidazole-, benzimidazole-, thiazole-, benzothiazole-, and
5-methylbenzothiazoline-2-thiones (Figure 2). The structures of the molecules, as seen in
the crystals, are presented in Figure 4. The hydrogen bond geometrical parameters with
intramolecular interactions are presented in Table S1. The crystal data, together with the
experimental and refinement details, are shown in Table S2.

The molecules in all of the investigated crystals appeared in a thione form. The
C=S bonds in the thioamide fragment in Compounds 2, 4, 5, 7, and 8 measured at room
temperature varied from 1.679(3) to 1.697(2) A, with the mean value of 1.685(7) A. The value
was between that which is typical for single and double bonds. This was rationalized in
terms of a substantial involvement of zwitterionic structures, as presented in Figure 3B [55].
In particular, the thione tautomer in 4 had a more significant contribution of the zwitterionic
forms that involve single C*-S™ covalent bonds than any other structure. The main skeleton
can be described as consisting of two methylene-bridged subunits, each containing aromatic
rings, which are inclined with respect to each other at angles varying from 66.6 to 87.9°.
One of the fragments was always a C3-substituted planar indole moiety, while the others
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were N-substituted 2-thione derivatives of imidazole (2, 4, and 5), benzimidazole (7 and
8), thiazole (9 and 10), and 5-methylbenzoxazole (11). A description of the molecular
conformation was provided by a pair of torsion angles (¢; and ¢,) measured along the
C-C-C-N and C-C-N-C methylene bonds, which are listed in Table 1.

Figure 4. Perspective views of the molecules as present in the crystals of Compounds 2, 4, 5, 7-9 (room
temperature structures), and 10, 11 (100 and 130 K structures, respectively). The thermal ellipsoids
were all drawn at the 50% probability level; hence, they are smaller for the Low-Temperature
structures 10 and 11, and the H-atoms are represented as sticks.

To enable an easier comparison, Table 1 also provides chemical diagrams and a capped
stick representation of the molecules, all of which were seen in the same orientation,
i.e., along the indole plane. This allowed us to combine the values of the torsion angles
with a particular molecular shape.
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Table 1. Torsion angles (o) describing the rotation around the methylene C-C and C-N bonds in
the molecules present in crystals. Molecular diagrams and perspective views of the molecules are
provided to relate the metrical values to a particular molecular shape.
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Except for 10, the investigated molecules adopted similar, propeller-shaped conforma-
tion. The exceptional conformation of 10 could be due to the involvement of its thiocarbony]l
group as a quintuple hydrogen bond acceptor (Figure 5, Table S1). The ability of the sulfur
atom to simultaneously engage in a greater number of interactions than conventional
acceptors such as O and N was evidenced by Bogdanovic and colleagues [56].
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Figure 5. An example from the thiocarbonyl group acting as a quintupole hydrogen-bond acceptor in
the crystal structure of 10. The formed supramolecular motifs extended in three dimensions.

Moreover, a comparison of 10 with its benzothiazole analog [16] revealed that the latter
analog totally excluded the C=S group from its involvement in intermolecular interactions.
Although the alteration took place in the crystals, we were tempted to combine it with the
finding that the compound with the benzothiazole-2-thione moiety neither displayed a
cytoprotective or chelating ability, nor did it protect the RBCs from the oxidative stress-
induced hemolysis [16]. Meanwhile, its homolog, 10, with the thiazole-2-thione scaffold,
showed significant cytoprotective activity and was hemocompatible (vide infra).

Unlike the thiazole-2-thione derivatives, the imidazole-2-thiones were less prone to
the structural changes caused by chemical modifications. The isostructuralism of 5 and 9
(Table S2) indicated that the N-methyl group and sulfur atom are structural isosters, suppos-
edly because neither of these fragments are involved in hydrogen bonding. Molecules 2, 4,
and 7, which contained two N-H hydrogen-bond donor groups, formed three-dimensional
associates, either by taking advantage of the relatively easy approach of these groups
to the thione sulfur (2 and 4), or by including solvent molecules to overcome the steric
hindrance in an approach to the sulfur acceptor (7, Figure 6). The remaining derivatives
(5, 8,9, and 11), having only one N-H donor group, associated into 1D chains or tapes
(Figure 7). A detailed description of the molecular conformation and intermolecular inter-
actions in the crystals of Compounds 2, 4-5, and 7-11 (Figures 526 and S27) is provided in
the Supplementary Materials.

Figure 6. The whole palette of intermolecular interactions in the solvated crystals of 7.
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Figure 7. The helical arrangement of the hydrogen-bonded molecules of 8. The bulky methyl groups
and benzene rings were directed away from the HB-chain. The hydrogen bond was significantly bent
due to steric hindrance (Table S1).

2.3. Biological Activity
2.3.1. Antibacterial and Fungicidal Activity

A preliminary screening of the in vitro antimicrobial activity of gramine and its deriva-
tives against pathogens microorganisms was studied using the well diffusion technique.
Analysis of the interactions of the selected bacterial species with the tested compounds
showed no antagonistic effects in most cases, except for Compounds 13 and 15. Com-
pound 13 exhibited antagonistic effects, as evidenced by the growth inhibition zones of M.
luteus (7.3 mm), B. subtilis (9.4 mm), and P. fluorescens (10.5 mm). Derivative 15 was the
most potent in inhibiting the growth of M. luteus and E. coli, thereby resulting in a zone of
inhibition of 11 and 7.7 mm, respectively (see Table S3).

An analysis of the effect of gramine and its derivatives on the development of the tested
mold species revealed that Compound 10 exhibited the strongest antagonistic reaction
toward B. cinerea, with a growth inhibition zone of 23 mm (Table 2). This fungal species
was also effectively inhibited by gramine and Compounds 3, 11-13, 21, 24, and 25, thus
resulting in growth inhibition zones ranging from 11 to 19 mm.

Table 2. Fungicidal activities of Compounds 1-29. Growth inhibition zones: <9 mm—Ilow active
compounds; 10-15 mm—medium active compounds; and >15 mm—active compounds.

Zone of Growth Inhibition [mm]

Compound Alternaria Fusarium Trichoderma  Trichoderma Botrytis
alternata culmorum harzianum atroviride cinerea
Gramine (1) 10.0 3.5 0 13.0 11.2
2 23 2.8 8.0 2.5 3.5
3 9 1 4 11 16
4 2.0 3.5 7.5 1.5 4.3
5 13.0 4.5 7.0 4.0 45
6 23 7.8 13.0 22.0 3.3
7 4.8 5.5 2.8 13.5 2.3
8 2.3 4.0 9.0 12.0 5.0
9 2.0 2.5 3.7 3.0 4.0
10 9 2.1 8 5 23
11 9 1 35 0 17
12 10 1 8.4 6.6 19
13 18 13.2 4.5 7 16.5
17 1.3 3.8 5.0 20.0 4.0

18 0 3.0 7.5 10.0 3.8
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Table 2. Cont.
Zone of Growth Inhibition [mm]
Compound Alternaria Fusarium Trichoderma Trichoderma Botrytis
alternata culmorum harzianum atroviride cinerea
19 8.0 4.5 6.5 11.5 3.5
20 0 5.0 8.0 10.5 3.5
21 10.0 15 0 3.0 18.0
22 3.5 45 8.5 11.0 45
23 1.5 3.8 9.5 10.0 45
24 7.0 1.5 2.0 0 11.0
25 6.0 2.0 0 8.0 15.0
26 2.8 5.0 20.0 20.0 4.0
27 0 4.0 9.0 2.0 3.8
29 8.5 3.8 6.0 15.0 5.3

Most of the analyzed compounds (1, 3, 6-8, 17-20, 22, 23, 26, and 29) significantly
inhibited the growth of T. atroviride. The most-effective compounds were 6, 17, and 26,
with growth inhibition zones of >20 mm. Derivatives 6 and 26 also had a clear impact on
the growth of Trichoderma fungi, thus causing growth inhibition zones of 13 and 20 mm in
T. harzianum, respectively. Compounds 5, 12, 13, and 21 significantly limited the growth
of A. alternata, with at least 10 mm inhibition zones. Compound 13 was also important in
inhibiting the growth of F. culmorum, thereby causing the formation of a 13.2 mm growth
inhibition zone.

2.3.2. Cytoprotective Activity against Free Radicals

The ability of all compounds to inhibit 2,2’-azobis(2-amidinopropane dihydro- chloride
(AAPH)-induced oxidative hemolysis was used to determine their cytoprotective activity.
AAPH was widely used as a standard free radical inducer. During a temperature-dependent
homolysis of AAPH, peroxyl and alkoxyl radicals were generated [57], thus leading to lipid
peroxydation in the cell membranes [58]. In an AAPH assay, Trolox (TX), a water-soluble
vitamin E, was used as a standard antioxidant [59].

As shown in Figure 8A, most derivatives containing azole, benzazole, or pyrrolidine
rings (2-13, 16), in a concentration of 0.1 mg/mL, exhibited cytoprotective activities against
oxidative stress in the range of 57.0% =+ 3.20-94.7% =+ 0.4. The most-effective derivatives
were 2, 5, and 15, with activity values of 92.7% =+ 1.6, 92.2% =+ 1.8, and 94.7% + 04,
respectively. These values are comparable to the standard antioxidant Trolox (96.0% =+ 1.5).
Compounds 2 and 5 were found to be hydrophilic, with logP values of 1.80 and 1.94,
respectively. They contained polar substituents in Position C3 of the indole ring, resulting in
a “polar head-non-polar tail” structure, which enhanced the stability of the RBC membrane
by interacting in the lipid bilayer of the cell membrane [14,60]. The high cytoprotective
activity also characterized Derivative 10 (84.9% =+ 1.3), especially in comparison to its
benzothiazole analog [16].

Derivatives 2-3, 5, 7-8, and 10-11 had a substituent at the C3 position, which stabilized
the resulting indolyl radical. Additionally, these compounds had an unsubstituted nitrogen
atom N1, which further promoted the radical stabilization and enhanced their cytoprotec-
tive activity. However, Compound 15 showed high cytoprotective activity despite having a
substituted N1 nitrogen atom. This result was likely due to the pyrrolidinedithiocarbamate
moiety at the C3 position.

Only four compounds showed a cytoprotective activity lower than 20%: 4, 6, 9, and
12. It was suggested that Derivatives 4, 6, and 12, like 4-mercaptoimidazole [61], are
predominantly in the zwitterionic form at a physiological pH, with a thiolate group that
converts to a thiyl radical (RS®) in the presence of the free radicals generated by AAPH.
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Figure 8. (A) Cytoprotective activity of Compounds 2-15 and the standard antioxidant Trolox at

a concentration of 0.1 mg/mL against the oxidative hemolysis induced by free radicals generated
from AAPH. The results (n = 9) are presented as the mean value =+ standard deviation (*** p < 0.001,
** p < 0.01) in comparison with the standard antioxidant Trolox. The non statistically significant
difference (p > 0.05) is indicated as ns. Inactive compounds are indicated as n.a. (B) Cytoprotective
activity of Compounds 17-29 and the standard antioxidant Trolox at a concentration of 0.01 mg/mL
against the oxidative hemolysis induced by free radicals generated from AAPH. The results (n = 10)
are presented as the mean value =+ standard deviation (*** p < 0.001) in comparison with the standard
antioxidant Trolox. The non statistically significant difference (p > 0.05) is indicated as ns.

Thiyl radicals can cause the excessive generation of oxidants in erythrocytes, thereby
leading to an imbalance in pro- and antioxidant levels. In addition, the thiyl radical
can interfere with the lipid bilayer of RBCs by a direct addition to the double bonds
in unsaturated fatty acids or by initiating the lipid peroxidation process by removing
hydrogen from lipids [62,63]. It is noteworthy that Derivative 9 showed low cytoprotective
activity (2.4% =+ 5.3), which was attributed to the substituent in Position C3 of the indole
ring. The thiazole-2-thione moiety cannot form resonance structures, which results in a
lack of stabilization in the free radicals formed.

Since most of the derivatives in the second group (17-27 and 29) were hemolytic
at 0.1 mg/mL, antioxidant studies were performed at a 10-fold lower concentration of
0.01 mg/mL. The results are shown in Figure 8B.

Among all the derivatives, Derivative 27, with a phenylacetate substituent in the
N1 position, demonstrated the highest cytoprotective activity at 31.3% =+ 12.9. The cy-
toprotective activity of the standard Trolox (Tx) was 52.1% =+ 7.0. Compound 29 had an
acetyl group in the N1 position and a dihydroxybenzoic substituent in the C3 position.
Its cytoprotective activity value was surprisingly low at 11.5% =+ 8.9, despite the high
antiradical activity exhibited by the derivatives of benzoic acid, particularly with respect to
its hydroxy derivatives [64,65].
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The HAT (Hydrogen Atom Transfer) mechanism is one of the primary antioxidant
mechanisms of indoles. The key to this mechanism is the hydrogen atom located on
the nitrogen atom of the pyrrole ring [66,67]. Derivatives 17-27 and 29, which have
substitutions at the N1 position, may have low cytoprotective activity due their prevention
of the formation of the indolyl radical.

2.3.3. Chelating Activity

The hydroxyl radical *OH is considered the most harmful free radical and is primarily
responsible for the cytotoxic effects on aerobic organisms. It is formed in the presence of
iron by the Haber-Weiss and Fenton reactions, where ferrous ions (Fe?*) are oxidized to
ferric ions (Fe>"). Therefore, the ability of compounds to chelate Fe?* ions can be used to
evaluate their antioxidant properties. Compounds 2-13 and 15, which contain heteroatoms
with a lone electron pair (N and S), were investigated for their complexing activity. Figure 9
shows that most of the derivatives had ferrous chelating properties within the range of
1.4% + 5.4 to 38.6% =+ 3.2. However, only Compound 9 (98.5% = 1.5) complexed Fe?* ions
more effectively than gramine, and it was found to be comparable to the standard chelator
EDTA (99.7% + 0.2). This derivative differed from all others because the electrons in its
thiazoline-2-thione moiety were not involved in resonance, as in 2 and 4, or in the aromatic
system (as in Compound 10), thus allowing them to be used for ferrous ion complexation.

100
B0
G0

40

Chelating avtivity [%]
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2 3 4 5 & 7 B 2] 10 11 1z 13 15 EDTA

Figure 9. Ferrous ion chelating activity of the iron ions of Compounds 2-15 and the standard chelating
agent EDTA. The results (n = 6) are presented as the mean value £ standard deviation (* p < 0.05,
*** p < 0.001) in comparison with EDTA.

2.3.4. Hemolytic Properties

The hemolytic activity of all derivatives has been assessed in vitro using human RBCs
as a cell model. In general, a bioactive compound is considered hemolytic at a given
concentration if it causes hemolysis of 5% or more of RBCs in a given sample [14-16].
Bioactive compounds that do not induce hemolysis of more than 5% of exposed RBCs are
considered hemocompatible [68].

As shown in Figure 10A, the majority of derivatives with an azole or benzazole sub-
stituent at the C3 position of the indole ring are not hemolytic (hemolysis from 2.1% =+ 0.1
to 4.8% =+ 0.1). Compound 15, which contains a pyrrolidinedithiocarbamate moiety, is also
hemocompatible (2.1% =+ 0.1). Compounds 3, 7, 8, and 13 demonstrated high hemolytic
activity, with values of 7.0% % 0.9, 8.0% £ 1.3, 11.1% =+ 2.0, and 21.8% =+ 1.0, respectively.
The high hemolytic activity of these compounds may be attributed to steric reasons, par-
ticularly the presence of two indole moieties. The impact of having two indole groups
on the increase in hemolytic activity is evident when comparing the hemolytic activity
values for Compounds 2 (2.5% =£ 0.1) versus 3 (7.0% £ 0.9), 6 (4.6% =+ 0.4) versus 7
(8.0% =+ 1.3), and—especially for triazole derivatives—12 (2.8% =+ 0.1) and 13 (21.8% =+ 1.0).
The hemolytic activity of Derivative 8, which contains an N-methylated benzimidazole
ring, increased from 4.6% =+ 0.4 in the parent Molecule 6 to 11.1% = 2.0. The increase in
hemolytic activity can be attributed to changes in the molecular conformation of Compound
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8 compared to Compound 6, which resulted in different interactions with the lipid bilayer
of the RBCs. No significant effects were observed when comparing the hemolytic activity
values of Derivative 11 with those of the parent molecule (non-methylated at C5) [16], as
well as the non-methylated Compound 4 with the N-methylated Compound 5. In both
cases, the hemolytic activity values were similar.
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Figure 10. (A) Hemolytic activity of Compounds 2-15 at a concentration of 0.1 mg/mL. Re-
sults (n =9) are presented as the mean value + standard deviation (* p < 0.05, ** p < 0.01, and
*** p < 0.001) in comparison with the standard buffer PBS. Non statistically significant difference
(p > 0.05) is indicated as ns. The green line indicates a hemolysis threshold of 5%. (B) Hemolytic
activity of Compounds 17-29 at a concentration of 0.1 mg/mL. Results (n = 9) are presented as the
mean value + standard deviation. (* p < 0.05, ** p < 0.01, and *** p < 0.001) in comparison with the
standard buffer PBS. Non statistically significant difference (p > 0.05) is indicated as ns. The green
line indicates a hemolysis threshold of 5%.

The hemolytic activity of Compounds 18-27 (Figure 10B) was dependent on the
hydrophobicity of the ester substituents at the N1 position. It can be stated that the presence
of these substituents enables incorporation into the phospholipid bilayer of RBCs. Among
all the ester derivatives examined, Compounds 18, 20, 22, and 26 exhibited no hemolytic

activity (ranging from 1.4% =+ 0.4 to 2.3% =+ 0.7) and demonstrated hemocompatibility at
the tested concentration.

2.4. In Silico Study

Lipinski’s and Verber’s rules provide criteria for determining whether new derivatives
meet the requirements for a drug. According to Lipinski [69], a drug-like compound should
have a molecular mass (MW) of less than 500 g/mol, an octanol/water partition coefficient
(logP) of under 5, no more than 5 hydrogen bond donors (HBD), and 10 hydrogen bond
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acceptors (HBA). Veber’s rule [70] considers rotatable bonds (RTB) to be less than 10,
and a polar surface area (TPSA) should not be greater than 140A2. In addition to the
drug-likeness parameters mentioned above, it is important to consider water solubility,
gastrointestinal absorption (GI absorption), and blood-brain barrier penetration (BBB
permeability). The physicochemical properties of the derivatives were evaluated using the
SwissADME website [70]. Table 3 shows that all the derivatives met Lipinski’s and Verber’s
rules and had high gastrointestinal absorption. Most could penetrate the blood-brain
barrier (except for Compounds 3, 10, 12, 15, and 29), which means they may act in the central
nervous system. All compounds, except Compound 7, were either soluble or moderately
soluble in water. The low solubility of Compound 7 was due to its high lipophilicity, as
indicated by its logP value of 4.78, the highest among all the compounds studied.

Table 3. The physicochemical, pharmacokinetic, and drug-likeness properties of the indole deriva-
tives. LogS in the table is the average value of the logS calculated using three different methods.
* Solubility class—logS scale: insoluble < —10, poorly < —6, moderately < —4, soluble < —2, and

very < 0.

Compound [g?fnv;’l] logP HBD HBA RTB Flg;%? Abscfl;‘fl) tion Pefn]ffan t LogS Solubility *
2 231.32 1.80 2 0 2 63.15 High Yes —3.01 Soluble
3 360.48 3.39 2 0 4 70.15 High No —5.32  Moderately
4 229.30 217 1 1 2 7241 High Yes —3.63 Soluble
5 245.34 1.94 1 0 2 61.07 High Yes —3.32 Soluble
6 279.36 3.25 1 1 2 7241 High Yes —5.08  Moderately
7 408.52 4.78 2 0 4 73.53 High Yes —691 Poorly
8 293.39 3.43 1 0 2 57.74 High Yes —4.58  Moderately
9 248.37 2.63 1 0 2 76.42 High Yes —3.77 Soluble
10 246.35 3.03 1 0 2 70.15 High No —3.99 Soluble
11 294.37 3.90 1 1 2 65.95 High Yes —5.34  Moderately
12 230.29 1.85 1 2 2 85.30 High No —5.47  Moderately
13 359.45 3.38 2 1 4 86.42 High Yes —2.90 Soluble
15 318.46 3.27 0 1 5 82.63 High No —5.47  Moderately
17 295.33 343 0 3 6 40.46 High Yes —4.74  Moderately
18 247.29 2.14 0 3 6 40.46 High Yes —3.01 Soluble
19 261.32 2.49 0 3 7 40.46 High Yes —3.35 Soluble
20 275.34 2.80 0 3 7 40.46 High Yes —3.62 Soluble
21 289.37 3.03 0 3 7 40.46 High Yes —3.87 Soluble
22 275.34 2.81 0 3 7 40.46 High Yes —3.61 Soluble
23 303.40 3.50 0 3 9 40.46 High Yes —4.36  Moderately
24 309.36 3.32 0 3 7 40.46 High Yes —4.73  Moderately
25 323.39 3.41 0 3 8 40.46 High Yes —4.82  Moderately
26 323.39 347 0 3 7 40.46 High Yes —4.83  Moderately
27 337.41 3.75 0 3 8 40.46 High Yes —5.17  Moderately
29 325.32 2.54 2 5 5 88.76 High No —4.25  Moderately

2.5. Molecular Docking

Compounds 2, 5, and 15 were selected for molecular docking due to their cytoprotec-
tive activity above 90%. These compounds were found to be non-hemolytic. The selection
of protein domains was guided by their specific biological functions within the physiologi-
cal system. The chosen proteins, Myeloperoxidase (MPO), Xanthine dehydrogenase, and
Cyclooxygenase-2 (COX-2), play crucial roles in cellular processes, and targeting them can
have significant implications for modulating oxidative stress. These proteins can generate
reactive oxygen spices (ROS) as part of the body’s defense mechanism against pathogens,
or as a by-product of their enzymatic activity. Inhibition of their activity may reduce the
generation of ROS associated with their function, thereby reducing oxidative stress [42—47].

The molecular docking data revealed that the newly acquired indole-based derivatives
indeed exhibited affinity for the investigated protein domains. In Table 4, their affinity to
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the 1DNU protein domain is notably comparable to the reference ligand, melatonin. The
ProteinsPlus algorithms, namely PoseView [71,72] and PoseEdit [71,73], were unable to
produce 2D maps of the interactions. The following error was raised: “No interactions
found by the PoseView interaction model”. This indicated that Compounds 15 did not
have 2D depictions of the interactions between the protein domain and them. This raised
the issue of whether it can be connected with the different settings and then used in UCSF
Chimera 1.16 software [74]. Moving on to the IN5X protein domain, the affinity of the
indole-based derivatives was similar to the reference ligand, febuxostat. However, their
affinity remained quite similar, indicating comparable binding tendencies. Similarly, for
the 4COX protein domain, the affinity of the indole-based derivatives was slightly lower
than that of the native ligand, indomethacin. Nevertheless, this disparity still suggests
promising opportunities for its binding to the protein domain.

Table 4. The results of molecular docking to the IDNU, 1N5X, and 4COX protein domains of all the
compounds analyzed. Melatonin, febuxostat, and indomethacin were used as reference molecules.

Standard Deviation

PDB ID Compound Average Binding Energy of Binding Energy
[kcal/mol]
[kcal/mol]
Melatonin —-5.3 0.15
2 —54 0.21
1DNU 5 —55 0.25
15 —5.2 0.15
Febuxostat —-7.0 0.32
2 -7.9 0.41
IN5X 5 _78 0.61
15 -7.5 0.45
Indomethacin -8.0 0.82
2 74 0.39
4COX 5 _73 0.61
15 7.2 0.15

Figures 11-14 provide visual representations of the interactions between the indole-
based derivatives and the 1DNU protein domain (PDB ID). Correspondingly, Figures S28-531
(Supplementary part) depict the interactions between indole-based derivatives and the
1IN5X protein domain (PDB ID). It is noteworthy that the recreation of the native ligand’s
initial pose in the latter case has an acceptable accuracy, with a Root Mean Square Devi-
ation (RMSD) of 2.635 A [75]. Figures S32-535 (Supplementary Materials), illustrate the
interactions between indole-based derivatives and the 4COX protein domain (PDB ID). In
this case, the recreation of the native ligand’s initial pose exhibits good accuracy, with an
RMSD of 0.953 A, which is considered satisfactory in the recreation of the initial pose [75].
These visualizations provide insights into the intricate molecular interactions underlying
the binding of indole-based derivatives to the respective protein domains, thus reinforcing
their potential as candidates for further exploration and development. All the molecular
docking results are stored in Table 4.
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Figure 11. (a) The interactions between Derivative 2 and the 1IDNU protein domain. The dark green
dashed line suggests a potential hydrogen bond formation between the GLY 207 C residue and one
of the hydrogen atoms bonded to the pyrrolic nitrogen atom of the ligand, with a length of 2.59 A.
(b) A detailed view of the interactions proposed by the molecular docking between the 1IDNU protein
domain’s binding site and Derivative 2. One hydrogen bond was expected (blue dashed line), and
the hydrophobic contacts are indicated by the green solid lines.

Arg2sec

Al209C )
Valnesc

(a) (b)

Figure 12. (a) The interactions between Derivative 5 and the IDNU protein domain. The dark green
dashed line suggests a potential hydrogen bond formation between the GLY 207 C residue and the
pyrrolic hydrogen atom of the ligand, with a length of 2.29 A. (b) A detailed view of the interactions
proposed by the molecular docking between the 1IDNU protein domain’s binding site and Derivative
5. One hydrogen bond was expected (blue dashed line), and the hydrophobic contacts are indicated
by the green solid lines.

Figure 13. The interactions between Derivative 15 and the 1DNU protein domain. A dark green
dashed line indicates a potential hydrogen bond formation between the protein residues ASN 258 C
(3.29 A length) and the sulfur of the ligand.



Int. J. Mol. Sci. 2024, 25, 5364

18 of 30

Figure 14. The binding site of the 1IDNU protein domain features the reference ligand (melatonin),
the native ligand (NAG620), and the investigated Compounds 2, 5, and 15 simultaneously.

The conducted studies indicate that the analyzed indole-based ligands exhibited
affinity profiles comparable to the reference ligands (melatonin for IDNU and febuxostat
for IN5X), thus suggesting a similar strength of binding to these domains. However, a
notable distinction emerged concerning the 4COX protein domain. In this particular case,
all of the ligands exhibited lower binding energies than the reference ligand (indomethacin),
thus implying a lower affinity to this protein domain. Consequently, these ligands may
potentially demonstrate inferior antioxidant properties compared to the reference ligand in
the context of the 4COX domain.

3. Materials and Methods
3.1. Instrumentation and Chemicals

The synthesis reagents and solvents used in this study were commercially available.
The IR spectra were obtained using FT /IR Nicolet iS5 (Thermo Scientific, Walthmam, MA,
USA) (KBr pellet, cm ™). The 'H and ¥3C NMR spectra were obtained using Varian (Palo,
Alto, CA, USA) VNMR-S 400 MHz (DMSO-dg as the solvent and TMS as the internal stan-
dard). The melting points were measured using the SMP-20 apparatus (Btichi Labortechnik
AG, Flawil, Switzerland). The EI mass spectra were obtained using the 320MS/450GC
mass spectrometer (Bruker, Billerica, MA, USA). The nitrogen, carbon, hydrogen, and
sulfur percentage content was determined through elemental analysis using the Elemental
Analyzer Vario EL III apparatus (Shimadzu, Kyoto, Japan). TLC analysis was conducted
using silica gel 60 plates with a fluorescent indicator (254 nm) and was then visualized
under UV light (Sigma-Aldrich, Poznan, Poland).

3.2. Synthesis of Gramine Derivatives

A typical procedure for the synthesis of Compounds 2-9

We used 2 mmol of the appropriate azole or benzazole (1,5-Dihydro-2H-imidazole-
2-thione for 2 and 3; imidazole-2-thione for 4; 1-methyl-1H-imidazole-2-thione for 5; 1,2-
dihydro-2H-1,3-benzimidazole-2-thione for 6 and 7; 3-methyl-1H-benzimidazole -2-thione
for 8; and 1,3-thiazolidine-2-thione for 9. These were then diluted in 10 mL of EtOH and
cooled to 0-5 °C. Then, a solution of NaOH (1.5 mmol) in 4 mL of H,O was added, and the
mixture was stirred for 1 hour. After that, a solution of gramine (1 mmol) in 4 mL of EtOH
was added, and the mixture was heated under reflux for 3-12 hours. The products obtained
were filtered under a reduced pressure and washed with distilled water. Compounds 4, 5,
and 9 were recrystallized from H,O (4) or toluene (5, 9).

1-((1H-indol-3-yl)methyl)imidazolidine-2-thione (2)

White sold (99 mg, 43%); m.p 144-147 °C; 'H NMR (400 MHz, DMSO-dg): & 11.02
(s, 1H), 8.06 (s, 1H), 7.76 (d, ] = 7.9 Hz, 1H), 7.40-7.31 (m, 2H), 7.09 (ddd, ] = 8.1, 6.9, 1.2 Hz,
1H), 6.98 (ddd, ] =8.0,7.0, 1.1 Hz, 1H), 4.84 (s, 2H), 3.39 (ddd, ] = 9.2, 6.8, 2.2 Hz, 2H), and
3.37-3.27 (m, 2H); 13C NMR (101 MHz, DMSO-d,): 5 181.83, 136.36, 126.62, 124.99, 121.28,
119.21, 118.68, 111.47, 109.71, 47.00, 41.35, and 40.58; IR (KBr, cm ™) viax: 3317, 3210, 2887,
1502, 1454, 1251, 1225, 1071, 753, 644, and 599; and EI-MS (m/z, % int.): 231 (34). Analysis
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was calculated for C1oH13N3S (MW = 231.32) with the following: C, 62.31; H, 5.66; N, 18.17;
and S, 13.86; and found: C, 62.02; H, 5.67; N, 18.12; and S, 13.54.

1,3-bis((1H-indol-3-yl)methyl)imidazolidine-2-thione (3)

White solid (14 mg, 6%); m.p 157-160 °C; 'H NMR (400 MHz, DMSO-dg): & 11.00
(d, J =25 Hz 2H), 7.78 (d, ] = 7.9 Hz, 2H), 7.34 (dd, J = 5.4, 2.9 Hz, 4H), 7.07 (ddd,
J=8.1,6.9,1.2 Hz, 2H), 7.03-6.91 (m, 2H), 4.95 (s, 4H), and 3.22 (s, 4H); 1*C NMR (101 MHz,
DMSO-dg): 180.49, 136.36, 126.59, 125.00, 121.24, 119.26, 118.69, 111.42, 109.65, 44.56, and
42.44; IR (KBr, cm™!) vimax: 3397, 3057, 2910, 2881, 1502, 1455, 1328, 1254, 1094, 753,
635, and 593; and EI-MS (m/z, % int.): 360 (2). Analysis was calculated for Cp;HyN4S
(MW = 360.48) with the following: C, 69.97; H, 5.59; N, 15.54; and S, 8.89; and found: C,
69.23; H, 5.55; N, 15.91; and S, 9.01.

1-((1H-indol-3-yl)methyl)-1,3-dihydro-2H-imidazole-2-thione (4)

Light brown crystals (124 mg, 54%); m.p 206-209 °C; "H NMR (400 MHz, DMSO-dp):
512.07 (s, 1H), 11.09 (d, ] = 7.9 Hz, 1H), 7.79-7.71 (m, 1H), 7.50 (dd, ] = 6.0, 2.5 Hz, 1H), 7.37
(dt,J=8.1,09 Hz, 1H), 7.08 (dtd, ] = 7.7, 6.7, 1.2 Hz, 1H), 6.96 (dddd, ] =9.1, 8.0, 7.0, 1.1 Hz,
1H), 6.93-6.80 (m, 2H), and 5.26 (s, 2H); 13C NMR (101 MHz, DMSO-d,): 5 160.40, 136.19,
126.20, 125.45, 121.41, 118.99, 118.85, 117.80, 114.35, 111.52, 110.24, and 40.96; IR (KBr, cm 1)
Vmax: 3221, 3116, 3029, 2916, 2713, 1551, 1470, 1263, 1138, 747, 616, and 576; and EI-MS (m/z,
% int.): 229 (10). Analysis was calculated for C1oH;1N3S (MW = 229.30) with the following:
C,62.86; H,4.84; N, 13.33; and S, 13.98; and found: C, 63,32; H, 5.12; N, 17.43; and S, 13.21.

1-((1H-indol-3-yl)methyl)-3-methyl-1,3-dihydro-2H-imidazole-2-thione (5)

White crystals (159 mg, 65%); m.p 166-168 °C; 'H NMR (400 MHz, DMSO-dg): &
11.13-11.08 (m, 1H), 7.76-7.69 (m, 1H), 7.51 (d, ] = 2.4 Hz, 1H), 7.37 (dt, ] = 8.1, 0.9 Hz, 1H),
7.08 (ddd, J =8.2,7.0, 1.2 Hz, 1H), 7.04 (d, ] = 2.4 Hz, 1H), 7.00-6.95 (m, 2H), 5.31-5.27
(m, 2H), and 3.48 (s, 3H); 13C NMR (101 MHz, DMSO-d,): § 161.12, 136.17, 126.18, 125.59,
121.41,118.91, 118.88, 118.39, 116.61, 111.54, 109.98, 42.09, and 34.38; IR (KBr, Cm_l) Vmax:
3427,3212, 3162, 3132, 2914, 1554, 1459, 1223, 1139, 756, 664, and 599; and EI-MS (m/z, %
int.): 245 (8). Analysis was calculated for C13H;5N3S (MW = 245.34) with the following: C,
63.64; H, 6.16; N, 17.13; and S, 13.07; and found: C, 64.30; H, 6.18; N, 17.32; and S, 13.25.

1-((1H-indol-3-yl)methyl)-1,3-dihydro-2H-benzo[d]imidazole-2-thione (6)

Beige crystals (142 mg, 51%); m.p 244-242 °C; 'H NMR (400 MHz, DMSO-d): & 12.81
(s, 1H), 11.09 (d, ] = 2.6 Hz, 1H), 7.95 (dd, J = 8.0, 1.1 Hz, 1H), 7.65 (d, ] = 2.5 Hz, 1H),
7.46-7.37 (m, 1H), 7.33 (dt, ] = 8.2, 1.0 Hz, 1H), 7.20~7.01 (m, 4H), 6.94 (ddd, ] = 8.0, 7.0, 1.1
Hz, 1H), and 5.66 (s, 2H); 13C NMR (101 MHz, DMSO-d,): 5 168.10, 136.21, 132.26, 130.79,
126.11, 125.79, 122.74, 121.95, 121.36, 119.37, 118.77, 111.52, 110.31, 109.58, and 109.37; IR
(KBr, cm ™) vimax: 3374, 3183, 3056, 1623, 1556, 1456, 1370, 1130, 737, 615, and 593; and
EI-MS (m/z, % int.): 279 (39). Analysis was calculated for C1H13N3S (MW = 279.36) with
the following: C, 68.79; H, 4.69; N, 15.04; and S, 11.48; and found: C, 68.62; H, 4.32; N, 15.91;
and S, 10.57.

1,3-bis((1H-indol-3-yl)methyl)-1,3-dihydro-2H-benzo[d Jimidazole-2-thione (7)

White crystals (53 mg, 13%); m.p 232-235 °C; 'H NMR (400 MHz, DMSO-dg): &
11.10-11.05 (m, 2H), 7.98 (d, ] = 8.0 Hz, 2H), 7.66 (d, ] = 2.5 Hz, 2H), 7.43 (dq, ] = 7.0, 4.0 Hz,
2H), 7.30 (d, ] = 8.2 Hz, 2H), 7.04 (ddd, ] = 11.2, 7.0, 2.3 Hz, 4H), 6.92 (ddd, ] = 8.0, 7.0, 1.0
Hz, 2H), and 5.80 (s, 4H); 13C NMR (101 MHz, DMSO-d;): 5 168.43, 136.24, 131.39, 126.02,
125.79,122.36, 121.35, 119.51, 118.81, 111.46, 110.33, 109.38, and 40.66; IR (KBr, cm 1) Viax:
3569, 3409, 2972, 2931, 1647, 1556, 1409, 1370, 1046, 777, 622, and 582; and EI-MS (m/z, %
int.): 408 (4). Analysis was calculated for Cy5HoNyS (MW = 408.52) with the following: C,
73.50; H, 4.93; N, 13.71; and S, 7.85; and found: C, 73.90; H, 4.34; N, 13.55; and S, 7.64.

1-((1H-indol-3-yl)methyl)-3-methyl-1,3-dihydro-2H-benzo[d ]imidazole-2-thione (8)

Beige crystals (132 mg, 50%); m.p 180-182 °C; 'H NMR (400 MHz, DMSO-d): &
11.12-11.07 (m, 1H), 7.92 (ddt, ] = 7.9, 1.4, 0.7 Hz, 1H), 7.65 (d, ] = 2.5 Hz, 1H), 7.54-7.47
(m, 1H), 7.43-7.37 (m, 1H), 7.33 (dt, ] = 8.2, 0.9 Hz, 1H), 7.17 (pd, ] = 7.4, 1.4 Hz, 2H), 7.05
(ddd, J=8.2,7.0, 1.2 Hz, 1H), 6.94 (ddd, ] = 8.0, 7.0, 1.1 Hz, 1H), 5.75-5.68 (m, 2H), and
3.75 (s, 3H); 13C NMR (101 MHz, DMSO-d,): & 168.83, 136.17, 132.15, 131.18, 126.10, 125.83,
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122.65, 122.52,121.35,119.34, 118.79, 111.51, 110.22, 109.45, 109.34, 40.29, and 31.16; IR (KBr):
IR (KBr, cm™1) vinax: 3454, 3228, 3062, 2930, 1549, 1486, 1408, 1338, 1129, 741, 623, and 598;
and EI-MS (m/z, % int.): 293 (50). Analysis was calculated for C17H;5N35 (MW = 293.39)
with the following: C, 69,60; H, 5.15; N, 14.32; and S, 10.93; and found: C, 69.43; H, 5.16; N,
14.28; and S, 11.13.

3-((1H-indol-3-yl)methyl)thiazolidine-2-thione (9)

White solid (112 mg, 45%); m.p > 360 °C; 'H NMR (400 MHz, DMSO-dg): 6 11.16
(s, 1H), 7.69 (dt,] = 7.9, 1.0 Hz, 1H), 7.46 (s, 1H), 7.39 (dt, ] = 8.1, 1.0 Hz, 1H), 7.11 (ddd,
J=8.2,7.0,1.2 Hz, 1H), 7.01 (ddd, J = 8.0, 7.0, 1.1 Hz, 1H), 5.07 (s, 2H), 3.93 (dd, ] = 8.5,
7.5 Hz, 2H), and 3.20 (dd, ] = 8.6, 7.6 Hz, 2H); 13C NMR (101 MHz, DMSO-dg): & 194.00,
136.26, 126.32, 125.79, 121.49, 119.04, 118.90, 111.66, 108.45, 55.71, 43.73, and 26.33; IR (KBr,
em ™) viax: 3257, 3113, 3040, 2918, 1550, 1490, 1429, 1313, 1216, 1125, 758, 679, 645, and 591;
and EI-MS (m/z, % int.): 248 (36). Analysis was calculated for C1oH12N»S, (MW = 248.36)
with the following: C,58.03; H, 4.87; N, 11.28; S, and 25.82; and found: C, 57.72; H, 4.76; N,
11.67; and S, 25.72.

A typical procedure for the synthesis of Compounds 10-13

The gramine solution (1 mmol) and the corresponding substrate (1,3-thiazolidine-2-
thione for 10; 5-methyl-3H-1,3-benzoxazole-2-thione for 11; and 1,2-dihydro-1,2,4-triazole-
3-thione for 12 and 13) (1 mmol) were heated under reflux for 5-10 hours in 8-10 mL of
EtOH. Compounds 10 and 11 were crystallized, while 12 and 13 required purification
through column chromatography (using CHCl3).

3-((1H-indol-3-yl)methyl)thiazole-2(3H)-thione (10)

Brown crystals (91 mg, 37%); m.p 149-151 °C; IH NMR (400 MHz, DMSO-dg): 5 11.20
(s, 1H), 7.72(dt, ] =7.9,1.0 Hz, 1H), 7.57 (d, ] = 2.6 Hz, 1H), 7.46 (d, ] = 4.6 Hz, 1H), 7.39 (dt,
J=8.1,0.9 Hz, 1H), 7.11 (ddd, ] = 8.2, 7.0, 1.2 Hz, 1H), 7.01 (ddd, ] = 8.1, 7.0, 1.1 Hz, 1H),
6.94 (d, ] = 4.6 Hz, 1H), and 5.48 (s, 2H); 13C NMR (101 MHz, DMSO-d): 5 185.59, 136.15,
132.55, 126.18, 126.00, 121.57, 119.14, 118.69, 111.68, 111.53, 109.14, and 44.06; IR (KBr, cm 1)
Vmax: 3260, 3132, 3103, 3058, 2917, 1543, 1456, 1258, 1193, 1128, 1042, 746, 631, and 580; and
EI-MS (m/z, % int.): 246 (25). Analysis was calculated for C;oH19N»Sy; (MW = 246.35): C,
58.51; H, 4.09; N, 11.37; and S, 26.03; and found: C, 58.69; H, 3.56; N, 11.46; and S, 26.30.

3-((1H-indol-3-yl)methyl)-5-methylbenzo[d]oxazole-2(3H)-thione (11)

White crystals (227 mg, 77%); m.p 231-234 °C; 'H NMR (400 MHz, DMSO-dq): &
11.22-11.16 (m, 1H), 7.85 (dq, ] =7.9, 0.9 Hz, 1H), 7.75 (d, ] = 2.6 Hz, 1H), 7.43-7.31 (m, 3H),
7.12-7.04 (m, 2H), 6.99 (ddd, ] = 8.0, 7.0, 1.1 Hz, 1H), 5.61 (s, 2H), and 2.33 (s, 3H); 1*C NMR
(101 MHz, DMSO-dy): 6 179.16, 144.60, 136.24, 134.58, 131.16, 126.43, 125.91, 124.84, 121.53,
119.04, 118.99, 111.69, 111.33, 109.60, 107.56, 41.72, and 20.92; IR (KBr, Cm_l) Vmax: 3316,
3057, 2926, 1556, 1407, 1357, 1219, 1131, 796, 620, and 597; and EI-MS (m/z, % int.): 294 (15).
Analysis was calculated for C17H14N>OS (MW = 294.37) with the following: C, 69.36; H,
4.79; N, 9.52; and S, 10.89; and found: C, 69.14; H, 4.46; N, 9.50; and S, 10.96.

1-((1H-indol-3-yl)methyl)-1,2-dihydro-3H-1,2,4-triazole-3-thione (12)

Colorless oil (60 mg, 26%); 'H NMR (400 MHz, DMSO-d): & 12. 13.70 (s, 1H), 11.18
(s, 1H), 8.37 (s, 1H), 7.76-7.71 (m, 1H), 7.54 (d, ] = 2.6 Hz, 1H), 7.39 (dt, ] = 8.1, 0.9 Hz,
1H), 7.14-7.08 (m, 1H), 7.01 (ddd, J = 8.0, 7.0, 1.1 Hz, 1H), and 5.28 (s, 2H); 13C NMR
(101 MHz, DMSO-dg): & 165.67, 141.83, 136.20, 125.91, 121.58, 119.11, 118.58, 111.71, and
109.00; IR (KBr, cm 1) vinax: 3406, 3127, 3009, 2925, 1548, 1481, 1458, 1341, 1210, 1096, 745,
665, and 580; and EI-MS (m/z, % int.): 230 (25). Analysis was calculated for C;1;H;9N4S
(MW = 230.29) with the following: C, 57.37; H, 4.38; N, 24.33; and S, 13.92; and found: C,
57.39; H, 4.65; N, 24.42; and S, 13.72.

1,2-bis((1H-indol-3-yl)methyl)-1,2-dihydro-3H-1,2,4-triazole-3-thione (13)

Brown oil (36 mg, 10%); 'H NMR (400 MHz, DMSO-dg): & 11.15 (s, 1H), 11.08-11.04 (m,
1H), 8.36 (s, 1H), 7.75 (dt,] =7.9, 0.9 Hz, 1H), 7.71 (dq, ] = 8.0, 0.8 Hz, 1H), 7.51 (d, ] = 2.5 Hz,
1H),7.43 (d, ] = 2.5 Hz, 1H), 7.36 (dt, ] = 8.1, 0.9 Hz, 1H), 7.33 (dt, ] = 8.2, 0.9 Hz, 1H), 7.07
(dddd, J=15.1,8.2,7.0, 1.2 Hz, 2H), 6.96 (dddd, ] = 14.8, 7.9, 7.0, 1.0 Hz, 2H), 5.46 (s, 2H),
and 5.32 (s, 2H); 13C NMR (101 MHz, DMSO-d): & 164.36, 140.51, 136.17, 136.08, 126.19,
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125.88, 125.84, 125.53, 121.51, 121.29, 119.07, 119.00, 118.81, 118.54, 111.64, 111.46, 109.19,
108.79, 79.15, 43.90, and 40.55.; IR (KBr, cm 1) vimayx: 3412, 2925, 1636, 1537, 1457, 1421, 1342,
1208, 1093, 746, and 578; and EI-MS (m/z, % int.): 359 (4). Analysis was calculated for
CooH17N5S (MW = 359.45) with the following: C, 66.83; H, 4.77; N, 19.48; and S, 8.92; and
found: C, 66.86; H, 4.53; N, 19.97; and S, 8.63.

Synthesis of (1-acetyl-1H-indol-3-yl)methyl pyrrolidine-1-carbodithioate (15)

N-acetyl-3-acetoxymethylindole (0.5 mmol) and sodium pyrrolidinedithiocarbamate
(1 mmol) were dissolved in water (10 mL) and heated under reflux for 6 h. The resulting
mixture was then extracted with diethyl ether, washed with water and brine, dried over
anhydrous KOH, and then evaporated to give a brown oil.

Brown oil (248 mg, 78%); 'H NMR (400 MHz, CDCl3): § 7.69 (dd, ] = 7.9, 1.2 Hz, 1H),
7.37-7.33 (m, 1H), 7.29 (d, ] = 2.4 Hz, 1H), 7.20 (ddd, ] = 8.2, 7.0, 1.3 Hz, 1H), 7.14 (ddd,
J=8.1,7.0,1.2 Hz, 1H), 4.78 (s, 2H), 3.95 (t, ] = 6.8 Hz, 2H), 3.58 (t, ] = 6.7 Hz, 2H), 2.60 (s,
3H), 2.03-2.00 (m, 2H), and 1.95 (td, ] = 6.9, 1.6 Hz, 2H); 1*C NMR (101 MHz, CDCl3): &
192.97,168.50, 136.10, 126.88, 125.48, 123.86, 122.33, 119.71, 119.03, 111.23, 54.71, 50.43, 32.80,
25.97, and 24.23; IR (KBr, cm ™) vpax: 3405, 2969, 2869, 1702, 1329, 1160, 1006, 954, and 743;
and EI-MS (m/z, % int.): 318 (6). Analysis was calculated for C;H1sN,OS, (MW = 318.45)
with the following: C, 60,35; H, 5.70; N, 8.80; and S, 20.13; and found: C, 61,01; H, 5.62; N,
8.72; and S, 20.42.

Synthesis of 3-(ethoxymethyl)-1H-indol-1-yl benzoate (17)

A mixture of benzoic acid (0.5 mmol), PPh3 (0.75 mmol), and NBS (0.75 mmol) in
CH,Cl, (2 mL) was prepared. The solution was stirred at 0 °C for 15 minutes and then
warmed to room temperature. Next, 3-etoxymethylindole (0.55 mmol) and Et3N (0.55 mmol)
were added, and the reaction mixture was stirred for one hour. The mixture was then
diluted with EtOAc and washed with NaHCQOj3. The aqueous layer was extracted with
EtOAc. The organic layers were combined, dried with anhydrous Na;SO4, and evaporated.
The crude product obtained was purified by column chromatography (CHCl3: EtOAc 5:1).

Yellow oil (37 mg, 32%); 'H NMR (400 MHz, CDCl3): & 8.18-8.13 (m, 1H), 8.05
(d,J=7.1Hz, 1H), 7.69-7.64 (m, 1H), 7.56-7.49 (m, 4H), 7.46-7.40 (m, 1H), 4.68 (s, 2H), 4.38
(q,] =7.1Hz, 2H), and 1.39 (t,] = 7.1 Hz, 3H); 13C NMR (101 MHz, CDCl): § 166.65, 162.35,
134.53, 132.79, 130.54, 129.50, 128.85, 128.79, 128.28, 121.21, 119.35, 117.48, 110.65, 60.94, and
14.30; FT-IR (KBr, cm ™) vmay: 3057, 2924, 1783, 1715, and 1618; and EI-MS (m/z, % int.):
295 (100%). Analysis was calculated for C1gH;7NO3 (MW = 295.12) with the following: C,
73.20; H, 5.80; N, 4.74; and O, 16.25; and found: C, 73.41; H, 6.12; N, 4.53; and O, 15.94%.

A typical procedure for the synthesis of Compounds 18-27

Next, to 5 mL of anhydrous DMF, which was cooled to 0 °C, NaH (60%, 1 mmol) was
added. The resulting mixture was stirred at 0 °C for 15 minutes. Then, 3-etoxymethylindole
(1 mmol) that was dissolved in 1 mL of anhydrous DMF was added, and the mixture was
stirred for 30 minutes at 0 °C. Finally, an appropriate bromoester (methyl bromoacetate, ethyl
bromoacetate, isopropyl bromoacetate, tert-butyl bromoacetate, ethyl 2-bromopropionate,
ethyl 2-bromovalerate, phenyl bromoacetate, benzyl bromoacetate, methyl a-bromophenyl
acetate, and ethyl a-bromophenyl acetate) (1 mmol) were added dropwise and stirred for
24 h at room temperature. The resulting mixture was then extracted with EtOAc, washed
with water and brine, dried over anhydrous Na,;SOy, and evaporated. The resulting crude
product was purified using column chromatography with gradient elution, starting from
PhMe: EtOAc 50:1.

Methyl 2-(3-(ethoxymethyl)-1H-indol-1-yl)acetate (18)

Yellow oil (94 mg, 38%); 'H NMR (400 MHz, CDCl;): & 7.71 (dt, ] = 7.8, 1.0 Hz, 1H),
7.22(d, ] =1.7 Hz, 1H), 7.17-7.15 (m, 2H), 7.08 (s, 1H), 4.81 (s, 2H), 4.71 (d, ] = 0.7 Hz, 2H),
3.73 (s, 3H), 3.57 (q, ] = 7.0 Hz, 2H), 1.23 (t, ] = 7.0 Hz, 3H); 13C NMR (101 MHz, CDCl3): &
168.95, 136.93, 127.77, 127.63, 122.36, 119.89, 119.63, 113.50, 108.89, 65.17, 64.38, 52.50, 47.55,
15.27; FT-IR (KBr, cm 1) vimayx: 3050, 2952, 2866, 1743, 1661, 1614; and EI-MS (1m/z, % int.):
246 (15). Analysis was calculated for C14H1yNO; (MW = 247.12) with the following: C,
68.00; H, 6.93; N, 5.66; and O, 19.41; and found: C, 67.71; H, 7.43; N, 5.82; and O, 19.04%.
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Ethyl 2-(3-(ethoxymethyl)-1H-indol-1-yl)acetate (19)

Yellow oil (144 mg, 55%); 'H NMR (400 MHz, CDCls): § 7.71 (d, ] = 7.8 Hz, 1H), 7.23
(dd, ] =2.5,1.0 Hz, 1H), 7.22 (d, ] = 1.0 Hz, 1H), 7.17-7.13 (m, 1H), 7.09 (s, 1H), 4.79 (s, 2H),
4.71 (s, 2H), 4.20 (q, ] = 7.2 Hz, 2H), 3.55 (t, ] = 7.0 Hz, 2H), and 1.27-1.21 (m, 6H); 3C NMR
(101 MHz, CDCl3): & 168.45, 136.97, 127.78, 127.71, 122.29, 119.83, 119.60, 113.39, 108.93,
65.10, 64.39, 61.63, 47.72, 15.27, and 14.09; FT-IR (KBr, cm ™) vinax: 3053, 2978, 2932, 2867,
1750, and 1614; and EI-MS (m/z, % int.): 261 (20). Analysis was calculated for C15Hj9NOs3
(MW = 261.14) with the following: C, 68.94; H, 7.33; N, 5.36; and O, 18.37; and found: C,
69.00; H, 7.15; N, 5.41; and O, 18.41%.

Isopropyl 2-(3-(ethoxymethyl)-1H-indol-1-yl)acetate (20)

Yellow oil (165 mg, 60%); 'H NMR (400 MHz, CDCl3): § 7.71 (dt, ] = 7.8, 1.0 Hz, 1H),
7.23(dd, ] =3.0,1.0 Hz, 1H), 7.22 (d, ] = 1.0 Hz, 1H), 7.17-7.13 (m, 1H), 7.09 (s, 1H), 5.06
(hept, ] = 6.3 Hz, 1H), 4.76 (s, 2H), 4.71 (d, ] = 0.7 Hz, 2H), 3.56 (q, | = 7.0 Hz, 2H), and
1.24-1.21 (m, 9H); '3C NMR (101 MHz, CDCl3): & 167.98, 137.00, 127.81, 122.25, 122.14,
119.80, 119.59, 113.30, 108.96, 69.49, 65.04, 64.39, 47.95, 21.69, and 15.28; FT-IR (KBr, cm 1)
Vmax: 3056, 2979, 2933, 2859, 1737, and 1615; and EI-MS (m/z, % int.): 275 (12,5). Analysis
was calculated for C14Hp1NO3; (MW = 275.15) with the following: C, 69.79; H, 7.69; N, 5.09;
and O, 17.43; and found: C, 70.00; H, 7.51; N, 5.18; and O, 17.31%.

Tert-butyl 2-(3-(ethoxymethyl)-1H-indol-1-yl)acetate (21)

Yellow oil (191 mg, 66%); 'H NMR (400 MHz, CDCl3): § 7.71 (dt, ] = 7.9, 1.0 Hz, 1H),
7.23-7.22 (m, 2H), 7.16 -7.12 (m, 1H), 7.09 (t, ] = 0.8 Hz, 1H), 4.71 (d, ] = 0.7 Hz, 2H), 4.70
(s,2H), 3.55(q,] = 7.0 Hz, 2H), 1.48 (s, 1H), 1.44 (s, 9H), and 1.22 (t, ] = 7.0 Hz, 3H); 1*C NMR
(101 MHz, CDCl3): 6 167.59, 137.00, 127.86, 127.81, 122.19, 119.73, 119.57, 113.16, 108.97,
82.51, 64.99, 64.40, 48.50, 27.95, and 15.28; FT-IR (KBr, cm ™) vinax: 3054, 2979, 2933, 2873,
1745, and 1614; and EI-MS (m/z, % int.): 289 (23). Analysis was calculated for C17Hy3NO3
(MW = 289.17) with the following: C, 70.56; H, 8.01; N, 4.84; and O, 16.59; and found: C,
70.73; H, 7.94; N, 5.03; and O, 16.30%.

Ethyl 2-(3-(ethoxymethyl)-1H-indol-1-yl)propanoate (22)

Yellow oil (157 mg, 57%); 'H NMR (400 MHz, CDCl3): § 7.71 (d, ] = 8.3 Hz, 1H),
7.31-7.27 (m, 2H), 7.24-7.20 (m, 1H), 7.16-7.13 (m, 1H), 5.10 (q, ] = 7.3 Hz, 1H), 4.71 (s, 2H),
415 (qd, ] =71, 1.0 Hz, 2H), 3.57 (q, ] = 7.0 Hz, 2H), 1.79 (d, ] = 7.3 Hz, 3H), and 1.22
(dt, J = 13.2, 7.1 Hz, 6H); 13C NMR (101 MHz, CDCls): 5 171.21, 136.62, 127.81, 124.45,
122.05, 119.84, 119.58, 113.26, 109.15, 65.16, 64.58, 61.57, 53.50, 17.56, 15.28, and 14.04; FT-IR
(KBr, cm ™) vinax: 3051, 2977, 2936, 2860, 1739, and 1614; and EI-MS (m/z, % int.): 275 (50).
Analysis was calculated for C;4H1NO3; (MW = 275.15) with the following: C, 69.79; H,
7.69; N, 5.09; O, and 17.43; and found: C, 69.76; H, 7.99; N, 4.92; and O, 17.33%.

Ethyl 2-(3-(ethoxymethyl)-1H-indol-1-yl)pentanoate (23)

Yellow oil (222 mg, 73%); 'H NMR (400 MHz, CDCl3): § 7.71 (d, ] = 7.9 Hz, 1H), 7.33
(d,J=8.3Hz, 1H), 7.29 (s, 1H), 7.24-7.20 (m, 1H), 7.16-7.12 (m, 1H), 4.96 (dd, ] = 9.3, 6.2 Hz,
1H),4.72 (d, ] = 0.7 Hz, 2H), 4.15 (qd, ] = 7.1, 2.9 Hz, 2H), 3.56 (q, ] = 7.0 Hz, 2H), 1.30
(t,] = 7.1 Hz, 3H), 1.25-1.20 (m, 6H), and 0.97-0.91 (m, 4H); 13C NMR (101 MHz, CDCl;):
5170.91, 137.01, 127.68, 124.81, 122.00, 119.77, 119.55, 113.30, 109.13, 65.07, 64.62, 61.46,
57.82,34.04,19.24, 15.28, 14.07, and 13.52; FT-IR (KBr, cm 1) vmax: 3051, 2964, 2932, 2873,
1740, and 1614; and EI-MS (m/z, % int.): 303 (45). Analysis was calculated for C1gHy5NO3
(MW = 303.18) with the following: C, 71.26; H, 8.31; N, 4.62; and O, 15.82; and found: C,
70.98; H, 8.42; N, 4.60; and O, 16.00%.

Phenyl 2-(3-(ethoxymethyl)-1H-indol-1-yl)acetate (24)

Yellow oil (114 mg, 37%); 'H NMR (400 MHz, CDCl3): & 8.44 (d, ] = 8.1 Hz, 1H), 7.63
(d,]="7.0 Hz, 1H), 7.54 (s, 1H), 7.40-7.36 (m, 1H), 7.34-7.29 (m, 3H), 7.03-6.99 (m, 3H), 5.15
(s, 2H), 4.66 (d, ] = 1.1 Hz, 2H), 3.61 (q, ] = 7.0 Hz, 2H), and 1.27 (t, ] = 7.0 Hz, 3H); 3C NMR
(101 MHz, CDCl3): 6 166.17, 157.54, 136.18, 129.70, 129.25, 125.75, 124.22, 122.11, 121.83,
121.20, 119.46, 116.67, 114.69, 67.78, 66.03, 64.33, and 15.21; FT-IR (KBr, cm™ 1) Viax: 3119,
3059, 2969, 2940, 2842, 1707, and 1600; and EI-MS (m/z, % int.): 309 (35). Analysis was
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calculated for C19Hij9gNO3; (MW = 309.14) with the following: C, 73.77; H, 6.19; N, 4.53; and
O, 15.52; and found: C, 73.80; H, 6.27; N, 4.49; and O, 15.43%.

Benzyl 2-(3-(ethoxymethyl)-1H-indol-1-yl)acetate (25)

Yellow oil (243 mg, 75%); 'H NMR (400 MHz, CDClz): § 7.71 (d, ] = 7.8 Hz, 1H),
7.34-7.32 (m, 3H), 7.27 (d,] = 4.0 Hz, 2H), 7.21 (dd, ] = 6.2, 1.3 Hz, 2H), 7.17-7.13 (m, 1H),
7.08 (s, 1H), 5.16 (s, 2H), 4.84 (s, 2H), 4.70 (d, ] = 0.7 Hz, 2H), 3.55 (q, ] = 7.0 Hz, 2H), and
1.22 (t, ] = 7.0 Hz, 3H); 13C NMR (101 MHz, CDCl3): § 168.31, 136.98, 135.02, 128.57, 128.48,
128.27,127.83, 127.68, 122.36, 119.90, 119.65, 113.55, 108.96, 67.23, 65.07, 64.37, 47.71, and
15.27; FT-IR (KBr, cm™1) vinayx: 3033, 2974, 2874, 2840, 1747, and 1683; and EI-MS (111/z, %
int.): 323 (23). Analysis was calculated for CoHy1NO3; (MW = 323.15) with the following:
C,74.28; H, 6.55; N, 4.33; and O, 14.84; and found: C, 74.27; H, 6.74; N, 3.99; and O, 15.00%.

Methyl 2-(3-(ethoxymethyl)-1H-indol-1-yl)-2-phenylacetate (26)

Yellow oil (133 mg, 41%); 'H NMR (400 MHz, CDCl3): 5 7.72 (d, ] = 7.3 Hz, 1H), 7.38
(d,] =2.3Hz, 3H), 7.19-7.17 (m, 3H), 7.16-7.13 (m, 1H), 7.10 (s, 1H), 7.10-7.08 (m, 1H), 4.65
(t,] =0.7 Hz, 2H), 3.83 (s, 3H), 3.81 (s, 1H), 3.56-3.50 (m, 3H), and 1.20 (t, ] = 7.0 Hz, 3H);
13C NMR (101 MHz, CDCl3): § 170.01, 138.70, 129.63, 129.06, 128.98, 128.11, 127.92, 127.73,
125.94,122.24,120.15, 119.75, 113.32, 109.00, 65.14, 64.57, 61.85, 52.71, and 15.25; FT-IR (KB,
em ™) Viax: 3033, 2952, 2873, 1734, and 1612; and EI-MS (m/z, % int.): 323 (5). Analysis
was calculated for CoHp1NO3; (MW = 323.15) with the following: C, 74.28; H, 6.55; N, 4.33;
and O, 14.84; and found: C, 74.22; H, 6.69; N, 4.12; and O, 14.97%.

Ethyl 2-(3-(ethoxymethyl)-1H-indol-1-yl)-2-phenylacetate (27)

Yellow oil (109 mg, 32%); 'H NMR (400 MHz, CDCl3): § 7.72 (d, ] = 7.8 Hz, 1H),
7.38-7.34 (m, 4H), 7.23-7.21 (m, 1H), 7.18-7.14 (m, 3H), 7.11 (d, ] = 4.0 Hz, 1H), 6.19 (s, 1H),
4.66 (s, 2H), 4.31-4.26 (m, 2H), 3.53 (qd, ] = 7.0, 0.9 Hz, 2H), 1.26 (t,] = 7.1 Hz, 4H), and
1.20 (t,J = 7.0 Hz, 3H); 1*C NMR (101 MHz, CDClz): 5 169.50, 137.03, 134.57, 129.68, 129.02,
128.09, 127.53, 126.04, 122.17, 120.10, 119.73, 113.20, 109.05, 65.07, 64.57, 61.94, 15.24, 14.07,
and 13.97; FT-IR (KBr, cm ™) viax: 3058, 2978, 2935, 2864, 1745, and 1613; and EI-MS (m/z,
% int.): 337 (40). Analysis was calculated for C1Hy3sNO3 (MW = 337.17) with the following:
C,74.75; H, 6.87; N, 4.15; and O, 14.23; and found: C, 74.93; H, 6.59; N, 4.32; and O, 14.16%.

Synthesis of (1-acetyl-1H-indol-3-yl)methyl 2,5-dihydroxybenzoate (29)

N-acetyl-3-hydroxymethylindole
(0.72 mmol) and 2,5-dihydroxybenzoic acid (0.72 mmol) were dissolved in THF (5 mL),
then DCC (0.72 mmol) was added, and the mixture was then stirred for 48 hours at room
temperature. The resulting white precipitate was filtered, and the filtrate was evaporated so
as to obtain a dark brown precipitate. The precipitate was then dissolved in EtOAc, washed
with 5% citric acid, saturated with NaHCO3 and brine, and then dried over anhydrous
NaySO4 and evaporated. The crude product was purified by column chromatography
(PhMe: EtOAc 5:1).

Orange oil (87 mg, 37%)' 'H NMR (400 MHz, CDCl;): § 8.41 (d, ] = 8.4 Hz, 1H), 7.65
(d,]=7.1Hz, 1H), 7.54 (s, 1H), 7.39-7.27 (m, 3H), 7.18-7.16 (m, 2H), 5.50 (s, 2H), and 2.64 (s,
3H); 3C NMR (101 MHz, CDCl3): § 169.60, 168.88, 155.71, 148.06, 135.84, 129.00, 128.19,
125.78, 125.26, 124.40, 124.05, 119.04, 118.48, 116.78, 114.60, 111.90, 58.72, and 23.92; FT-IR
(KBr, cm™1) vinax: 3215, 2931, 2854, 1733, 1686, and 1620; and EI-MS (m/z, % int.): 325 (10).
Analysis was calculated for C1gHi5sNO5 (MW = 325.10) with the following: C, 66.46; H,
4.65; N, 4.31; and O, 24.59; and found: C, 66.51; H, 9.58; N, 4.43; and O, 24.89%.

3.3. X-ray Analysis

Single-crystal X-ray diffraction measurements were carried out with the monochro-
mated CuKa radiation on a SuperNova diffractometer (4, 5, 7, 8, 9, and 11), or with MoK
radiation on an Xcalibur diffractometer (2 and 10). Each dataset was measured with an
omega scan. These data were processed with the CrysAlisPro 1.171.42 software [76]. The
crystal structures were solved by direct methods with SHELXT [77] and refined by full-
matrix least-squares calculations on F? with SHELXL [78]. All non-H atoms were refined
with anisotropic displacement parameters. Hydrogen atoms bonded to C and N atoms
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were placed at calculated positions based on the environment and perceived hybridization
of the atoms to which they were bonded. For room temperature structures, the methyl,
methylene, and aromatic C-H distances were standardized to 0.96, 0.97, and 0.93 A, respec-
tively, and the N-H distance was 0.86 A. For low-temperature structures, the corresponding
values were 0.98 and 0.99 and 0.95 A and 0.88 A. The solvent hydrogen atoms were located
on difference Fourier maps, and their O-H distances were standardized to the values of
0.82 and 0.85 A for the ethanol and water molecules, respectively. All H-atoms were refined
as ‘riding’ on their carriers. During the refinement, isotropic displacement parameters
for H-atoms were assigned as 20% higher than the isotropic equivalent for the atom to
which the H-atom was bonded. The crystals of 8 were inversion-twinned with a ratio of
0.70(3):0.30(3). Moreover, in the crystal of 9, there were signs of disorder in the thiazoli-
dine moiety. We modeled this disorder by taking into account two alternative positions
for one of the two methylene groups for which the component occupancy factors were
refined to 0.62(3) and 0.38(3). MERCURY [79] was used to prepare drawings. CCDC
contains the supplementary crystallographic data for 2 (Deposition Number 2346551), 4
(Deposition Number 2346552), 5 (Deposition Number 2346553), 7 (Deposition Number
2346554), 8 (Deposition Number 2346555), 9 (Deposition Number 2346556), 10 (Deposition
Number 2346557), and 11 (Deposition Number 2346558). These data can be obtained free of
charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html (accessed on 8 April 2024)
(or from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44 1223 336033; email:
deposit@ccdc.cam.ac.uk).

3.4. Biological Study
3.4.1. Antibacterial and Antifungal Activity Measurements

The antibacterial properties of the compounds were determined against selected
bacteria: Micrococcus luteus, Bacillus subtilis, Escherichia coli, and Pseudomonas fluorescens. The
antifungal activity of the compounds was determined against Alternaria alternata, Fusarium
culmorum, Trichoderma harzianum, Trichoderma harzianum, and Botrytis cinerea. All the cultures
of microorganisms were obtained from the pure culture collection of the Microbiology
Department of the Faculty of Soil Science and Microbiology of the Poznan University of
Life Sciences.

The well diffusion method was used to evaluate the antimicrobial properties of the
compounds. A broth medium was used for the bacterial tests, while potato dextrose agar
(PDA) was used for mold cultivation. Next, 6 mL of each liquidized medium was poured
into sterile Petri dishes and allowed to solidify. After this, two 0.5 cm-diameter sterile glass
rings were placed on the surface of each plate. Then, 20 mL of each liquid medium contain-
ing suspensions of the tested microorganisms was added. The final bacterial suspension
had a density of 107 cells/ cm?, which was obtained from 48-hour cultures on broth slants,
and the fungal suspension had a density of 108 spores/cm?®, which was obtained from
5-day cultures on PDA slants. After the medium solidified, the glass rings were removed
with a pencil, leaving two wells on each plate. Then, 0.1 mL of the compound dissolved
in pure dimethyl sulfoxide was added to one well, and 0.1 mL of pure dimethyl sulfoxide
was added to the other well, which served as a control. Each compound was tested in four
replicates. Plates were incubated in a thermostat at 27 °C for M. luteus, B. subtilis, and P.
fluorescens cultures, as well as at 37 °C for the E. coli culture for 48 hours. All fungal cultures
were incubated in a thermostat at 24 °C for five days. At the end of the incubation, the
growth inhibition diameters of the tested strains were measured using calipers.

3.4.2. Human Red Blood Cell (RBC) Preparation

Human RBC suspensions (~65% hematocrit) were purchased from the Blood Bank in
Poznar according to the bilateral agreement between the Adam Mickiewicz University and
Blood Bank no. ZP/2867/D/21 without any contact with blood donors. The RBCs were
washed three times (960 x g, 10 min, 4 °C) in 7.4 pH phosphate-buffered saline (PBS_137
mM of NaCl, 2.7 mM of KCI, 10 mM of Na, HPOy, and 1.76 mM of KH,POy), which was
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supplemented with 10 mM of glucose. After washing, the RBCs were suspended in the
PBS buffer at 1.65 x 10° cells/mL, stored at 4 °C, and used within 5 h.

3.4.3. Inhibition of Free Radical-Induced Hemolysis

The cytoprotective activity of the derivatives was evaluated in accordance with a
previously described method [14-16]. Briefly, human RBCs (1.65 x 108 cells/mL, 1.5%
hematocrit) were preincubated in PBS (pH 7.4) supplemented with 10 mM of glucose, which
contained the tested compound or Trolox used as a standard antioxidant at a concentration
of 0.01 mg/mL for 20 min at 37 °C in a shaking incubator. After preincubation, 2,2'-azobis(2-
methylpropionamidine) dihydrochloride (AAPH) was added to a final concentration of
60 mM, and samples were incubated for the next four hours at 37 °C. RBCs incubated in
PBS and in PBS with AAPH were used as negative and positive controls, respectively. After
incubation, the RBC suspensions were centrifuged (960x g, 5 min, + 4 °C), and the degree
of hemolysis was determined by measuring the absorbance (Ab) of the supernatant at
A =540 nm in a BioMate™ 160 UV-Vis spectrophotometer. The percentage of free radical-
induced hemolysis inhibition was calculated using the following equation:

inhibition of hemolysis (%) = 100 — [(Abcomp/Abaapn) x 100],

where Abcomp is the absorbance value of the supernatants obtained from samples incubated
with a compound tested in the presence of AAPH and Abaapy is the absorbance of the
supernatant obtained from the positive control, respectively. Each sample was prepared
in triplicate and results were expressed as the mean +SD value from three independent
experiments (n = 6), using RBCs obtained from different donors.

3.4.4. Ferrous lon (Fe?*) Chelating Assay

The ferrous ions’ chelating activity of the derivatives was evaluated in accordance with
a previously described method [15]. The Fe?*-chelating ability of the tested compounds
was determined by the absorbance of the ferrous-ion—ferrozine complex at 562 nm at room
temperature (~22 °C, RT). Briefly, 0.1 mg/mL of the concentration of the tested compounds
in 0.2 mL of ethyl alcohol was added to a solution of 0.6 mM of FeCl, (0.05 mL). EDTA
was used as the standard metal chelator. The reaction was started by adding 5 mM of
ferrozine (0.05 mL) in ethyl alcohol and then immediately shaking vigorously. The samples
were stored for 10 min at room temperature. After incubation, the absorbance (Ab) of the
solutions was measured at 562 nm in a BioMate™ 160 UV-Vis spectrophotometer. The
percentage of inhibition of the ferrozine-Fe?* complex formation was calculated using the
following equation:

Fe?* chelating (%) = [1 — (Ab1/Ab0)] x 100,

where Ab1 is the absorbance in the presence of the compound tested or EDTA and AbO
is the absorbance of the sample without the tested compound. Each sample was made in
triplicate and three independent experiments were performed (n = 9).

3.4.5. Hemolysis Assay under Physiological Condition

The hemolytic activity was evaluated according to the previously described
method [14-16]. Briefly, RBCs (1.65 x 108 cells/mL, 1.5% hematocrit) were incubated
in a PBS (pH = 7.4) supplemented with 10 mM of glucose (Sigma Aldrich, Steinheim,
Germany) and containing the tested compound at the concentration of 0.1 mg/mL for
60 min at 37 °C in a thermo shaker (BioSan Thermo-Shaker TS-100C, Biosan, Riga, Latvia).
The negative control sample was a solution with RBCs incubated in PBS without the ad-
dition of the tested compounds. The positive control sample was a solution of the RBCs
incubated in deionized water without the addition of the tested compounds. Each sample
was prepared in triplicate, and the experiments were repeated three times with RBCs
from different donors. After incubation, the RBC suspensions were centrifuged (Sigma
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3-30 K Sartorious AG, Gottingen, Germany) (960x g, 10 min, 4 °C), and the degree of
hemolysis was estimated by measuring the absorbance of the supernatant on a BioMate™
160 UV-Vis spectrophotometer (Thermo Scientific, Waltham, MA, USA) at 540 nm. The
results were expressed as the percentage (%) of hemolysis, which was calculated using the
following formula:

hemolysis (%) = (sample Ab/positive control Ab) x 100,

where sample Ab is the absorbance value of the supernatant of RBCs incubated with the
tested compounds and the negative control, and the positive control AB is an absorbance
value of the supernatant of RBCs incubated in ice-cold deionized water. Each sample was
prepared in triplicate, and the results are presented as a mean value (£SD) of the three
independent experiments (1 = 9).

3.4.6. Statistical Analysis

For the antioxidant and cytoprotective properties, data were plotted as the mean
value £ standard deviation (SD) of the results of three independent experiments, with
every sample taken in triplicate (n = 9). A paired t-Student test was used to, respectively,
compare the derivatives’ activity with the activity of the standard Trolox or EDTA. Statistical
significance was defined as p < 0.05. Inactive compounds were indicated as n.a. Non
statistically significant difference is indicated as n.s.

3.5. In Silico Study

The physicochemical calculations were conducted using the SwissADME website:
www.swissadme.ch (accessed on 2 February 2024).

3.6. Molecular Docking

The molecular docking process commenced by converting the SMILES representation
of indole-based chemical structures into 3D structures, and this was accomplished through
the application of OpenBabel tool version 3.1.1 [80,81]. Subsequently, the protein domains
corresponding to PDB [82], IDs 1DNU [83], 1IN5X [84], and 4COX [85] were prepared in
accordance with the standard AutoDock tool 1.5.7 scheme [86]. Molecular dockings were
then carried out using AutoDock Vina [87], with the specific parameters outlined in Table 5
for each docking search.

Table 5. The search spaces of the analyzed binding sites of the protein domains.

PDB ID Search Space Center (x, y, z) Size of the Search Space (x, y, z)
1DNU 39.637, —38.454, —5.011 24,24, 26
IN5X 96.559, 55.159, 39.980 24,22, 40
4COX 23.941, 21.867, 13.892 26, 26, 32

4. Conclusions

The newly synthesized indole derivatives with methylene-bridged azole and benza-
zole substituents at C3 are compounds with a strong cytoprotective activity under oxidative
stress conditions. The exceptions are derivatives appearing as zwitterions at a physiological
pH, which occurred because of their ability to convert to harmful thiyl radicals. Of the
two possible tautomeric forms, the molecules in crystals and those in a DMSO-dg solution
appeared as the thione tautomers. The C=S group was found to be the primary site for
H-bonding in the condensed media: it has the ability to form multicenter hydrogen bonds
with N-H and C-H donors.

Compared to imidazoles and oxazoles, thiazoles are more prone toward conforma-
tional changes driven by hydrogen bond association. The steric effects witnessed in the
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crystals of 7 and 8 (which are also supposedly present in Compounds 3 and 13) accounted
for their high hemolytic activity.

Since the majority of the indole derivatives substituted solely at the C3 position are
hemocompatibile, and as all of them adhere to the Lipinski and Veber rules, they represent
promising candidates for future research on designing new bioactive compounds and drugs.
The results presented in this study may facilitate the development of novel indole-based
molecules with antioxidant and cytoprotective activities.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms25105364 /s1.
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Crystal data Description of the crystallographic results

With only one real exception of molecule 10, the molecules 2, 4, 5, 7, 8, 9 and 11 display in
crystals a similar conformation. Chemical alterations such as hydrogenation or annelation
with benzene ring have more significant effect on the structure of thiazole than imidazole
derivatives on both the molecular and supramolecular levels. Based on the collected
structural data we may follow structural changes caused by i) hydrogenation, (ii) methyl
substitution, (iii) annelation with benzene ring and (iv) isosteric substitution.

The effect of N-H/N-CHg substitution can be tackled by comparing the structures 4 and 5. As
can be seen from Table 1, the molecular conformations are nearly identical but, as could be
expected, the number of intermolecular hydrogen bonds has been reduced upon N-
methylation (Table S1). Analogously, a consequence of annelation with benzene ring can be
chased by comparing molecules 5 and 8. While the lengths of the bonds in the condensed
imidazole ring are greater than in the free imidazole system, the two molecules adopt similar
conformation in crystals. Both utilize N-Hiygole'*S hydrogen bond to form chains of
molecules related either by a glide plane (5) or a two-fold screw axis (8). The arrangement of
the latter molecules around a two-fold screw axis allows to overcome the steric hindrance by
directing outwards the bulky methyl substituents and benzene rings (Figure 7). As a result,
the hydrogen bond in 8 is the least linear of all the reported N-H:--S hydrogen bonds (Table
S1).

Although hydrogenation of imidazole (4) into imidazolidine (2) changes the bond lengths,
diminishes the propeller feature of 4 (Table 1), and modifies the overall hydrogen-bonding
pattern, in both crystals the molecules utilize the same set of two N-H and one C-H donor
groups to the thione acceptor to connect molecules into three dimensions. The H-bond
parameters that are listed in Table S1 are more adequate for 4 than 2. Sulphur atom acts as a
quadruple acceptor, again illustrating its capacity to simultaneously engage in a greater
number of interactions than conventional acceptors. The C=S bond in molecules 2 and 4
amounts to 1.682(4) and 1.697(2) A, respectively, which seems to indicate that the thione
tautomer in 4 has more significant contribution of the zwitterionic structures that involve
single C*—S™ covalent bond (Figure 3B). While searching for possible explanation of this
phenomenon we have noticed the existence of a short S---S contact (3.5694(8) A) in 4
suggestive of the presence of S---S interactions. The two C=S---S angles are equal in value
and amount to 171.56(5)° and the C=S---S=C torsion angle measures -142.0(7)°. Based on

these geometrical parameters we were tempted to assume that the C=S bond in 4 elongates as
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a result of the formation of the of chalcogen bond. However, the attractive character of such
interaction has been questioned by Owczarzak et al. on the bases of experimental charge
density studies and theoretical calculations carried out for selected thioamides [S1]. The
authors postulate that the short S---S contacts in thioamides originate from the presence of the
so called “staple molecules”. By forming strong hydrogen bonds, these molecules bring two
sulphur atoms into close contact, which by nature is rather repulsive than attractive. In our
case, the close S-S contact is reinforced by the imidazole H-N-C-H fragments, acting as
“staples” (Figure S26). The stapling imidazole moieties can stabilize the zwitterionic
mesomers in 4, which in turn can account for the elongation of the C=S bond. The

imidazolidine moiety in the crystals of 2 does not display such stapling capability.

Fig.S26. Hydrogen-bonded tape motif present crystals of 4. Resonance-assisted N-H:--S
hydrogen-bond dimers (formed around symmetry centres) are fused with a tetramer formed
around two-fold symmetry axis, in which the sulphur atoms are stapled by two H-C-N-H
imidazole fragments.

Like molecules 2 and 4, the molecule 7 also contains two N-H hydrogen bond donor groups
(although both come from the indole moieties) and a thione acceptor. However, most likely
due to the steric hindrance, the molecules of 7 incorporate to their crystal lattice ethanol and
water solvent molecules. The system becomes particularly rich in hydrogen bond
functionalities thus leading to the formation of a whole palette of hydrogen bonds. All types
of molecules utilize fully their potential in hydrogen bonding. Particular attention should be
given to the formation of O-H(water)---n(pyrrole) hydrogen bonds (Table S1). The role of
solvent molecules in stabilizing the crystal structure of 7 is shown in Figure 6, which also
illustrates the involvement of molecules 7 in weak w7 interactions between
centrosymmetrically related benzene rings from benzothiazole fragments. The distance
between centroids of the two fragments in a stack amounts to 3.925 A, while the distance

between their planes is 3.409 A (symmetry code —X, 1 — Y, 1 —z). The planes are parallel and
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the displacement of the rings in a stack is 1.945 A. Due to the presence of supporting guest
molecules, such extended hydrogen bond pattern does not significantly affect the molecular
conformation, which retains a propeller shape.

Crystal data presented in Table S2 reveal that 5 and 9 are isostructural despite the fact that N-
methyl imidazole has been substituted by thiazolidine. This could indicate that the
replacement of the N-CHj3 group by a sulphur atom and hydrogenation of the five-membered
ring are insignificant as far as molecular conformation and supramolecular assemblies are
concerned, supposedly because neither of these two fragments is involved in hydrogen
bonding. Changes in molecular conformation of 11 as compared with its parent compound
(non-methylated at C5) [16] are not substantial but again might be ascribed to different
interactions in crystals caused by steric hindrance. Methyl substitution in 11 prevents
formation of columnar stacking interactions between benzoxazole fragments, operating in the
parent compound. Instead, we observe strong competition between S and O atoms for indole
N-H donor and the resulting formation of a three centre hydrogen bond to both acceptors
(Table S1, Figure S27). The N---S(=C) distance is the longest in the reported structures. With
respect to molecular conformation, the consequences of the S/O replacement are not
straightforward. The oxazole derivative differs in conformation from both thiazole and

benzothiazole derivatives but resembles the hydrogenated thiazole derivative 9 (Table 1).

Fig.S27. Competition between S and O atoms for indole N-H donor and the resulting
association of molecules 11 into chains by means of a three centre hydrogen bond to both
acceptors.
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Table S1. Hydrogen bond geometrical parameters. Intramolecular interactions are written in

italics.
D—H--A D—H H-AA) D-A(A) D—H--A (°)
(A)
2
N1—H]1---S1' 0.86 2.65 3.445 (4) 155.1
N3—H3---S1" 0.86 2.57 3.345 (3) 150.5
C13—HI3A---S1" 0.97 2.87 3.596 (5) 132.3
C10—HI10B--SI 0.97 2.78 3.155 (4) 103.6
4
N1—HI1---S1V 0.86 2.50 3.3549 (16)  170.4
N3—H3---S1" 0.86 2.52 3.3613 (15)  164.6
C13—H13---S1" 0.93 2.81 3.562 (2) 138.3
C10—HI10B--SI 0.97 2.77 3.2500 (17)  111.2
5
N1—H1---S1"" 0.86 2.58 3.390 (2) 157.6
C10—HI10B--SI 0.97 2.81 3.275 (3) 110.6
-
N1—H1--O1W" 0.86 2.31 2.996 (3) 136.8
N11—HI11---O1W 0.86 2.13 2.924 (3) 153.3
O1W—HIWA---O1ET 0.85 1.83 2.647 (3) 160.8
O1ET—HIET---SI'" 0.82 2.49 3.305 (3) 171.8
O1W—HIWB ... 0.85 2.48 3.280 157.9
CY(pyrrole)
C10—H104--S1 0.97 2.73 3.229 (2) 112.4
C20—H20A4--S1 0.97 2.73 3.215 (2) 111.6
8
N1—H1---S1™ 0.86 2.59 3.344 (3) 146.5
C10—H10A4--S1 0.97 2.77 3.236 (3) 110.4
C4—H4-S1 0.93 2.93 3.760 (3) 149.0
C18—HI8B-SI 0.96 2.81 3.193 (3) 104.9
9
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N1—HI---S1* 0.86 2.58 3.4186 (16)  164.7
C10—H104S1 0.97 2.72 3.2047 (18)  111.2
10

N1—HI---S1* 0.88 2.55 3.3896 (14)  160.5
C10—H10A---S1" 0.99 2.96 3.6652 (16)  128.8
Cl2—H12---S1"™ 0.95 3.00 3.5090 (16)  114.8
C13—H13---S1"™ 0.95 2.95 3.4711 (17)  115.6
C10—HI0BS1 0.99 2.73 3.1503 (16)  106.2
11

N1—HI---S1*" 0.88 2.72 3.4702 (13) 1435
N1—HI---01™ 0.88 2.61 3.1495 (17)  120.7
C10—H104-S1 0.99 2.78 3.2540 (17)  109.7

Symmetry code(s): (i) -x+1, -y, -z+1; (ii) -x, -y, -z+1; (iii) x, -y+1/2, z+1/2; (iv) x+1/2, -y+1/2, -z+1; (v) -x+1, -

y+1, -z+1; (Vi) X, -y+1, z-1/2; (vii) x+1/2, -y+3/2, z+1/2; (viii) X, y+1, z; (ix) -x+1/2, -y+1, z+1/2; (X) x+1/2, -

y+1/2, 2+1/2; (xi) -x+1/2, y+1/2, -z+1/2; (xii) x+1, -y+3/2, z+1/2
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Table S2. Crystal data and structure refinement parameters for selected gramine derivatives.

2 4 5 7 8 9 10 1
Crystal data
Chemical CioHi3NsS  CioHuiNsS CisHi3NsS  CasHaoNaS- Ciz7HisNsS CioHioNoS;  CiaH1oN2S,  Ci7H1N,OS
formula C,HsO-H,0
M, 231.31 229.30 243.32 472.59 293.38 248.36 246.34 294.36
Crystal system  Monoclinic  Orthorhombic  Monoclinic ~ Triclinic Orthorhombic  Monoclinic  Monoclinic  Monoclinic
space group P2i/c Pben P2./n P1 P2,2,2, P2i/n P2i/n P2./c
Temperature (K) 295 293 293 293 293 293 100 130
a(A) 10.4517 (8) 18.4010 (3) 9.1819(3) 7.4924(3)  7.1911(2) 9.2002 (1)  7.9077 (2)  7.42703 (16)
b (A) 8.4232 (6) 11.2626 (3) 14.2705 (3) 13.1185(5) 13.9158 (4) 13.4917 (2) 7.2185(2) 14.3167 (3)
c(A) 13.5631 (11) 11.2577 (2) 9.5585 (3)  13.4710(6) 14.6650 (4) 9.6702 (1)  19.4666 (5) 13.8146 (3)
a(®) 90 90 90 114.605 (4) 90 90 90 90
B 102.934 (8) 90 92.203(3) 96.556(4) 90 93.384 (1) 97.084(3) 102.016 (2)
v (°) 90 90 90 92.830(3) 90 90 90 90
V (A% 1163.75 (16) 2333.08 (8) 125153 (6) 1189.05(9) 1467.53(7) 1198.23 (3) 1102.70 (5) 1436.73 (5)
z 4 8 4 2 4 4 4 4
Dy (Mg m?®) 1.320 1.306 1.291 1.320 1.328 1.377 1.484 1.361
Radiation type Mo Ko Cu Ka Cu Ka Cu Ka Cu Ka Cu Ka Mo Ka Cu Ka
p (mm™) 0.25 2.26 2.13 1.47 1.92 3.80 0.45 1.99

Crystal size 0.50x0.45 0.30x0.20x 030x0.15 0.50x0.05 0.40x0.15x%x 0.65x%0.15 05%x04x 0.18x0.15 %
(mm) % 0.01 0.03 x0.10 % 0.02 0.03 % 0.05 0.2 0.01

Data collection

Tiiny Tmax 0.366, 1.000 0.595,1.000 0.796,1.000 0.783,1.000 0.906,1.000 0.335,1.000 0.982,1.000 0.789, 1.000
No. of 6864, 2008, 19161,2447, 10993, 19352, 4867, 5861,2993, 49696, 6089, 2302, 5876, 2842,
measured, 1047 2087 2598, 2281 4010 2724 2523,2255 2099 2444
independent and

observed [I >

20(1]

reflections

Rint 0.069 0.035 0.024 0.027 0.027 0.052 0.017 0.020

(sin 0/M)max (A1) 0.592 0.631 0.630 0.630 0.630 0.631 0.666 0.625
Refinement

R[F?>26(F?)] 0.065 0.042 0.059 0.051 0.039 0.038 0.029 0.037
wR(F?) 0.145 0.127 0.164 0.159 0.102 0.113 0.070 0.099

S 1.04 1.05 1.08 1.06 1.07 1.08 1.03 1.06
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Table S3. Antibacterial activities of compounds 1-29

Zone of growth inhibition [mm]

Compound
Micrococus Bacillus Escherichia ~ Pseudomonas
luteus subtilis coli fluorescens

Gramine (1) 0 0 0 0
2 3.3 45 2 4
3 1 1 1 1
4 1 2 0 1.5
5 38 5 2 4
6 35 33 1 2
7 4 2.3 1 2
8 1.8 1 1 1
9 1.3 2 1 3
10 3 4.2 0 4
11 0 0 0 0
12 2 3 0 55
13 7.3 9.4 0 10.5
15 11 3.3 7.7 0
17 1 1 2 1
18 0 0 2.5 0
19 0 1 2 1
20 1 0 2 0
21 3.2 4.5 1 3
22 0 1 3 0
23 1 0 3 0
24 0 0 34 0
25 0 1 1 1
26 0 0 0 0
27 1 0 0 0
29 1.3 2 1 1
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Fig. S28. (a) The interactions between the derivative 2 and the 1N5X protein domain. The
dark-green dashed line indicates potential H-bond formation between one of the domain
residues (namely THR 1010 A-2.23 A) and the hydrogen bonded to one of the nitrogen
atoms of the ligand; (b) The proposed interactions between the 1N5X protein's domain
binding site and derivative 2 suggest the formation of one hydrogen bond (blue dashed line).
Green solid lines signify hydrophobic contacts, and aqua dashed lines indicate pi-pi
interactions.
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Fig. S29. (a) The interactions between the derivative 5 and the IN5X protein domain. A dark-
green dashed line implies potential hydrogen bond formation between domain residue THR
1010 A, and the ligand’s pyrrolic-hydrogen atom (2.23 A length); (b) The proposed
interactions between the 1N5X protein's domain binding site and derivative 5 suggest the
formation of one hydrogen bond (blue dashed line). Green solid lines signify hydrophobic
contacts, and aqua dashed lines indicate pi-pi interactions.
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Figure S30. (a) The interactions between the derivative 15 and the 1IN5X protein domain. A
dark-green dashed line implies potential hydrogen bond formations between domain residues
THR 1010 A (2.83 A length), VAL 1011 A (2.80 A length), and SER 876 A residue and the
ligand (3.35 A length); (b) The interactions proposed by molecular docking between the
IN5X protein's domain binding site and derivative 15. According to the ProteinsPlus
algorithm, one hydrogen bond is expected, with the possibility of three hydrogen bonds
according to the UCSF Chimera software, but this hydrogen bond with THR 1010 A protein
residue has the highest probability of formation. Green solid lines indicate hydrophobic
contacts.

Fig. S31. The native ligand (febuxostat), redocked native ligand, and compounds 2, 5, and 15
in the binding site of the 1N5X protein domain.
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Fig. S32. (a) The spatial interactions between the derivative 2 and the 4COX protein domain.
A dark-green dashed line implies potential hydrogen bond formation between domain residue
MET 522 A (2.68 A length) and the hydrogen bonded to the nitrogen atom of the ligand; (b)
A closer look at the proposed interactions between the 4COX protein's domain binding site
and derivative 2, with green solid lines indicating hydrophobic contacts and aqua dashed lines
indicating cation-pi interaction.
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Fig. S33. (a) The spatial interactions between the derivative 5 and the 4COX protein domain.
A dark-green dashed line suggests a potential hydrogen bond formation between the domain
residue MET 522 A (length 2.60 A) and the ligand; (b) The proposed interactions between the
4COX protein's domain binding site and derivative 5 are indicated by green solid lines
indicating hydrophobic contacts and aqua dashed lines indicating cation-pi interaction. This
model is not indicating hydrogen bond formation between MET 522 A and the ligand.
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Fig. S34. (a) The spatial interactions between the derivative 15 and the 4COX protein
domain. A dark-green dashed line suggests a potential hydrogen bond formation between the
domain residue TYR 355 A and the ligand (3.54 A length). The other can be formed between
the ARG 120 A protein’s residue and the ligand with a length of 2.48 A, indicating a higher
probability of formation. The last one can be formed between the ALA 527 A residue and the
Ligand 3 structure (3.06 A length); (b) The proposed interactions between the 4COX
protein's domain binding site and derivative 15. Green solid lines indicate hydrophobic
contacts, and a blue dashed line indicates a hydrogen bond. It is indicating a lower number of
hydrogen bonds, probably due to the fact that hydrogen bond formation between ARG 120 A
and ALA 527 A residues is more difficult due to the greater angle.

=

Fig. S35. The native ligand (indomethacin), redocked native ligand, and compounds 2, 5, and
15 in the binding site of the 4COX protein domain.
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