Wydzial Chemii
Uniwersytet im. Adama Mickiewicza w Poznaniu

mgr inz. Anna Kawka

Synteza, analiza spektroskopowa
oraz badania biologiczne in silico nowych
koniugatow steroidowych zawierajacych

uklady triazolowe

Synthesis, spectroscopic analysis and in silico
biological studies of new steroid conjugates
containing triazole systems

Rozprawa doktorska w formie cyklu artykulow naukowych

UM

Poznan, 2025 r.






Praca doktorska zostala wykonana w Zaktadzie Produktéw Bioaktywnych
Wydziatu Chemii
Uniwersytetu im. Adama Mickiewicza w Poznaniu

Promotor: prof. UAM dr hab. Tomasz Pospieszny
Promotor pomocnicza: dr inz. Hanna Koenig






Pragne wyrazié¢ glebokqg wdzigecznos¢
Profesorowi UAM dr. hab. Tomaszowi Pospiesznemu,
mojemu Promotorowi, za nieocenione wsparcie, mqdros¢
i inspiracje, ktore byly filarami mojego rozwoju
naukowego. Panska opieka i Zyczliwos¢ uczynity
te wspoiprace czyms znacznie wiecej niz tylko naukowym

doswiadczeniem.






Mojg serdeczne podziekowania kieruje do

Pani dr inz. Hanny Koenig,
ktorej cierpliwos¢, wyrozumiatosé
i nieoceniona pomoc towarzyszyty

mi w trakcie catego procesu tworzenia tej pracy.






Michalinie,

dziekuje za Twoje wsparcie, cierpliwosé¢
i motywacje, ktore sprawily, Ze nigdy
nie przestatem wierzy¢ w siebie i swoje

mozliwosci.






Mojej Rodzinie,
za umozliwienie realizacji wiasnych celow, ktore

pozwolily mi dotrzeé do tego miejsca.






Pamieci mojego ukochanego Dziadka, ktorego
obecnos¢ na zawsze pozostanie
w moim sercu i ktorego mitos¢ inspirowata mnie

na kazdym kroku tej drogi.






MGR INZ. ANNA KAWKA Spis tresci

Spis tresci

ZYCIOTYS NAUKOWY ..ottt sttt ae st se sttt 17
Wykaz artykulow naukowych i monografii w czasopismach naukowych

lub w materialach pokonferencyjnych wraz z danymi bibliograficznymi ...................... 19
Wykaz uczestnictwa w ogolnopolskich i migdzynarodowych konferencjach

NAUKOWYCH ... 21

SPIS FYSUNKOW ..o 23

SPIS SCHEMATOW ......c.ooiiiiiiii s 25

SPIS tADECL ..o 27

WYKAZ SKIOTOW ..ottt b e neennee s 29

L] 1) o TP PP PP PPPPRN 31

CZESC LHEErAtUIOWA ..ot 35

Lo SEEIOIAY 1.ttt 37

| BN 155 o) (T TSRO U PR PPRUTROPROPN 37

L.1.1. CROIESLEIOL ..t 38

1.1.2. Stereochemia choleSterolU ..........ccvviiiiiiiiiiiiiiiic e 39

1.2. KWASY ZOICIOWE ... 40

1.2.1. Charakterystyka i znaczenie biologiczne kwasow zotciowych.................. 40

1.2.2. Stereochemia kwasow ZOICIOWYCh .........cccovviiiiiiiiiii 41

1.2.3. Biosynteza kwasow ZOICIOWYChH ........cccvvviiiiiiiiiiici e 43

1.3. Znaczenie aktywnos$ci biologicznej SteroidOw ..........cocviieiiiiiiiniiniiisicieces 46

2. Chemia ,,ClICK ... e a e e e 48

2.1. Typy reakcji chemil ,,CliCK™ ......coooiiiiii e 49

2.2. Cykloaddycja azydkowo-alkinowa katalizowana jonami miedzi (CuAAC)......... 51

2.2.1. Sposoby wprowadzenia JonOw Cu(l)........ccccvrviiriiiiieniiiiicic e 52

2.2.2. Mechanizm reakcji CUAAC. ...t 53

2.3. 1,2,3-triazolowe koniugaty SteroidOWe...........cevviiiiiiiiiiiieiinic e 54

2.3.1. Wprowadzenie grupy azydkowej do szkieletu steroidowego..................... 54

2.3.1.1. Reakcja Mitsunobu — bez inwersji konfiguracji ........cccooevvriveiniiiennn, 54

2.3.1.2. Reakcja z inwersjg Konfiguracji.........ccovveriiiiicnn i 55

2.3.2. Wprowadzenie grupy alkinowej do szkieletu steroidu.........ccccoeevvviiivennnnen. 58

2.4. Koniugaty steroidowo-triazolowe o aktywnosci biologiCznej........c.ccoervvrireeninnns 60

2.4.1. Koniugaty steroidowe 0 aktywnosci przeciwgrzybicznej

1 PIZECIWDAKLEIYJNE] ... veiveeiiieee e 60




MGR INZ. ANNA KAWKA Spis tresci

2.4.2. Koniugaty steroidowe 0 aktywnos$ci przeciwpasozytniCze] .........c.cceueeunene 63

2.4.3. Koniugaty steroidowe o aktywnos$ci przeCiwnowotworowej ..........cveerveen. 64

2.5. Znaczenie biologiczne syntezy koniugatow steroidowych i chemii ,,click™ ......... 70

CzeSC eKSperymentalna ...............ocoeiiiiiiiiiii i 71

1. Dimery kwasow ZOICIOWYCh 1 SETOLT ...vvvviiiiiiiiiiiiiiic e 75

1.1. Synteza nowych biokoniugatéw steroidowych.........cccoovviiiiiiiiiiiiiciiccee 75

1.2. Analiza SpektroSKOPOWA ........ccviiiiiiiiiii i 79

1.3. Obliczenia semiempiryczne (PMS5).......cccoiiiiiiiiiiiiiciieece e 82

1.4. AktywnoSE DIOIOZICZNA .......veiiiiiiiiiciiic e 84

2. Quasi-podandy kwasOw ZOICIOWYCH ........cooveiiiiiiiiiicec e 87

2.1. Synteza tripodstawionych pochodnych kwasow zotciowych.........cccoceiiiiiiinnn 87

2.2. Analiza SPEeKtrOSKOPOWA ....vviiiiiiiiiiiiiiii it 89

2.3. Obliczenia semiempiryczne (PMS5)......cccooiiiiiiiiiiiiieiccece e 92

2.4, AktywnoSC bI0lOZICZNA........coiuviiiiiiiieie e 93

3. Koniugaty steroidowo-pirymidyNOWE ........c.cccvereeiririeiieiiniesieee e 95

3.1. Synteza koniugatow zawierajacych pierscienie 1,2,3-triazolowe..........ccceeveerunnnne 95

3.2. Analiza SpektroSKOPOWA .......coveiiiiiiiieiiiie e 97

3.3. Obliczenia semiempiryczne (PMS5)......cccoiiiiiiiiiiiiiiieiee s 101

3.4. AKtywnoS$€ DIOlOZICZNA .......c.iiiiiiiiiiiiiici e 103

POodSUMOWANIE. ...........ociiiiiii i 107

Bibliografia ... 109

SEFESZCZENIC. .........ooiiiiiii i 121

ADSEIACE ... e e 123
Artykuly naukowe wchodzace w sklad dysertacji doktorskiej oraz materialy

UZUPEIMIAJACE ... 125

16



MGR INZ. ANNA KAWKA Zyciorys naukowy

Zyciorys naukowy

Urodzitam si¢ 1 sierpnia 1997 roku w Inowroctawiu. W 2016 roku ukonczylam
IIT Liceum Ogolnoksztatcace im. Krolowej Jadwigi w Inowroctawiu.

W pazdzierniku tego samego roku rozpoczetam studia licencjackie na Wydziale Chemii
im. Adama Mickiewicza w Poznaniu na kierunku chemia, specjalno$§¢ chemia sadowa.
W 2018 roku trafitam do Zaktadu Produktéw Bioaktywnych, gdzie realizujac temat pracy
licencjackiej zajmowatam si¢ syntezg czwartorzedowych soli alkiloamoniowych pochodnych
kwasow zotciowych. Kontynuujac badania pod opieka Pana prof. UAM dr. hab. Tomasza
Pospiesznego, w ramach pracy magisterskiej podjetam si¢ syntezy nowych biokoniugatow
steroidowych zawierajacych pierScienie 1,2,3-triazolowe. W 2021 roku uzyskatam dyplom
magisterski za prac¢ Synteza, charakterystyka spektroskopowa oraz badania teoretyczne
nowego koniugatu steroidowego modyfikowanego pierscieniem 1,2,3-triazolowym.

Moje zainteresowania tematyka biokoniugatow steroidowych sprawily, ze badania
te postanowitam rozszerzyé podejmujac nauke w Szkole Doktorskiej Nauk Scistych na
Wydziale Chemii Uniwersytetu im. Adama Mickiewicza w Poznaniu w grupie badawczej
prof. UAM dr. hab. Tomasza Pospiesznego.

Rezultaty swoich prac zaprezentowalam na dwudziestu jeden konferencjach
o zasiggu ogolnopolskim 1 migdzynarodowym (w formie jedenastu komunikatéow ustnych
1 dziesieciu posteroOw). Zostalam laureatka dwoch prestizowych nagrod za najlepsze
wystapienia ustne.

Jestem wspotautorka siedmiu artykutow naukowych (w tym sze$ciu z pierwszym
autorstwem, a w trzech jako autor korespondencyjny), gdzie zostaty opisane szczegoétowo
wyniki przeprowadzonych badan nad koniugatami steroidowymi, jak réwniez publikacji
powstalej przy wspotpracy z Katedrg 1 Zakladem Bromatologii Uniwersytetu im. Karola
Marcinkowskiego w Poznaniu. Prace te ukazaty si¢ w renomowanych czasopismach z listy
filadelfijskiej. Moje osiagnigcia naukowe sg poparte imponujacymi wynikami, poniewaz
sumaryczny Impact Factor wynosi 20,1, natomiast catkowita punktacja ministerialna
to 530 pkt.

Poza dziatalno$cia naukowa aktywnie angazuje¢ si¢ w popularyzacj¢ chemii,
m.in. poprzez prowadzenie warsztatow edukacyjnych dla ucznidéw oraz udzial w corocznym
Poznanskim Festiwalu Nauki i1 Sztuki. Ponadto, jestem roéwniez czlonkinia Polskiego
Towarzystwa Chemicznego.
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Wykaz artykulow naukowych i monografii w czasopismach naukowych
lub w materialach pokonferencyjnych wraz z danymi bibliograficznymi

LP OPIS BIBLIOGRAFICZNY PKT IF

P1 Anna Kawka*, Hanna Koenig, Tomasz Pospieszny, Triazole-Based 20 —
Modification of Bile Acids: Promising Strategies for Combating
Infections and Cancer — A Review, Rozdzial [w] Na pograniczu chemii,
biologii i fizyki - rozwoj nauk. Tom 6. Wydawnictwo Naukowe UMK,

Torun, Polska, 2025.

Koncepcja pracy, przygotowanie oryginalnego manuskryptu, metodologia, analiza danych,
analiza formalna, udziat w dyskusji z recenzentami, edycja tekstu, wizualizacja, nadzor
administracyjny.

P2 Anna Kawka*, Hanna Koenig, Tomasz Pospieszny*, Steroid and 100 4.5
Bioactive Molecule Conjugates: Improving Therapeutic Approaches in
Disease Management, Bioorganic Chemistry, 2024, 153, 107933, DOI:
10.1016/j.bioorg.2024.107933

Koncepcja pracy, przygotowanie oryginalnego manuskryptu, metodologia, gromadzenie
danych, analiza formalna, analiza danych, wizualizacja, udziat w dyskusji z recenzentami,
edycja tekstu, nadzor administracyjny.

P3 Anna Kawka*, Damian Nowak, Hanna Koenig, Tomasz Pospieszny, 70 3.7
Exploring Triazole-Connected Steroid-Pyrimidine Hybrids: Synthesis,
Spectroscopic Characterization, and Biological Assessment, ACS
Omega, 2024, 9, 37995-38014, DOI: 10.1021/acsomega.4c04800

Koncepcja pracy, synteza zwigzkow, metodologia, analiza formalna, przygotowanie
oryginalnego manuskryptu, udziat w dyskusji z recenzentami, edycja tekstu, wizualizacja.

P4 Anna Kawka, Hanna Koenig, Tomasz Pospieszny*, From Squalamine 20 —
to Triazole Ring Derivatives Exploring the Versatility of Steroidal
Bioconjugates, Rozdzial [w] Studies in Natural Products Chemistry
Edited by Atta-ur Rahman, Elsevier, Amsterdam, Netherlands 2024, 82,

247-283, ISBN: 978-0-443-15756-1

Koncepcja pracy, przygotowanie oryginalnego manuskryptu, metodologia, gromadzenie
danych, analiza danych, wizualizacja, udziat w dyskusji z recenzentami, edycja tekstu.

PS5 Michalina Banaszak*, Malgorzata Dobrzynska, Anna Kawka, Ilona 40 2.9
Gorna, Dagmara WozZniak, Juliusz Przystawski, Stawomira Drzymata-
Czyz, Role of Omega-3 Fatty Acids EPA and DHA as Modulatory and
Anti-Inflammatory Agents in Noncommunicable Diet-Related Disorders
— Reports From the Last 10 Years, Clinical Nutrition ESPEN, 2024, 63,
240-258, DOI: 10.1016/j.clnesp.2024.06.053
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Koncepcja pracy, napisanie manuskryptu, edycja tekstu.

P6 Anna Kawka, Hanna Koenig, Damian Nowak, Tomasz Pospieszny* 140 3.3
Quasi-Podands with 1,2,3-Triazole Rings from Bile Acid Derivatives:
Synthesis, and Spectroscopic and Theoretical Studies, Journal of
Organic ~ Chemistry, 2024, 89 (11), 7561-7572, DOI:
10.1021/acs.joc.4c00195

3.6%*

Koncepcja pracy, synteza zwigzkow, metodologia, analiza formalna, przygotowanie
oryginalnego manuskryptu, wizualizacja.

P7 Grzegorz Hajdas, Anna Kawka, Hanna Koenig, Damian Kutaga, 70 2.1
Katarzyna Sosnowska, Lucyna Mrowczynska, Tomasz Pospieszny*,
Click chemistry as a method for the synthesis of steroid bioconjugates
of bile acids derivatives and sterols, Steroids, 2023, 199, 109282, DOI:
10.1016/j.steroids.2023.109282

2.9%*

Synteza zwigzkow, koncepcja pracy, metodologia, analiza formalna, analiza danych, edycja
tekstu, wizualizacja.

P8 Anna Kawka, Grzegorz Hajdas, Damian Kutaga, Hanna Koenig, Iwona 70 4.0
Kowalczyk, Tomasz Pospieszny* Molecular Structure, Spectral and
Theoretical Study of New Type Bile Acid—Sterol Conjugates Linked via
1,2,3-Triazole Ring, Journal of Molecular Structure, 2023, 273, 134313,
DOI: 10.1016/j.molstruc.2022.134313

3.8%*

Koncepcja pracy, synteza zwigzkow, metodologia, analiza formalna, analiza danych,
przygotowanie oryginalnego manuskryptu, udziat w dyskusji z recenzentami, edycja tekstu,
wizualizacja.

*autor korespondencyjny; **Impact Factor w dniu opublikowania artykutu

Publikacje wchodzace w sklad rozprawy doktorskiej: P1, P2, P3, P4, P6, P8

Autor korespondencyjny w trzech publikacjach: P1, P2 i P3.
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Wykaz uczestnictwa w ogolnopolskich i miegdzynarodowych konferencjach naukowych

10.

11.

Komunikaty ustne

Anna Kawka, Hanna Koenig, Tomasz Pospieszny, Synthesis of new steroid-pyrimidine
conjugates connected with 1,2,3-triazole ring, XVII Kopernikanskie Seminarium
Doktoranckie, Torun, 6—7 czerwca 2024.

Anna Kawka, Hanna Koenig, Tomasz Pospieszny, Synthesis of new steroid-uracil

conjugates using the ,,click” chemistry method, Natural Science Baltic Conference,
online, 20-21 kwietnia 2024.

Anna Kawka, Hanna Koenig, Tomasz Pospieszny, Synteza nowych koniugatow
steroidowo-pirymidynowych — z  zastosowaniem  metody  chemii  , click”,
IV Ogoélnopolska Konferencja Doktorantéw Nauk Scistych i Przyrodniczych ,,Bio Idea
4.0”, Lublin, 3 lutego 2024.

Anna Kawka, Hanna Koenig, Tomasz Pospieszny, Zastosowanie chemii ,,click” do
syntezy koniugatow kwasow Zolciowych zawierajgcych — pierscienie 1,2,3-
triazolowe, Sympozjum Mlodych Naukowcéw Wydziatu Fizyki, Warszawa,
18-20 wrzesnia 2023.

Anna Kawka, Hanna Koenig, Tomasz Pospieszny, Zastosowanie chemii ,,click” do
syntezy nowych koniugatow steroidowych pochodnych kwasow Zotciowych
o potencjalnej aktywnosci biologicznej, 111 Miedzynarodowa Multidyscyplinarna
Konferencja Doktorantéw US 2.0 ,MKDUS 2.0”, Szczecin, 21-23 czerwca 2023.

Anna Kawka, Hanna Koenig, Tomasz Pospieszny, Synteza nowych guasi-podandow
pochodnych kwasow Zotciowych metodq chemii ,, click”, 1 Ogblnopolska Konferencja
PUTChemikon, Poznan, 6 maja 2023.*

Anna Kawka, Hanna Koenig, Tomasz Pospieszny, Synteza nowych quasi-podandow
pochodnych kwasow Zolciowych z wykorzystaniem chemii , click”, V Pomorskie
Sympozjum Studentéw Chemii, online, 25-26 marca 2023.

Anna Kawka., Hanna Koenig, Tomasz Pospieszny, Synteza oraz badania biologiczne
nowych koniugatow kwasow zolciowych zawierajgcych pierscienie 1,2,3- triazolowe,
A% Ogoblnopolskie Sympozjum Chemii Bioorganicznej, Organiczne]j
1 Biomateriatow ,.BioOrg”, Poznan, 3 grudnia 2022.*

Anna Kawka, Hanna Koenig, Tomasz Pospieszny, Synteza nowych koniugatow
kwasow zotciowych zawierajqcych pierscienie 1,2,3-triazolowe, Sympozjum Mtodych
Naukowcow Wydziatu Fizyki, Warszawa, 20-22 wrze$nia 2022.

Anna Kawka, Hanna Koenig, Tomasz Pospieszny, Synteza i analiza spektroskopowa
nowych koniugatow kwasow zotciowych i cholesterolu  zawierajgcych  pierscien
1,2,3-triazolowy, IX Sympozjum Doktorantow Chemii, £6dz, 19-20 maja 2022.

Anna Kawka, Hanna Koenig, Tomasz Pospieszny, Zastosowanie chemii ,,click”
w  syntezie dimerow steroidowych zawierajgcych pierscien 1,2,3-triazolowy,
IV Pomorskie Sympozjum Studentow Chemii, online, 23—24 kwietnia 2022.
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10.

Sesja posterowa

Marta Marzec, Izabela Nowak, Anna Kawka, Tomasz Pospieszny, Optymalizacja
syntezy nanoczgstek lipidowych z wykorzystaniem soli zZotciowych, XLVIII
Miedzynarodowe Seminarium Naukowo-Techniczne ,,Chemistry for Agriculture and
Human Health”, Karpacz, 24-27 listopada 2024.

Anna Kawka, Hanna Koenig, Tomasz Pospieszny, Steroid-pyrimidine hybrids as
potential agents with high biological activity, XXV International Symposium
»Advances in the Chemistry of Heteroorganic Compounds”, £.o0dz, 21-22 listopada
2024.

Anna Kawka, Grzegorz Hajdas, Hanna Koenig, Tomasz Pospieszny, Biokoniugaty
steroidowo-triazolowe jako potencjalne srodki farmakoterapeutyczne o duzej
aktywnosci biologicznej, 66. Zjazd Naukowy Polskiego Towarzystwa Chemicznego,
Poznan, 15-20 wrzesnia 2024.

Anna Kawka, Hanna Koenig, Tomasz Pospieszny, New steroid-thiouracil conjugates
containing 1,2,3-triazole rings with potential biological activity, 11™ Workshop of the
Selenium and Sulfur Redox and Catalysis Network (WSeS-11), Torun, 25-26 lipca
2024.

Anna Kawka, Hanna Koenig, Tomasz Pospieszny, Biokoniugaty steroidowo-uracylowe
zawierajqce pierscienie 1,2,3-triazolowe, X1 Ogodlnopolska Konferencja Naukowa
LINNOWACIJE W PRAKTYCE”, Lublin, 67 czerwca 2024.

Anna Kawka, Hanna Koenig, Tomasz Pospieszny, Synteza koniugatow steroidowo-
uracylowych polgczonych pierscieniami 1,2,3-triazolowymi o potencjalnej aktywnosci
biologicznej, Ogolnopolska Konferencja Naukowa ,,Zrownowazony rozwoj w obszarze
kosmetykow 1 detergentow”, Kedzierzyn-Kozle, 12 kwietnia 2024.

Anna Kawka, Grzegorz Hajdas, Hanna Koenig, Tomasz Pospieszny, Zastosowanie
chemii ,, click” w syntezie biokoniugatow steroidowych pochodnych kwasow zZotciowych
i steroli, 47. Migdzynarodowe Seminarium Naukowo-Techniczne ,,Chemistry for
Agriculture”, Karpacz, 2629 listopada 2023.

Anna Kawka, Hanna Koenig, Tomasz Pospieszny, Synthesis and theoretical studies of
new steroid bioconjugates containing 1,2,3-triazole rings, XXIV International
Symposium ,,Advances in the Chemistry of Heteroorganic Compounds”, £o6dz,
24 listopada 2023.

Anna Kawka, Grzegorz Hajdas, Hanna Koenig, Tomasz Pospieszny, Synteza oraz
badania biologiczne nowych dimerow steroidowych polgczonych pierscieniem 1,2,3-
triazolowym, 65. Zjazd Naukowy Polskiego Towarzystwa Chemicznego, Torun,
18-22 wrze$nia 2023.

Anna Kawka, Hanna Koenig, Tomasz Pospieszny, Zastosowanie chemii ,,click” do
syntezy koniugatow kwasow Zolciowych zawierajgcych — pierscienie 1,2,3-
triazolowe, 65. Zjazd Naukowy Polskiego Towarzystwa Chemicznego, Torun,
18-22 wrze$nia 2023.

*Otrzymanie | nagrody za zaprezentowanie najlepszego komunikatu ustnego.
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Spis rysunkéow
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Opis

Wybrane pochodne steroidow.

Struktury pochodnych ergosterolu i cholesterolu.

Budowa btony biatkowo-lipidowe;.

Budowa cholestanolu.

Epimery cholesterolu.

Szkielet steroidowy kwasow zotciowych.

Konformacje przestrzenne dekaliny.

Rodzaje utozen pierscieni A, B, C i D w czasteczkach steroidow.
Micelizacja na przyktadzie kwasu cholowego.

Skwalamina i jej pochodne (a) oraz model molekularny (b).

Mozliwe drogi koniugacji zwigzkéw steroidowych z innymi molekutami.
Flukonazol (22) i jego alkinowa (23) pochodna.

Koniugaty kwaséw zotciowych 1 flukonazolu.

Koniugat kwas z6tciowy-B-laktam.

Koniugaty o wiasciwos$ciach antybakteryjnych i antygrzybicznych.
Koniugaty steroidowo-tiopurynowe o aktywnos$ci przeciwpasozytniczej.

Biooniugaty kwas zotciowy-nukleozyd zawierajace pierscienie
1,2,3- triazolowe.

Pochodne kwasu litocholowego (49—51) jako inhibitory sialilotransferazy.
Biokoniugaty steroidowe powodujace apoptozg komorek raka.
Hybrydy kwaséw zotciowych 1 deoksyadenozyny.

Potencjat farmakoterapeutyczny opisanych w literaturze koniugatow
steroidowych.

Fragmenty widm "H NMR zwiazkéw (71-73) w zakresie diagnostycznych
przesuni¢¢ chemicznych.

Fragment widma >C NMR pochodnej kwasu litocholowego
1 cholesterolu (71).

Eksperymentalne przesunigcia chemiczne (dexp, CDCl3) w zwigzku (73)
w funkcji izotropowych statych ekranowania magnetycznego (Gcaic)
z obliczen GIAO/B3LYP/6-311G(d,p); (a) protony i (b) atomy wegla-13.

Model molekularny pochodnej kwasu cholowego i cholestanolu (76).

Interakcje ligandow 1 sposob wigzania dla zwigzkow (73) 1 (76) w 2Q85.
A, C — oznacza ligand (73) (zielony); B, D — oznacza ligand (76) (z6lty).
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27

28

29

30

31

32

33

34

35
36

37

38

39

40

Interakcje ligandow i sposob wigzania dla zwigzkow (73) 1 (76)
w 1EZF. A, C — oznacza ligand (73) (zielony); B, D — oznacza ligand (76)
(zotty).

Quasi-podandy kwasow zotciowych zawierajgce uktady
1,2,3-triazolowe.

Poréwnanie sygnatow zaobserwowanych na widmach 'H NMR
di-(82) i tripodstawionej (83) pochodnej kwasu litocholowego.

Poréwnanie otrzymanych widm FT-IR zwiazku (82) (z grupa N3, niebieski)
oraz pozostatych zwigzkow (83—85) (czerwony).

Model molekularny koniugatu kwasu deoksycholowego
z pierscieniami 1,2,3-triazolowymi (84).

Tworzenie wigzan wodorowych przez ligand (85) z miejscem aktywnymi
domeny biatka IHWS.

Mozliwe wigzania wodorowe ligandu (82) pomi¢dzy miejscami wigzania
domeny biatka IHW8. Energia wigzania wynosi —8,7 kcal/mol ($rednia energia
wigzania wynosi —8,4 kcal/mol).

Koniugaty steroidowo-pirymidynowe polgczone pier§cieniami
1,2,3-triazolowymi (93-103).

Fragmenty widm 'H NMR alkinowych pochodnych 2-tiouracylu (89-90).

Diagnostyczne sygnaty widma '"H NMR zidentyfikowane dla triazolowych
zwigzkow kwasu cholowy-uracyl (95) i kwas deoksycholowy-tiouracyl (99).

Modele molekularne koniugatu cholesterolu z uracylem (96) 1 kwasu cholowego
z 2-tiouracylem (102).

Wigzania wodorowe utworzone pomi¢dzy koniugatem (97)
a miejscem aktywnym syntazy skwalenu (1EZF) okres$lajace potencjalng
aktywno$¢ przeciwgrzybiczna.

Wiazania wodorowe utworzone mi¢dzy ligandem pochodnej cholesterolu (96)
a domeng biatkowg bakterii (1KZN) okreslajacy potencjalng aktywnos¢
przeciwbakteryjna.

Potencjalne wigzania wodorowe migdzy ligandem (98) a miejscem aktywnym
biatka zwigzanego z proliferacja komorek nowotworowych (2H94).
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Spis schematow

Nr
1
2

10
11
12
13
14
15
16

17
18
19
20
21
22
23
24

25
26
27
28

29

Opis
Szlak syntezy pierwszorzedowych kwasoéw zoétciowych (CDCA 1 CA).

Transformacje struktury steroidu podczas biosyntezy na przyktadzie kwasu
cholowego.

Wybrane reakcji chemii ,,click”: cykloaddycja azydkowo-alkinowa (a) i reakcja
Dielsa-Aldera (b).

Addycja nukleofilowa Michaela (a), synteza azyrydyn (b), epoksydacja (c)

oraz dihydroksylacja (d).

Reakcje zwigzane z otwarciem pier§cienia azyrydyn (a) lub epoksydu (b).

Cykloaddycja 1,3-dipolarna (a) oraz cykloaddycja Dielsa-Aldera (b).

Reakcje typu ,,non-aldol”: synteza oksymoéw (a), hydrazondéw (b)
oraz uktadow aromatycznych (c).
Regioselektywnos$¢ reakeji Huisgena zalezna od jej warunkow.

Wybrana reakcja typu katalizy heterogeniczne;j.

Mechanizm reakcji CuAAC.

Mechanizm reakcji Mitsunobu.

Synteza przebiegajaca z inwersja konfiguracji.
Halogenoacetoksy podstawienie kwasu cholowego.
Wprowadzenie grupy azydkowej w tancuch boczny steroidu.
Modyftikacja grupy karboksylowej z wykorzystaniem glikolu.

Przeksztalcenie kwasu litocholowego w azydek w syntezie inhibitorow
a-2,3-sialulotransferazy.
Wprowadzenie grupy alkinowej w pozycje C-3 steroidu.

Przeksztalcenie grupy karboksylowej tancucha bocznego w terminalny alkin.
Synteza amidu steroidowego w obecnosci tritetyloaminy.

Synteza 1,2,3-triazolowej pochodnej witaminy D.

Otrzymywanie koniugatow kwasow zolciowych 1 mentolu (28-30).

Synteza koniugatow aminocholiny 1 kwasu cholowego.

Synteza steroidowo-urydynowych pochodnych triazolowych.

Synteza dendrymerow (tzw. ,.kieszeni molekularnych”) o wiasciwosciach
antynowotworowych.
Synteza bromoacetoksy pochodnych kwasow zotciowych (63—65).

Synteza azydoacetoksy pochodnych kwasow zotciowych (66—68).
Synteza alkinowych pochodnych steroli (69—70).

Synteza koniugatow kwasow zolciowych i steroli potaczonych pierscieniem
1,2,3-triazolowym (71-76).

Wprowadzenie grupy alkinowej w pozycje C-3 szkieletu steroidowego kwasow
z6tciowych
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30 Synteza 1,3,5-tris(azydometyleno)benzenu (81).

31 Synteza dipropargilowych pochodnych uracylu (88) i nowoopracowanych
dipropargilowych pochodnych 2-tiouracylu (89-90).
32  Synteza 3B-azydooctanowych pochodnych steroli (91-92).

33 Mozliwe fragmentacje zwigzkow (89) i (90) podczas analizy EI-MS.
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Spis tabel

Nr Opis

1 Ciepto tworzenia (HOF) [kcal/mol] kwasow zotciowych, steroli 1 koniugatow
steroidowych.

2 Przewidywana aktywno$¢ biologiczna wybranych koniugatow.

3 Ciepto tworzenia (HOF) [kcal/mol] otrzymanych pochodnych kwasow zotciowych.

4 Ciepta tworzenia uzyskane dla pochodnych pirymidyn (88-90) i dla koniugatow
steroidowych (93-103).

5 Otrzymane warto$ci energii powinowactwa [kcal/mol] koniugatow
do okreslonych domen biatkowych.

6 Przewidywana aktywno$¢ biologiczna wybranych koniugatow steroidowo-
pirymidynowych.

7 Wykaz numeracji zwigzkow w artykutach naukowych (Nra) w poréwnaniu

z obowigzujagcymi w pracy (Nrp).
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Wykaz skrotow

Wykaz skrotow

'H NMR
3C NMR
AIDS

AKR1C4
AKRI1D1

AMACR
BA
BAAT
BACS
BCOX

BDP
BSH
CA
CDCA
CH25H
CH27H
CoA
CTX

CuAAC
CYP7A1
CYP7B1
CYP8B1
CYP27A1
CYP46A1
DBU
DCA
DMF
DPPA
EDC*HCL
ESI-MS
EI-MS

FT-IR

protonowy magnetyczny rezonans jadrowy (ang. Proton Nuclear
Magnetic Resonance)

weglowy magnetyczny rezonans jadrowy (ang. Carbon-13 Nuclear
Magnetic Resonance)

zespot nabytego niedoboru odpornosci (ang. Acquired
Immunodeficiency Syndrome)

dehydrogenaza 3a-hydroksysteroidowa (ang. 3a-hydroxysteroid
dehydrogenase type 1)

5B-reduktaza A4-3-oksosteroidowa (ang. A44-3-oxosteroid
Sp-reductase)

racemaza a-metyloacylo-CoA (ang. a-methylacyl-CoA racemase)
kwasy zotciowe (ang. Bile Acids)

kwas z6lciowy-CoA:aminokwas N-acylotransferaza

syntetaza kwasu z6lciowego CoA (ang. Bile Acyl-CoA Synthetase)
oksydaza rozgatezionych acylo-CoA (ang. Branched-Chain acyl-CoA
Oxidase)

biatko D-bifunkcyjne (ang. D-bifunctional Protein)

hydrolaza soli zétciowych (ang. Bile Salt Hydrolase)

kwas cholowy (ang. Cholic Acid)

kwas chenodeoksycholowy (ang. Chenodeoxycholic Acid)
25-hydroksylaza cholesterolowa (ang. Cholesterol 25-hydroxylase)
27-hydroksylaza cholesterolowa (ang. Cholesterol 27-hydroxylase)
koenzym A (ang. Coenzyme A)

ksantomatoza mozgowo-sciggnista (ang. Cerebrotendinous
Xanthomatosis)

cykloaddycja azydkowo-alkinowa katalizowana miedzig

(ang. Cu(l)-Catalyzed Azide-Alkine Cycloaddition)
7a-hydroksylaza cholesterolowa (ang. Cholesterol 7
alpha-hydroxylase)

7a-hydroksylaza oksysterolowa (ang. 25-hydroxycholesterol
7-alpha-hydroxylase)

120-hydroksylaza sterolowa (ang. Sterol 12-alpha-hydroxylase)
27-hydroksylaza sterolowa (ang. Sterol 27-hydroxylase)
24-hydroksylaza cholesterolowa (ang. Cholesterol 24-hydroxylase)
1,8-diazabicyklo[5.4.0] undek-7-en

(ang. 1,8-Diazabicyclo[5.4.0]undec-7-ene)
kwas deoksycholowy (ang. Deoxycholic Acid)

dimetyloformamid (ang. Dimethylformamide)

azydek difenylofosforanu (ang. Diphenylphosphoryl Azide)
chlorowodorek 1-etylo-3-(3-dimetyloaminopropylo)karbodiimid
(ang. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide Hydrochloride)
spektrometria masowa z jonizacja elektrosprayowa (ang. Electrospray
lonisation Mass Spectrometry)

spektrometria masowa z jonizacja elektronowg (ang. Electron
lonisation Mass Spectrometry)

spektroskopia w podczerwieni z transformacja Fouriera (ang. Fourier
Transform Infrared Spectroscopy)
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GIAO

GIAO/B3LYP/6-
311G

HCT116
HIV

HOF
HMG-CoA

HSD3B7
ICso

IMR-32
K562
LAH
LCA
LSD1

MCEF-7
MIC

p-TsOH
PASS

PA
Pl

PC-3
PDB ID

PMS5S
SCPx
tert-BuOH
THF
VLCS

metody orbitali atomowych niezaleznych od miernika

(ang. Gauge-Independent Atomic Orbital)

ang. Gauge-Independent Atomic Orbital/ Becke, 3-parameter, Lee-
Yang-Parr/ Triple-split valence basis set with six core orbitals and
three valence orbitals split into one, one, and one Gaussian functions
linia komorek raka jelita grubego (ang. Human Colon Carcinoma 116)
ludzki wirus niedoboru odpornosci (ang. Human Immunodeficiency
Viruses)

cieplo tworzenia (ang. Heat of Formation)

reduktaza 3-hydroksy-3-metyloglutarylokoenzymu A

(ang. 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase)
oksyreduktaza 3B-hydroksy-A5-C27 steroidowa (ang. Hydroxy-delta-
S-steroid dehydrogenase, 3 beta- and steroid delta-isomerase 7)
polowa maksymalnego stezenia hamujacego (ang. Half maximal
Inhibitory Concentration)

linia komorek neuroblastoma ludzkiego (nazwa wiasna)

linia komorek biataczki szpikowej (nazwa wlasna)

wodorek litowo-glinowy (ang. Lithium Aluminium Hydride)

kwas litocholowy (ang. Lithocholic Acid)

demetylaza-1 specyficzna dla lizyny (ang. Lysine-Specific histone
Demehylase 14)

linia komorek raka piersi (ang. Michigan Cancer Foundation-7)
minimalne st¢zenie hamujace (ang. Minimal Inhibitory
Concentration)

kwas p-toluenosulfonowy

przewidywane spektrum aktywnos$ci substancji (ang. Prediction

of Activity Spectra for Substances)

prawdopodobienstwo wystapienia danej aktywnosci biologiczne;j
(ang. Probability ,,to be Active™)

prawdopodobienstwo braku wystapienia danej aktywnosci
biologicznej (ang. Probability ,, to be Inactive™)

linia komorek ludzkiego raka prostaty

identyfikator z banku danych o biatkach (ang. Protein Data Bank
Identifier)

metoda parametryczna 5 (ang. Parametric Method 5)

biatko transportujace sterolu x (ang. Sterol Carrier Protein x)
alkohol fert-butylowy

tetrahydrofuran

syntetaza dlugotancuchowych acylo-CoA (ang. Very-long-chain
acyl-CoA synthetases)
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Wstep

Natura stanowi  nieustajagce  zrodlo  aktywnych  biologicznie  zwigzkow
heterocyklicznych o zr6znicowanych  wiasciwosciach  fizycznych, chemicznych
i biologicznych. Dostepne $rodki terapeutyczne czgsto wykazuja niestabilnosé, stabg
rozpuszczalnos¢ lub opornos¢ gospodarza, co powoduje ich nieskuteczno$¢. Sprzgganie dwoch
biologicznie aktywnych czasteczek niesie wiele korzysci wynikajacych z braku toksycznosci
systemowej, zredukowaniu skutkéw ubocznych oraz, co najwazniejsze, zwalczeniu
lekoopornosci komoérek docelowych. Biokoniugat to potaczenie dwdch lub wiecej jednostek
strukturalnych o odmiennych  wlasciwosciach ~ biologicznych, co  sprawia,
ze utworzona czasteczka zyskuje spotggowang aktywnos$c.

Steroidy obejmuja obszerna grupe zwigzkow pochodzenia naturalnego wystepujacych
we wszystkich komodrkach eukariotycznych, wykazujacych znaczaca aktywno$¢ biologiczna.
Istotnie interesujace sg kwasy zotciowe oraz B-sterole. Zwigzki te posiadajg charakterystyczny
dla steroidow sztywny czteropierscieniowy rdzen cyklopentanoperhydrofenantrenowy
o roznym stopniu nienasycenia, wlasciwosci amfipatyczne oraz podatng na modyfikacje¢ grupe
hydroksylowa w pozycji C-3. Wazne sa rowniez glikozydy nasercowe (np. scylaren A,
digitoksyna) oraz hormony ro$linne (np. brassinolid) i zwierzece (np. estron, testosteron).

Kwasy zotciowe (np. litocholowy, deoksycholowy, cholowy) stanowig gléwny sktadnik
z6kci, wspomagajac emulgowanie thuszczy, natomiast jako surfaktanty obnizaja napigcie
powierzchniowe. Charakteryzuja si¢ ponadto tancuchem bocznym zakonczonym grupa
karboksylowa obecnym w pozycji C-17 szkieletu steroidowego oraz grupami hydroksylowymi
(30-OH; 30-OH, 120-OH; 30-OH, 7a-OH, 120-OH) o r6znej reaktywnosci.

Wisrdd B-steroli zainteresowanie wzbudza cholesterol bedacy sktadnikiem zwierzgcych
bton komdrkowych, zapewniajac im sztywnos$¢. Jest prekursorem w biosyntezie witaminy D3,
hormonoéw ptciowych oraz kwasow zotciowych.

Fundamentalne znaczenie ma naturalny biokoniugat steroidowy — skwalamina,
wyizolowana z komodrek kolenia pospolitego (Squalus acanthias), wykazujaca sig
wlasciwo$ciami przeciwko flawiwirusom, HAV, HBV i HCV. Zwiazek ten zastosowano jako
antybiotyk dziatajacy na szereg szczepow bakterii, jak réwniez w terapii onkologiczne;,
w leczeniu zwyrodnienia plamki zottej oka 1 retinopatii cukrzycowej. Z kolei syntetyczny
glikosteroid — deksametazon, cechuje aktywno$¢ przeciwzapalna, przeciwalergiczna
1 immunosupresyjna. Jest niezwykle cenny w leczeniu obrzgku i nowotworu mozgu, a takze
rekonwalescencji po urazach glowy 1 zabiegach neurochirurgicznych. Co ciekawe, zostat
zastosowany w tagodzeniu powiktan drog oddechowych spowodowanych COVID-19.

Ze wzgledu na  ogromng  réznorodno$¢  wilasciwosci  biologicznych
1 fizykochemicznych, steroidy staty si¢ doskonalymi zwigzkami w syntezie organiczne;.
Transformacje grup funkcyjnych poprzez reakcje estryfikacji prowadza do wytwarzania
nowych pochodnych. Dodatkowe grupy moga wplywa¢é na zmiang lipofilowosci,
rozpuszczalnosci oraz selektywnosci receptora. Z perspektywy poszukiwania nowych lekow
steroidowych najistotniejsze jest to, ze jako zwigzki lipofilowe moga skutecznie pokonywac
btony komorkowe.

Niezwykle kluczowym aspektem w opracowywaniu $ciezek syntezy dimerycznych
1 wielkoczasteczkowych biokoniugatow steroidowych jest zastosowanie chemii ,,click”.
Wykorzystanie tej efektywnej, prostej 1 wysokowydajnej reakcji prowadzi do utworzenia
linkeréow 1,2,3-triazolowych. Unikalna struktura ukladéw triazolowych pozwala im tatwo
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faczy¢ si¢ z enzymami oraz receptorami w uktadach biologicznych poprzez wigzania
wodorowe, oddziatywania dipol-dipol lub sity van der Waalsa. Wykazuja odpornos¢ na
hydrolize oraz degradacje metaboliczng. Sprzg¢zenie steroidow z  pier§cieniami
1,2,3-triazolowymi  ma  szczegOlne  znaczenie z  perspektywy  aktywnosci
farmakoterapeutycznej nowo powstalej czasteczki biokoniugatu.

Z danych literaturowych wynika, ze drobne przeksztalcenie struktury steroidowej silnie
oddziatuje na uktad biologiczny. Ich specyficzny uktad przestrzenny petni kluczowa funkcje
dla interakcji z receptorami biatkowymi. Unikatowe cechy strukturalne i biologiczne steroidow
przyczynily si¢ do wykorzystania ich jako potencjalnego materiatu w projektowaniu lekow
0 dzialaniu przeciwnowotworowym, przeciwdrobnoustrojowym, przeciwzapalnym,
jak rowniez o aktywnos$ci neuroprotekcyjne;.

Na podstawie pozytywnych wynikow dotychczasowych badan wykazano, ze zwigzki
steroidowe spelniajg kluczowe kryteria w kontekScie projektowania nowych $rodkow
terapeutycznych, a takze moga petic¢ funkcje efektywnych no$nikéw lekow. Uwzgledniajac
analize literatury przedmiotu oraz wczesniejsze osiggnigcia badawcze zespotu prof.
Pospiesznego, celem mojej pracy bylo opracowanie szlaku syntezy nowych biokoniugatow
steroidowych o potencjalnej aktywnosci biologiczne;.

Bazujac na obiecujagcych danych literaturowych zsyntetyzowano 30 nowych
pochodnych kwaséw zétciowych i steroli. Wykorzystujac reakcje chemii ,,click” wbudowano
w strukture kazdej czasteczki tacznik w postaci pierScienia 1,2,3-triazolowego.
Zsyntetyzowane zwiazki mozna podzieli¢ na trzy grupy: dimery kwaséw zotciowych i steroli,
quasi-podandy oraz biokoniugaty steroidowo-pirymidynowe. Pelna analiza spektroskopowa
1 spektrometryczna pozwolita na potwierdzenie wszystkich otrzymanych struktur.
Przeprowadzone obliczenia semiempiryczne wyznaczyly ich energi¢ tworzenia i modele
molekularne. Na podstawie badan in silico z wykorzystaniem programu PASS oraz wykonanie
dokowania molekularnego okreslono wstgpng teoretyczng aktywnos¢ biologiczng koniugatow
steroidowych. Sprecyzowanie powinowactwa utworzonych czasteczek do miejsc aktywnych
zdefiniowanych ~ domen  biatkowych  uwarunkowato ich  obiecujacy  potencjat
przeciwhipercholesterolemiczny, przeciwbakteryjny, przeciwgrzybiczny
oraz przeciwnowotworowy.

Rezultaty przeprowadzonych w ramach pracy doktorskiej badan zostaly szczegdtowo
opisane 1 opublikowane, podobnie jak wyczerpujace artykulty przegladowe, w renomowanych
czasopismach z listy filadelfijskie;.
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1. Steroidy

Zwiazki pochodzenia naturalnego o zréznicowanych wtasciwosciach biologicznych
zajmujg wyjatkowe miejsce w chemii organicznej [1,2]. Szczeg6élnie wazne sg steroidy, ktore
zapewniajg prawidtowe funkcjonowanie wszystkich komorek organizmow zywych. Biorg
udziat w przemianach metabolicznych oraz w transporcie wewnatrzkoméorkowym [3]. Kwasy
zotciowe (np. litocholowy, deoksycholowy, cholowy) dzialaja jako emulgatory, pomagajac
w trawieniu 1 wchianianiu lipidow oraz kontrolujg metabolizm glukozy [4]. Sterole
(np. cholesterol, ergosterol, stigmasterol) sg komponentami struktury bton komorkowych
prokariotéw i eukariotow (Rys. 1). Cholesterol (1) uczestniczy takze w biosyntezie hormonow
steroidowych [5]. Te z kolei (np. estrogeny, androgeny) odpowiadaja za ekspresj¢ genow,
normalng synteze¢ bialek oraz podstawowe dziatanie regulacyjne i modyfikacyjne tkanek
docelowych [6]. Hormony ro$linne, takie jak brassinosteroidy (np. brassinolid) kontroluja
przebieg procesu fotosyntezy, prawidlowy wzrost roslin oraz dzialanie innych fitohormonow
[7]. Kortykosteroidy odgrywaja kluczowa role w metabolizmie weglowodanéw i regulacji
stanu zapalnego [6].

’,
7

HO
1 Cholesterol 2 Stigmasterol 3 Deksametazon
o OH
OH ¢}

HO . OH N

o] HO HO
4 Prednizolon 5 17a-Estradiol 6 Estron

Rysunek 1. Wybrane pochodne steroidow.
1.1. Sterole

Alkohole steroidowe jako kluczowe zwigzki lipidowe odgrywaja istotng role
w funkcjonowaniu organizméw zywych. Sterole s3g integralnymi sktadnikami blon
komoérkowych, wptywajac na ich strukture, ptynnos¢ 1 funkcje biologiczne. Biorg udziat jako
glowny substrat w biosyntezie waznych zwigzkow bioaktywnych, takich jak hormony
steroidowe, witaminy z grupy D lub kwasy zotciowe. Komorki roslinne zwykle zawierajg
fitosterole, takie jak stigmasterol, B-sitosterol, kampesterol albo fukosterol. W komorkach
grzybéw mozna wyrdzni¢ mykosterole — glownie ergosterol begdacy promotorem
ergokalcyferolu (8), znanego powszechnie jako witamina D> (Rys. 2) [8,9]. Jednak najwigksze
zainteresowanie wzbudza sterol budujacy blony komoérkowe u ssakow — cholesterol, dlatego
jego wlasciwosci zostang szerzej omowione.
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HO™ HO™
7 8
Cholekalcyferol Ergokalcyferol
Witamina D3 Witamina D,

Rysunek 2. Struktury witamin D — pochodnych ergosterolu i1 cholesterolu.

1.1.1 Cholesterol

B-sterole podobnie jak pozostale steroidy kontroluja homeostaze procesow
biologicznych zachodzacych w celu prawidlowego funkcjonowania organizmu. Ze wzgledu
na udzial w szeregu przemian metabolicznych cholesterol jest jednym z niewielu zwigzkow
steroidowych, ktorego wlasciwosci fizykochemiczne zostaly niezwykle doktadnie
przeanalizowane. Cholesterol (1) nalezy do zoosteroli, w ktérych jako element budulcowy
stabilizuje bton¢ komorkowa, jednoczesnie zapewniajac jej odpowiednig elastyczno$é
1 plynnos¢ (Rys. 3).

o — hydrofilowa gtowa

fosfolipid — hydrofobowy ogon
fancuch biatko likolipid
cuerV‘){_ -_powierzchniowe glikoproteina &l O\Ipl
o |
dwuwarstwa $
fosfolipidowa "
.3. hydrofobowe

biatka integralne  kanat = biatko a-helisy

transbfonowe  biatkowy cholesterol
biatko integralne

zwigzane z jedng
warstwg lipidowg

Rysunek 3. Budowa blony biatkowo-lipidowe;.

Umozliwia to transport substancji do 1 z komoérki. Ponadto, jego obecnos¢ w komoérkach
moézgu wpltywa na utrzymanie struktury neuronéw. Cholesterol jest prekursorem w syntezie
hormonéw steroidowych (np. kortyzolu, aldosteronu), hormonéw ptciowych (np. testosteronu,
progesteronu) 1 kwasoéw zotciowych, jak rowniez witaminy D3 (cholekalcyferolu)

38



MGR INZ. ANNA KAWKA Czes¢ literaturowa

odpowiedzialnej za regulacje gospodarki wapniowo-fosforanowej. Natomiast jako kluczowy
sktadnik mieliny (ostonki otaczajacej widkna nerwowe) ma znaczacy udziat w szybkim
1 skutecznym przesytaniu sygnatéw nerwowych [10].

Cholestanol  (50-dihydrocholesterol) (9) jest nasycong formag cholesterolu,
a jego struktura rozni si¢ wylacznie zredukowanym wigzaniem podwojnym
w pozycji C-5 1 C-6 w czasteczce (Rys. 4). Glownie powstaje w wyniku jego przemian
metabolicznych. W organizmie wystepuje w sladowych ilosciach,
ale jego obecno$¢ ma diagnostyczne znaczenie w przypadku rzadkich schorzen. Podwyzszony
poziom cholestanolu moze by¢ zwigzany z chorobg ksantomatozg mozgowo-sciegnista (CTX).
To zaburzenie metaboliczne spowodowane nieprawidtowa przemiang kwasow zotciowych
prowadzaca do gromadzenia cholestanolu w organizmie, a w konsekwencji do postawania
ztogow w $ciegnach, uszkodzeniem uktadu nerwowego badz za¢ma [11,12].

HO
56
H o

Rysunek 4. Budowa cholestanolu.

1.1.2. Stereochemia cholesterolu

Unikalna struktura przestrzenna cholesterolu, wynikajaca ze stereochemii jest kluczowa
dla jego funkcjonalno$ci. Begdac steroidem niezmiennie posiada podstawowy element ich
budowy — szkielet cyklopentano[a]perhydrofenantrenu. Sprzezone pierscienie tworzg ptaska
czasteczke z konfiguracja cis pierScieni B/C oraz trans C/D. Zoosterol cechuje 8 centrow
stereogenicznych determinujacych charakterystyczne utozenie grup funkcyjnych i fancucha
bocznego. Z perspektywy syntezy organicznej wazna jest ekwatorialna grupa hydroksylowa
znajdujaca si¢ w konfiguracji B (nad plaszczyzng pierScienia A) przy atomie wegla C-3
(Rys. 5). Nadaje czasteczce amfipatycznego charakteru oraz umozliwia jej modyfikacje.
Natomiast obecnos$¢ rozgatezionego lancucha bocznego przy atomie wegla C-17 wplywa
na zdolnos$¢ sterolu do wbudowywania si¢ w blony komoérkowe. Co wiecej, cholesterol
wystepuje w organizmach jako jeden enancjomer, dzigki czemu tatwo wchodzi w interakcje
z innymi biomolekutami. Przestrzenna budowa cholesterolu utatwia jego dopasowywanie si¢
do fosfolipidow w dwuwarstwie 1 warunkuje transformacje¢ struktury [13,14].
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H HO

B-sterol a-sterol

Rysunek 5. Epimery cholesterolu.

1.2. Kwasy zolciowe

1.2.1. Charakterystyka i znaczenie biologiczne kwasow zélciowych

Kwasy zolciowe jako czasteczki aktywne biologicznie s3 wytwarzane
w organizmach wszystkich kregowcow w wyniku przemian metabolicznych cholesterolu [15].
Obecnos$¢ 24-weglowej struktury spowodowata, ze powszechnie u ssakéw nosza miano
kwasow zotciowych C24 (Rys. 6). Wynika to z obecnosci trzech sze$ciocztonowych pierscieni
A, B i C, pigcioczlonowego pierscienia D oraz pigcioweglowego tancucha bocznego z grupa
karboksylowa w pozycji C-24 [16,17]. Kwas litocholowy (3a-hydroksycholanowy) (10), kwas
deoksycholowy  (kwas  3a,120-dihydroksycholanowy) (11) 1 kwas  cholowy
(30,70,12a-trihydroksycholanowy) (12) wzbudzaja najwigksze zainteresowanie jako reagenty
w syntezie organicznej [18-20].

HO™
Nr R! R? R3 Nazwa
10 H H OH Kwas litocholowy
11 H OH OH Kwas deoksycholowy
12 OH OH OH Kwas cholowy
13 OH H OH Kwas chenodeoksycholowy

14 OH H NHCH>COH  Kwas glikochenodeoksycholowy
15 OH H NHCH;CH>SOsH Kwas taurochenodeoksycholowy
16 OH OH  NHCH;CO;H Kwas glikocholowy
17 OH OH NHCH>;CH,SOsH Kwas taurocholowy

Rysunek 6. Szkielet steroidowy kwasow zoétciowych.

Kwasy zotciowe stanowig gltowny skladnik zolci, gdzie wystgpuja w formie
sprzezonych soli z glicyna (75 %) lub tauryna (25 %) [21]. Jednocze$nie zwieksza to ich
rozpuszczalnos¢ w wodzie w warunkach fizjologicznych [22]. Okoto 95% kwasow zoétciowych
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jest wchianiane w jelicie, nast¢pnie trafia z krwig do watroby 1 ponownie do zoétci, by wrocié
do jelita (tzw. krazenie jelitowo-watrobowe). Pozostale 5% jest wydalane, a straty uzupeinia
synteza de novo w watrobie [23-25].

Gtowne wiasciwosci fizjologiczne kwasdéw zotciowych obejmujg transport lipidow
poprzez ich solubilizacj¢ oraz usuwanie cholesterolu do przewodu pokarmowego, skad jego
wchtanianie jest ograniczone. Funkcje te wynikajg z ich amfipatycznego charakteru, ktory
wigze si¢ z obecnoscig hydrofilowej 1 hydrofobowej powierzchni [26-28]. Z kolei koniugacja
z kwasami thuszczowymi, cholesterolem i monoglicerydami BA prowadzi do ich micelizacji
1 umozliwia emulgowanie tluszczy [29,30]. Tworzenie miceli powoduje zwickszenie
powierzchni tluszczu narazonej na dziatanie lipaz trzustkowych, co umozliwia bardziej
efektywne trawienie i1 wchianianie lipidow przez komorki jelita cienkiego [31]. Micele
powstate z udziatem kwasoéw zotciowych wspomagajg réwniez rozpuszczanie i absorpcje
witamin rozpuszczalnych w tluszczach [32]. Biorgc pod uwage ogolny udzial BA
w krazeniu jelitowo-watrobowym ich zadania ograniczaja si¢ przede wszystkim do: regulacji
homeostazy cholesterolu, zapobiegania tworzeniu si¢ kamieni zolciowych i1 nerkowych,
dzialania przeciwdrobnoustrojowego oraz funkcji regulacyjnych. Udowodniono, ze ich
receptory sa obecne w wigkszo$ci narzadow i tkanek, stad moga petni¢ role czasteczek
sygnatowych. Kwasy zotciowe uczestnicza w proliferacji komorek, reakcjach detoksykacji
i regulacji uktadu odpornos$ciowego [33-37].

1.2.2. Stereochemia kwasow zélciowych

Szkielet steroidowy BA posiada 7 chiralnych atoméw wegla (tj. C-5, C-8, C-9, C-10, C-
13, C-14, C-17), co wskazuje na 128 stereoizomerow. Jednak surowe ograniczenia zwigzane
z kondensacjg pierscieni cyklicznych wptynety na istnienie tylko kilku z nich. Pier§cienie A/B
naturalnych steroidow przyjmuja konformacje przestrzenng cis lub trans. Jest to
charakterystyczna cecha ukladow sze$cio— 1 pieciocztonowych, co potwierdza rotacja
pomigdzy strukturami cis 1 trans-dekaliny (Rys. 7) [38,39].

o

H H
H H H
W H w
H —
H
cis - dekalina trans - dekalina

Rysunek 7. Konformacje przestrzenne dekaliny.

Sposob ulozenia si¢ skondensowanych pierScieni A/B podczas transformacji
determinuje wystepowanie dwoch rodzajow szeregéw w konfiguracji przestrzennej steroidow:
e allo—typowy w przypadku wiekszosci steroli. Charakterystyczny jak w trans-dekalinie
uktad pierscieni A/B; ptaska czasteczka, w ktorej grupa metylowa CH3-19 1 atom
wodoru wystepuja naprzeciw siebie, a dodatkowo mozna utworzy¢ dwie konformacje
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krzestowe. Sztywna struktura tego typu ukladu ogranicza wydajno$¢ syntez
prowadzacych do otrzymania niekorzystnej energetycznie konformacji todkowe;j
(Rys. 8a).

e normalny — preferowany w przypadku kwaséw zolciowych. Podobny jak w cis-
dekalinie uktad pierscieni A/B, grupa metylowa CH3-19 1 atom wodoru wystepuja
po jednej stronie pierScienia. Specyficzna 1 stabilna wykrzywiona struktura decyduje
o pozostaniu wysoko korzystnej energetycznie konformacji krzesetkowej bez wzgledu
na typ syntezy (Rys. 8b) [40].

(a) (b) (c)

COOH

allo normalny R'=0OH; R, R®=OH Iub H
A/B, C/D trans A/B cis

Rysunek 8. Rodzaje utozen pierscieni A, B, C i D w czasteczkach steroidow.

Zgodnie z tym zalozeniem u wyzszych kregowcow szkielet steroidowy kwasow
z6lciowych przyjmuje konformacje cis pierscieni A/B (Rys. 8c). Charakterystyczne dla ich
struktury sa rowniez: czysto$¢ enancjomeryczna, sztywny uktad pierscieni alicyklicznych,
11 chiralnych atoméw wegla, zroznicowane chemicznie grupy hydroksylowe w pozycjach
C-30, C-7a, C-12a oraz alifatyczny tancuch przy atomie wegla C-17 zakonczony grupa
karboksylowg [41,42]. Wymienione dwie ostatnie cechy nadaja im szczegdlnych witasciwosci
fizykochemicznych, dzigki ktorym staty si¢ materiatem budulcowym w projektowaniu nowych
czasteczek bedacych antybiotykami, sztucznymi kanatami jonowymi, receptorami jonowymi,
nosnikami lekow oraz surfaktantami [43—47].

Amfipatyczny charakter kwasoéw zotciowych wynika z hydrofilowej i hydrofobowej
czegsci ich struktury. Grupy hydroksylowe i karboksylowy tancuch boczny tworza tzw. a-$ciang
(hydrofilowa) (Rys. 9). Z kolei grupy metylowe C-18 1 C-19 nadaja
im hydrofobowego charakteru, dajac tzw. B-§cian¢ [48]. Wplywa to na wysoka aktywnos¢
powierzchniowa kwasow zotciowych, dzigki ktorej moga tworzy¢ w roztworach wodnych mate
agregaty lub micele mniejsze niz 10 monomerdw [49,50].
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Rysunek 9. Micelizacja na przyktadzie kwasu cholowego [P3].

Liczba i rozklad réznych reaktywnie grup hydroksylowych decyduje o podatnosci
kwas6w na szereg reakcji, takich jak acetylowanie, estryfikacja, hydroliza badz redukcja.
Ze wzgledu na polozenie ekwatorialng grupe 30-OH tatwo zmodyfikowac, co jest najbardziej
utrudnione w przypadku grupy 12a-OH z powodu duzego zatloczenia sterycznego w jej
otoczeniu [51].

1.2.3. Biosynteza kwasow zolciowych

Kwasy zoétciowe sg produkowane w watrobie z cholesterolu jako pierwszorzgdowe
kwasy z6lciowe, przy udziale 17 enzymow katalizujacych 17 roznych reakcji. U ssakdw proces
ten odbywa si¢ w cytozolu, siateczce $rddplazmatycznej (mikrosomach), mitochondriach
1 peroksysomach (Schemat 1). Jednoczesnie ma on ogromne znaczenie dla kontrolowania
homeostazy cholesterolu, poniewaz odpowiada za katabolizm potowy jego dobowej produkcji
[52,53].

Istnieja dwa szlaki syntezy kwasow zolciowych: klasyczny (gtowny, neutralny)
1 alternatywny (kwasowy). Pierwszy z nich determinuje produkcje 90 % kwaséw zotciowych
u 0s0b dorostych, natomiast drugi pozostatych 10 % i przewaza u noworodkoéw oraz pacjentéw
z chorobami watroby [54].

Glowna $ciezka syntezy rozpoczyna si¢ od hydroksylacji pierScienia sterolowego
w pozycji C-7 obecnosci 7a-hydroksylazy cholesterolowej (CYP7AT1) (Schemat 2). Utworzony
produkt posredni jest nastgpnie atakowany przez 27-hydroksylaze sterolowg (CYP27), ktora
modyfikuje tancuch boczny, dajac kwas chenodeoksycholowy. W celu syntezy kwasu
cholowego t¢ transformacj¢ poprzedza jeszcze hydroksylacja w pozycji C-12 katalizowana
przez 12a0-hydroksylazg (CY8B1). W tym przypadku szybkos$¢ procesu metabolicznego zalezy
od aktywnos$ci enzymu CYP7A1, a aktywno$¢ enzymu CY8B1 wptywa na hydrofilowos¢
steroidu 1 reguluje stosunek produkcji dwoch kwasow pierwotnych (CA 1 CDCA) [55].
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cholesterol

MIKROSOMY lCYP7A1
HSD3B
7a-hydroksycholesterol ﬂ» 7a-hydroksy-4-cholesten-3-on % 7o, 12a-dihydroksy-4-cholesten-3-on
lAKRlDl AKRI1D1
CYTOZOL 7o-hydroksy-5p-cholestan-3-on 7a, 12a-dihydroksy-53-cholestan-3-on
l AKRI1C4 l AKRI1C4
5B-cholestan-3a,7a-diol 5B-cholestan-3a,7a,12a-triol
CYP27A1 CYP27A1
MITOCHONDRIUM
kwas kwas
3a,7a,-dihydroksy-5p-cholestanowy 3a,7a,120-dihydroksy-53-cholestanowy
(DHCA) (THCA)
BACS/VLCS BACS/VLCS
MIKROSOMY
DHCA-CoA THCA-CoA
AMACR AMACR
BCOX BCOX
BDP BDP
SCPx l SCPx
PEROKSYSOMY
CDCA-CoA CA-CoA
l BAAT! BAAT!

kwas gliko- lub tauro-CDCA kwas gliko- lub tauro-CA

AKR1C4 — dehydrogenaza 3a-hydroksysteroidowa; AKR1D1 — 5B-reduktaza A4-3-oksosteroidowa; AMACR —
racemaza o-metyloacylo-CoA; BAAT — Kwas z6lciowy-CoA:aminokwas N-acylotransferaza; BACS — syntetaza
kwasu zotciowego CoA; BCOX — oksydaza rozgatezionych acylo-CoA; BDP — biatko D-bifunkcyjne; CA — kwas
cholowy; CDCA - kwas chenodeoksycholowy; CYP27A1 — 27-hydroksylaza sterolowa; CYP7A1 -

7a-hydroksylaza cholesterolowa; CYP7B1 —  7a-hydroksylaza oksysterolowa; DHCA - kwas
3a,70-dihydroksycholestanowy; HSD3B7 — oksyreduktaza 3B-hydroksy-A5-C27 steroidowa; SCPx — biatko
transportujace sterolu x; THCA - kwas 3a,70,12a-trihydroksycholestanowy; VLCS — syntetaza

dtugotancuchowych acylo-CoA

Schemat 1. Szlak syntezy pierwszorzgdowych kwasow zotciowych (CDCA 1 CA).

Alternatywny szlak w przeciwienstwie do klasycznego zaktada synteze gtownie CDCA.
Na poczatku odbywa si¢ hydroksylacja tancucha bocznego cholesterolu na koncu C-27
przez enzym CYP27 Nastepnie aktywno$¢ 7a-hydroksylazy oksysterolowej (CYP7BI)
prowadzi do dalszych przeksztatcen 27a-hydroksysterolu do kwasu
3B,7a-dihydroksy-5-cholestenowego. Kolejne modyfikacje tego zwigzku daja w konsekwencji
kwas CDCA. Warto zauwazy¢, ze hydroksysterole moga by¢ rowniez wytwarzane w organach
innych niz watroba, takich jak pluca lub modzg, jednak przetransportowanie do niej nie
wyklucza ich udziatu w kwasowej §ciezce biosyntezy BA. Alternatywna §ciezka chroni osoby
ze schorzeniami watroby przed hipercholesterolemia [56,57].

W wyniku dziatania dwoch enzymow, takich jak syntaza kwasu zoélciowego-CoA
1 N-acylotransferaza kwasu z6tciowego-CoA, kwas cholowy i chenodeoksycholowy ulegaja
sprzgzeniu z tauryng i glicyna, po ktorym wedruja do zofci, gdzie sa przechowywane
w pecherzykach zotciowych. Utworzone sole cechuje wyzsza hydrofilowosé, kwasowos¢
oraz mniejsza cytotoksycznos$¢ [58,59].
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Schemat 2. Transformacje struktury cholesterolu podczas biosyntezy na przyktadzie

kwasu cholowego.
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Wigkszo$¢ (okoto 95%) kwasow zoélciowych po emulgowaniu tluszezy w jelicie
cienkim zostaje wtornie wchtonigta przez odcinek jelita krgtego i przeniesiona do watroby.
Pozostate 5 % ulega biotransformacji przez bakterie jelitowe, w wyniku ktorej dehydoksylacja
odpowiednio CA i CDCA prowadzi do powstania drugorzegdowych kwasow zoétciowych: kwasu
deoksycholowego i kwasu litocholowego. Aktywno$¢ bakteryjnej hydrolazy soli zétciowych
(BSH) przy udziale bakterii z rodzaju Bacteroides, Clostridium, Bifidobacterium
oraz Lactobacillus powoduje dekoniugacj¢. W kolejny etap zaangazowana jest bakteryjna
7a-dehydroksylaza, ktora eliminuje grupe 7-OH z kwasow CA i CDCA, co z kolei prowadzi
do utworzenia odpowiednio kwaséw DCA i LCA [60].

Kwas litocholowy wykazuje stabg rozpuszczalno$§¢ w wodzie i toksyczno$¢. Niemalze
w catos$ci jest wydalany z katem, ale okoto 2 % po powrocie do watroby ulega przemianom
w celu usuni¢cia z moczem. Natomiast kwas deoksycholowy cechuje bakteriobdjczos¢, dzigki
ktérej moze zapobiegac przerostowi mikrobioty w jelicie. Z drugiej jednak strony kwasy wtorne
sa promotorami zmian patologicznych jelita grubego, czegsto prowadzacych do nowotworu [61].

1.3. Znaczenie aktywnoSci biologicznej steroidow

Skwalamina (18) to jeden z kluczowych naturalnych koniugatow steroidowo-
poliaminowych o monumentalnych znaczeniu dla chemii zwigzkéw bioaktywnych (Rys. 10).
Zostata wyizolowana z watroby kolenia pospolitego (Squalus acanthias), u ktérego silnie
wspiera uktad odpornosciowy przed chorobami nowotworowymi i wirusowymi [62].
Ten aminosterolowy antybiotyk, bedacy koniugatem spermidyny 1 24-siarczanu
70,24({-dihydroksy-5a-cholestanu, rozpuszcza si¢ w wodzie dzigki hydrofobowemu
szkieletowi steroidowemu, grupie hydroksylowej i aminowej [63]. Stereochemia i fadunek
zwigzku umozliwiajg przenikanie przez bton¢ komorkowa, transportujac biatka zwigzane
elektrostatycznie z btong cytoplazmatyczng [64]. Skwalamina hamuje agregacje a-synukleiny,
zapobiegajac chorobie Parkinsona, ograniczajac toksyczne agregaty 1 neutralizujac
juz istniejace [65]. Wykazuje aktywno$¢ biobdjcza wobec szerokiego spektrum
mikroorganizméw (w tym wirusa HIV). Spowalnia réwniez rozwo6j nowotworow mozgu,
wspierajac dzialanie cytotoksycznych lekow przeciwnowotworowych w raku ptuc, sutka,
jajnika 1 prostaty [66].
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Rysunek 10. Skwalamina 1 jej pochodne (a) oraz model molekularny (b).

Zrdznicowanie wlasciwosci biologicznych 1 fizykochemicznych zwigzkdéw naturalnych
zadecydowato o wykorzystaniu ich w syntezie bioorganicznej. Przeksztalcenie grup
funkcyjnych w wyniku estryfikacji, eteryfikacji, utlenieniu, redukcji badZz amidowania
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prowadzi do wutworzenia nowych pochodnych o ulepszonych wlasciwosciach
farmakokinetycznych (lipofilowosci, rozpuszczalnosci) i1 farmakodynamicznych (inna
selektywno$¢ receptora) (Rys. 11). Charakter lipofilowy steroidow pozwala im na pokonywanie
barier biologicznych, jednak tatwo moze ulec zmianie w wyniku wprowadzenia bardziej
polarnych grup funkcyjnych, co znacznie zwigkszy ich rozprowadzenie i czas dzialania
w organizmie. Sztywny szkielet steroidowy umozliwia im penetracj¢ komorki oraz wigzanie
z receptorem hormonalnym lub biatkowym. Struktura czasteczki i cechy biologiczne steroidow
wplynely na wykorzystanie ich w projektowaniu lekéw o aktywno$ci przeciwnowotworowe;j,
przeciwbakteryjnej,  przeciwgrzybiczej, przeciwwirusowej lub  przeciwzakrzepowe;j
oraz stosowanych w leczeniu choroby Alzheimera. Ponadto, znalazly zastosowanie réwniez
w innych dziedzinach jako receptory molekularne, quasi-podandy, szczypce molekularne
czy receptory wychwytujace kationy 1 aniony [67-70].
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Rysunek 11. Mozliwe drogi sprz¢gania zwigzkow steroidowych z innymi molekutami [P1].

2. Chemia ,,click”

W 2001 roku profesor Sharpless 1 wspotpracownicy zaproponowali rewolucyjng metode
projektowania i syntezy nowych zlozonych czasteczek. Chemia ,,click” (chemia ,kliknie¢”)
odnosi si¢ do wysoko wydajnych reakcji chemicznych, ktore sa proste w wykonaniu, szybkie,
selektywne 1 nie dajg produktow ubocznych. Odpowiednio zaprojektowane fragmenty
molekularne tatwo ulegaja polaczeniu w precyzyjny sposob [71,72].

Podstawowe zasady chemii ,,click” obejmujg koncepcje takie jak modularnos¢, wysoka
wydajnos¢ oraz efektywno$¢ atomowa, ktora z kolei jest kluczowa dla regut tzw. ,,zielonej
chemii”. Ze wzglgdu na te cechy metoda ta znalazla szerokie zastosowanie glownie
w dziedzinach zwigzanych z farmaceutykami, chemiag medyczng i materialowa oraz biologia
chemiczng [72]. Wérdd najbardziej znanych reakcji opierajacych si¢ na schemacie ,.click”
naleza cykloaddycja azydkowo-alkinowa katalizowana miedzig (CuAAC — Copper—Catalyzed
Azide—Alkyne Cycloaddition), reakcje tiol-enowe oraz reakcje Dielsa-Aldera (Schemat 3) [74].
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Schemat 3. Wybrane reakcji chemii ,,click”: cykloaddycja azydkowo-alkinowa (a)
i reakcja Dielsa-Aldera (b).

2.1. Typy reakcji chemii ,,click”

Istnieja  przemiany chemiczne, ktore wymagaja okreslonych  warunkow
termodynamicznych, wskutek ktorych zostanie utworzony tylko jeden produkt koncowy.

Jedna z podstawowych reakcji cyklicznych chemii ,,click”, w ktorej tworzy si¢ wigzanie
atom wegla—heteroatom jest cyklooaddycja [4+2], zwana rowniez reakcja Dielsa-Aldera
(Schemat 3b). Z kolei cykloaddycja 1,3-dipolarna dazy do utworzenia nowych koniugatow
heterocyklicznych ztozonych z wielu zrdéznicowanych pigcio— i/lub sze$ciocztonowych
pierscieni, gdzie synteza rozpoczyna si¢ od sprzezenia dwoch nienasyconych zwigzkow
(Schemat 3a) [75].

Wyrdznia si¢ cztery najwazniejsze rodzaje przeksztalcen przebiegajace zgodnie
z zasadami chemii ,,click”:

(1) addycja do wielokrotnego wigzania wegiel-wegiel:
e addycja Michaela (Schemat 4a);
e synteza azyrydyn (Schemat 4b);
e c¢poksydacja (Schemat 4c);
e dihydroksylacja (Schemat 4d);
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Schemat 4. Addycja nukleofilowa Michaela (a), synteza azyrydyn (b), epoksydacja (c)
oraz dihydroksylacja (d).

(2) reakcje substytucji nukleofilowe;:
e szczegoélnie transformacja, w wyniku ktorej peka wigzanie, co skutkuje otwarciem
pierscienia w uktadach heterocyklicznych zwigzkéw elektrofilowych, takich jak
azyrydyny, epoksydy, cykliczne siarczany;

NH,

NH
NH,NH, * H,0
a) E;/ 2T Y é"'NHNHZ
NH,CI
HO OH MeOH,  BnHN,, OH

b) \O/ BnNH OQO BnNH, /O/

N ‘ o s

BnHN"' ‘NHBn  150°C 65°C HO ‘NHBn
Schemat 5. Reakcje zwigzane z otwarciem pierscienia azyrydyny (a) lub epoksydu (b).

(3) cykloaddycja zwigzkoéw nienasyconych:
e cykloaddycja 1,3-dipolarna, w tym cykloaddycja Dielsa-Aldera;
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Schemat 6. Cykloaddycja 1,3-dipolarna (a) oraz cykloaddycja Dielsa-Aldera (b).

(4) modyfikacje zwigzkow karbonylowych typu ,,non-aldol”:
e otrzymywanie eterow oksymowych, hydrazonow oraz aromatycznych ukladow

heterocyklicznych.
_OH
Q H,0 N
_ -Ha
a) R1JJ\R2 + HN-on — A
0] 3
i§ 0 _NHR
b) ’ , t H,N—NHR® ———— |
R R 1J\ 2
R OR
R4
OH O o R?
0 H 80-100 % OH ﬁlﬁ
R' NH, * RO RS — R1J\/N\N
R? R* R2

Schemat 7. Reakcje typu ,,non-aldol”: synteza oksyméw (a), hydrazonow (b)
oraz uktadow aromatycznych (c).

Warto zauwazy¢, ze wszystkie syntezy ,.click” charakteryzuje wysoka aktywnos$¢
termodynamiczna, gdzie konieczny naktad energii jest wyzszy niz 20 kcal/mol.

2.2. Cykloaddycja azydkowo-alkinowa katalizowana jonami miedzi (CuAAC)

Fundamentalng reakcja chemii ,.click” jest 1,3-dipolarna cykloaddycja azydkowo-
alkinowa katalizowana jonami miedzi, znana jako reakcja Huisgena. Ten rodzaj reakcji
pericyklicznej stosuje 1,3-dipol oraz dipolarofil jako substraty wyjsciowe. Pierwszy z nich
wskazuje na zwigzek zbudowany dwubiegunowo, tj. sktadajacy si¢ z elektrofilowego
1 nukleofilowego konca (taki jak azydek, ozon, diazometan). Natomiast dipolarofil
charakteryzuje si¢ pewnym stopniem nienasycenia spowodowanym deficytem elektronow.
Wskutek sprzezenia terminalnych alkinow z azydkami w obecno$ci miedzi, dzigki ktéremu
dochodzi do cyklicznego przejscia elektronéw m powstaje zwykle jeden produkt posiadajacy
co najmniej dwa stabilizujace uktad pier§cieni wigzania [76,77].

Klasyczna reakcja Huisgena przebiegala w podwyzZszonej temperaturze, na skutek
czego utworzony produkt byt mieszaning 1,4- 1 1,5-dipodstawionych 1,2,3-triazoli. Kluczowe
jest zastosowanie jondw miedzi(I) jako katalizatora, wskutek czego reakcja jest
regioselektywna, wydajniejsza oraz blisko 10° szybsza niz przemiana przeprowadzona
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wylacznie w wyzszej temperaturze (Schemat 8). Utworzony 1,4-dipodstawiony 1,2,3-triazol
cechuje stabilno$¢ i brak toksycznosci, natomiast uzyte substraty najczesciej brak reaktywnosci
w stosunku do grup funkcyjnych molekuty, jak rowniez brak wplywu grup azydkowych
i alkinowych na jej bioaktywnos¢ [78].

N

R1~1’N\\ _ R1~1’ N

NN L GO RiN=NEN + H=—R2 D NN
\:(4 5)—

R? A R?
1,4-dipodstawiony 1,5-dipodstawiony
1,2,3-triazol 1 N 1 N 1,2,3-triazol
R\N/ \‘N R - N

R? R?

mieszanina regioizomerow

Schemat 8. Regioselektywno$¢ reakcji Huisgena zalezna od jej warunkow.

2.2.1. Sposoby wprowadzenia jonow Cu(I)

Dostarczenie do mieszaniny reakcyjnej jondw miedzi(I) decyduje o prawidtowym
kierunku reakcji. Zastosowanie warunkéw wodnych (np. uktadu tert-butanol/woda) wskazuje
na technike in situ, w ktorej jony Cu(l) uzyskuje si¢ z pieciowodnego siarczanu(VI) miedzi(I)
albo octanu miedzi(Il), redukujac te sole odpowiednimi odczynnikami, takimi jak askorbinian
sodu, miedZ metaliczna, hydrazyna lub tris(2-karboksyetylo)fosfina (jak na Schemacie 3a).

W uktadzie niepolarnym oraz wykorzystujac kompleksy soli miedzi z nadmiarem
zasady (np. trietyloaminy) zostanie utworzony acetylenek miedzi. Jony miedzi(I) mozna
pozyska¢ roéwniez stosujac niektore halogenki miedzi (Cul, CuBr), tlenki miedzi(I) 1 (II)
oraz nanoklastery AusCuy [75,79-81].

Z kolei kataliza heterogeniczna nalezy do wydajnych i tanich metod syntezy
1,4-dipodstawionych pochodnych 1,2,3-triazoli (Schemat 9b). Katalizator miedziowy znajduje
si¢ na no$niku weglowym (Cu/C). Zakonserwowany wodnym roztworem azotanu(V)
miedzi(Il) wegiel drzewny poddaje si¢ destylacji wody 1 suszeniu, w wyniku czego tlenki
miedzi(I) 1 (I) pokrywaja powierzchni¢ katalizatora (Schemat 9a). W tego typu uktadzie mozna
fatwo usung¢ reduktor 1 katalizator badz wygodnie wybrac¢ rozpuszczalnik, jak rowniez zmieni¢
warunki reakcji dodajgc trietyloaming lub podwyzszajac temperature [82].
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Schemat 9. Wybrana reakcja typu katalizy heterogeniczne;j.

2.2.2. Mechanizm reakcji CuAAC

Cykloaddycja azydkowo-alkinowa katalizowana jonami miedzi(I) jest efektywnym
procesem charakteryzujacym si¢ kilkuetapowym mechanizmem (Schemat 10). Jony miedzi(I)
petnig kluczowa role w aktywacji alkinu, umozliwiajac utworzenie tréjcztonowego kompleksu
z azydkiem. W pierwszym etapie nastepuje koordynacja jonow Cu(I) do wigzania potrdjnego
alkinu, zwigkszajac jego elektrofilowos¢ (A). Aktywowany acetylenek miedzi zostaje
zaatakowany przez azydek, tworzac przejsciowy kompleks metaloorganiczny (B). Nastepnie
reorganizacja wigzan prowadzi do zamknigcia pigciocztonowego pierScienia, dajac strukture
1,2,3-triazolu (C, D i E). Uzyskany 1,4-podstawiony 1,2,3-triazol charakteryzuje wysoka
odporno$¢ chemiczna i termiczna, a jedynym produktem ubocznym jest czasteczka wody,
co czyni reakcje zgodng z zasadami zielonej chemii [83,84].

N//N\N/R2

Rl——

\ H
H+
[CuL,]*
/ \
SR
Cu LX

1 —
R Culy
/\_N"—N
D
N=N
\

N \RZ
CULX

Schemat 10. Mechanizm reakcji CuAAC.
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Ze wzgledu na wydajnos$¢ siegajaca czesto 100% oraz chemoselektywno$¢ wynikajaca
z eliminacji izomerycznych zwigzkéw ubocznych, reakcja ta ma przelomowe znaczenie
w syntezie organicznej. Dodatkowo, zwykle przeprowadzana jest w temperaturze
nieprzekraczajacej 65°C, co minimalizuje ryzyko zwigzane z degradacja substratow.
Zastosowanie warunkéw wodnych zwicksza jej ekologiczno$¢. Prostota, niezawodnos$é
1 minimalne wymogi oczyszczania sprawily, ze stata si¢ filarem chemii ,,click”, znajdujac
zastosowanie w syntezie lekéw, modyfikacji polimeréw oraz w chemii biomolekularnej
(znakowanie biatek i kwaséw nukleinowych) [85].

2.3. 1,2,3-triazolowe koniugaty steroidowe

Uklady 1,2,3-triazolowe to pigciocztonowe krystaliczne zwigzki heterocykliczne.
Cechuje je rozpuszczalno$¢ w wodzie oraz wysoka odporno$¢ na stres oksydacyjny/redukujacy,
hydrolize i degradacj¢ metaboliczng. Ich wyjatkowa wlasciwos$cig jest mozliwos$¢ wigzania sie
z receptorami lub enzymami wskutek oddziatywan takich jak wigzania wodorowe, sity van der
Waalsa lub interakcje hydrofobowe [86]. Ze wzgledu na niepodatno$¢ tych wigzan
na rozszczepienie przez proteazy sa one poroOwnywane do wigzan peptydowych. Pochodne
1,2,3-triazolowe wyr6znia doskonala aktywno$¢ biologiczna, szczegdlnie wazna w leczeniu
choréb zwigzanych: z nowotworami, zakazeniami (przez pasozyty, bakterie, grzyby, wirusy),
nadci$nieniem tetniczym, depresja, cukrzyca, osrodkowym uktadem nerwowym oraz chorobg
Alzheimera [87-90].

2.3.1. Wprowadzenie grupy azydkowej do szkieletu steroidowego

Zaprojektowano i opisano wiele $ciezek syntetycznych przeksztatcajacych odpowiednie
grupy funkcyjne szkieletu steroidowego w grup¢ azydkowa. Najczesciej stosowang metodg jest
modyfikacja grupy hydroksylowej w pochodng tosylowa lub mesylowa. Nastepnie w wyniku
reakcji substytucji nukleofilowej anion azydkowy oddziatuje na elektrofil [91]. W zaleznos$ci
od konfiguracji przestrzennej wyrdznia si¢ dwa rézne mechanizmy tej reakcji: bez inwersji
lub z inwersja konfiguracji produktu koncowego.

2.3.1.1. Reakcja Mitsunobu — bez inwersji konfiguracji

Pierwszy z dostepnych rozwigzan zaktada, ze azydkowa pochodna przyjmuje
stereochemi¢ alkoholu. W celu dokonania poczatkowej inwersji konfiguracji zwigzku
przeprowadza si¢ reakcje Mitsunobu (Schemat 11). Otrzymana struktura mesylowa jest podatna
na atak nukleofilowego azydku sodu, co w konsekwencji daje zwiagzek azydku z zachowang
konfiguracja przyjeta wezesniej przez alkohol [92].
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Schemat 11. Mechanizm reakcji Mitsunobu.
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2.3.1.2. Reakcja z inwersja konfiguracji
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Druga metoda zaktada otrzymanie pochodnej steroidowej o konfiguracji przeciwnej
wzgledem wyj$ciowego alkoholu (Schemat 12). W tym celu nalezy zastosowa¢ inne odczynniki
wprowadzajace grupe mesylowa niz te obecne w reakcji Mitsunobu. Opracowano réwniez
syntezy, gdzie produktem posrednim jest pochodna tosylowa, ktéra ulegajac podobnym

reakcjom substytucji nukleofilowej zostaje przeksztatcona w azydek [93].

.

OH pirydyna

OTs

Schemat 12. Synteza przebiegajaca z inwersja konfiguracji.

Istnieje rowniez $ciezka wykorzystujgca halogenoacetoksy podstawione pochodne
steroidow. Wzbogacenie szkieletu steroidowego w ugrupowanie azydkowe opiera si¢
na substytucji atomu halogenu (najcze¢sciej bromu). Reakcja ta jest zwykle stosowana

w przypadku kwasow zdétciowych (Schemat 13) [94,95].
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Schemat 13. Halogenoacetoksy podstawienie kwasu cholowego.

Z kolei modyfikacje tancucha bocznego kwaséw zotciowych polegaja gltownie
na reakcjach zmierzajacych do zredukowania grupy karboksylowej do grupy hydroksylowe;.
Utworzony alkohol mozna przeksztatci¢ ponownie w pochodng mesylowa, ktora nastepnie
ulega sprzezeniu z azydkiem sodu (Schemat 14) [96].
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Schemat 14. Wprowadzenie grupy azydkowej w tancuch boczny steroidu.

Zaprojektowano rowniez metod¢ rozpoczynajacg si¢ od transformacji grupy
karboksylowej tancucha bocznego w monoester glikolu etylenowego. W wyniku mesylowania
grupy hydroksylowej glikolu, a w kolejnym etapie reakcji powstatego zwigzku przejsciowego
z azydkiem sodu otrzymano strukturg pochodnej steroidowej z wbudowang grupa azydkowa
(Schemat 15) [97].

PTSA

—_—

HOCH,CH,OH
HO

HO™ “OH

H

Schemat 15. Modyfikacja grupy karboksylowej z wykorzystaniem glikolu.
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Grupa badawcza kierowana przez Zhu dazyla do syntezy inhibitorow
a-2,3-sialulotransferazy. Seria przeprowadzonych reakcji chemicznych wzbogacita tancuch
boczny kwasu litocholowego o grupe azydkowa (Schemat 16). Proces rozpoczeto
od estryfikacji steroidu, a nast¢pnie uzyskany litocholan metylu zredukowano do alkoholu
(przy uzyciu LAH). W kolejnym etapie dziatanie azydku difenylofosforanu (DPPA) i DBU
na alkohol przeksztalcito grupe hydroksylowa w tancuchu bocznym w grupe difenylofosforanu.
Uzyskany zwigzek zostat przekonwertowany w azydek steroidowy, wykorzystujac nadmiar
azydku sodu, eter koronowy i katalityczne ilosci jodku tetrabutyloamoniowego [98].

OH OMe
MeOH
Amberlit IR 120
HO™' S
H HO H
i LAH,
PhO—IID—OPh THF
OH
DPPA, DBU
THF
HO™ i HO™ i
NaN3
TBAI
15-korona-5

(;Iigjtg/\/\ N3
HOY
H

Schemat 16. Przeksztalcenie kwasu litocholowego w azydek w syntezie
inhibitoréw a-2,3-sialulotransferazy

2.3.2. Wprowadzenie grupy alkinowej do szkieletu steroidu

Opisano kilka sposobow wprowadzajacych terminalng grupe alkinowa w czasteczke
steroidu, jednak najbardziej znane jest zastosowanie glikolu etylenowego (Schemat 17) [99].
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Schemat 17. Wprowadzenie grupy alkinowej w pozycje C-3 steroidu.

Natomiast grupa karboksylowa tancucha bocznego kwasow zotciowych ulega tatwo
reakcji estryfikacji z uzyciem alkoholu propargilowego (Schemat 18) [100,101].

0 0
OH o)
HO/\ \
PTSA N\
HOY ' “OH HOY i “OH

Schemat 18. Przeksztalcenie grupy karboksylowej lancucha bocznego w terminalny alkin.

Dobér odpowiedniego katalizatora syntezy znaczaco wplywa na jej kierunek.
W obecnosci EDC*HCI istnieja dwie drogi reakcji. Ester z wigzaniem potréjnym bedzie
produktem koncowym reakcji, jesli wezma w niej udzial tylko i wylacznie kwas Zotciowy
i alkohol propargilowy. Wprowadzenie do uktadu reakcyjnej propargiloaminy skutkuje
powstaniem amidu (Schemat 19) [102].

ol 0
OH NH
NH
= 2 \
EDC*HCI, HOB, N
HO™ S IN""0H ENDMF - ho SIN""0n

Schemat 19. Synteza amidu steroidowego w obecnosci tritetyloaminy.

Suh zaproponowal metod¢ syntezy 1,2,3-triazolowych koniugatow witaminy D,
w ktorej wykorzystat terminalny alkin podstawiony grupa trimetylosilolowa (Schemat 20).
Powstaty w wyniku reakcji zwigzek (A) zostal poddany serii przemian chemicznych,
prowadzacych do uzyskania 1,2,3-triazolowej pochodnej witaminy D [103].
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Schemat 20. Synteza 1,2,3-triazolowej pochodnej witaminy D.

2.4. Koniugaty steroidowo-triazolowe o aktywnosci biologicznej

Kwasy zo6lciowe, jak juz wymieniono, wyr6zniaja si¢ sztywnym rdzeniem
steroidowym, wysoka aktywnos$cig grup funkcyjnych oraz wyjatkowymi wilasciwos$ciami
amfifilowymi. Te unikalne cechy decyduja o ich ogromnej roli jako materiatu biologicznego
do syntez zwigzkow o potencjalnym zastosowaniu w przemysle farmakoterapeutycznym.
Sa prekursorami do otrzymywania zwigzkoéw makrocyklicznych, takich jak szczypce
molekularne, elementy struktur biologicznych oraz koniugatéw flukonazolu [96,104].
Wydajne metody gwarantuja efektywna synteze zwiazkéw steroidowych o aktywnos$ci
biologiczne;j.

2.4.1. Koniugaty steroidowe 0 aktywnosci przeciwgrzybicznej
i przeciwbakteryjnej

Flukonazol (22) jest zwiazkiem z grupy triazoli, bedacy antybiotykiem oraz petiacy
funkcje¢ inhibitora syntezy ergosterolu (Rys. 12). Jego struktura opiera si¢ na pier§cieniu
triazolowym zwigzanym z fluorowanym benzenem oraz grupy hydroksylowej. Lekooporno$¢
grzyboéw obnizyta jego skuteczno$¢, co spowodowalo, ze stal inspiracja w projektowaniu
koniugatow steroidowo-triazolowych. Sprzezenie wlasciwosci biologicznych zwigzkow
steroidowych z aktywnos$cig ukladow triazolowych daje pochodne o potencjalnym
zastosowaniu jako leki przeciwgrzybicze o zwigkszonej biobdjczosci 1 szerszym spektrum
dzialania.
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Rysunek 12. Flukonazol (22) 1 jego alkinowa (23) pochodna.

Pochodne odpowiednich kwasow zotciowych (deoksycholowego 1 cholowego)
polaczono pierscieniem 1,2,3-triazolowym ze zmodyfikowana czasteczka flukonazolu (23)
(Rys. 13). Czg$¢ steroidowa odgrywata role nosnika leku, a wbudowany triazol zwigkszyt
funkcjonalno$¢ biologiczng uzyskanej molekuty. Grzyby z rodzaju Candida, takie jak
C. parapsilosis, C. albicans 1 C. Sporothrix wykazywaly prawie 100 % $miertelnos¢
po zastosowaniu wobec nich nowych koniugatow (24-27), ktérych aktywnosé
przeciwgrzybicza oscylowata w zakresie MIC 3,12—6,25 mg/ml [96,105,106].

COOCH,

24R"=H,R?=OH
25R"=R?=OH
26 R'=H,R?=0OH
27R'=R?=0OH

Rysunek 13. Koniugaty kwasow zotciowych i flukonazolu.

Wykorzystujac metode ,,click” sprzezono czasteczke mentolu z kwasami zotciowymi.
Wybrane kwasy steroidowe poddano estryfikacji w obecnos$ci bromku propargilu 1 KoCOs,
a metylowany mentol przeksztatcono w azydek stosujagc NaN3; w DMF. Nastepnie zwigzki
uzyto jako reagenty w reakcji ,,click” (Schemat 21). Otrzymane pochodne 1,2,3-triazolu (28-
30) charakteryzowaly si¢ lepsza aktywnos$cia przeciwko szczepom Enterococcus faecium
(MIC < 10 uM) niz mentol (MIC = 410 uM), kwasy zotciowe (MIC = 10, 20, 157, 410 uM)
oraz antybiotyk cefiksym (MIC = 35410 uM) [107].
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Schemat 21. Otrzymywanie koniugatow kwasoéw zoétciowych i mentolu (28-30).

Zwiazki o wilasciwo$ciach farmakologicznych czgsto zawieraja grupy B-laktamowe.
W strukturze penicyliny rozpoznano czterocztonowe laktamy [108]. Rosnaca lekoopornosé
bakterii 1 grzybow wymusita zaprojektowanie hybryd opartych na zwigzkach
heterocyklicznych. Otrzymano koniugaty kwasow zolciowych potaczone pierScieniem
1,2,3-triazolowym z czasteczka pochodnej B-laktamu, ktére byly skuteczne wobec szczepow
grzybow: C. albicans (128 ng/ml), Cryptococcus neoformans, Yarrowia lipolytica (8 pg/ml),
Fusarium oxysporum, Benjaminiella poitrasii (32 pg/ml) oraz bakteriom z rodzaju: Escherichia
coli 1 Staphylococcus aureus (Rys. 14) [102].

ZT

(0]
0]
N = ...&N N=N
H/\N(,:'N '-_’\’N NW
Ph

Ph

31

Rysunek 14. Koniugat kwas zotciowy-p-laktam.

Koniugaty = aminocholestanow  potaczone z  pierScieniem  imidazolowym
lub pirydynowym (32-33) dzialaly przeciwko kilku szczepom bakterii S. aureus
(MIC <4 pg/ml) (Rys. 15) [109].

Niezwykle skuteczne okazaly sie¢ pochodne kwasu cholowego i lizyny. Zwiazek (34)
wykazywat aktywno§¢ wobec S. aureus, E. Coli i C. albicans (MIC < 8§ pg/ml)
oraz nie powodowat degradacji erytrocytow ludzkich (Rys. 15). Natomiast inna pochodna tego
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kwasu zotciowego byla wysoce skuteczna przeciwko szczepom opornym S. aureus 1704,
E. Coli 40521 C. auris [110].

-
~

Cl

HN™ “NH ‘
HO"
B B
_N _N
32

33

34 NH2

Rysunek 15. Koniugaty steroidowe o wtasciwos$ciach antybakteryjnych i antygrzybicznych.

2.4.2. Koniugaty steroidowe o aktywnosci przeciwpasozytniczej

Pasozyty Leishmania to pierwotniaki z rodzaju Leishmania, przenoszone przez
ukaszenia muchowek z rodziny Phlebotominae, Wywotuja leiszmanioze, objawiajaca si¢
zmianami skornymi, sluzowkowymi lub trzewnymi [111]. Z kolei malaria to choroba zakazna
wywotywana przez pasozyty z rodzaju Plasmodium, przenoszona na ludzi przez uktucia samic
komarow z rodzaju Anopheles. Objawia si¢ goraczka, dreszczami, bdélami migsni
1 powiktaniami zagrazajacymi zyciu [112].

Biokoniugaty kwasu cholowego 1 6-tiopuryny (35-36) otrzymane metoda ,.click”
wykazywaty w badaniach in vivo znacznie wyzsza aktywno$¢ biologiczna niz chlorochina
(lek stosowany w leczeniu malarii) oraz powodowaly $miertelno$¢ pasozyta Leishmanna
(Rys. 16). Testy pod katem cytotoksycznosci nie stwierdzity ich ingerencji w tkanki ssaka [113].
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Rysunek 16. Koniugaty steroidowo-tiopurynowe o aktywnosci przeciwpasozytniczej.

Podobng skuteczno$¢ wobec leiszmaniozy oraz pratka Mycobacterium tuberculosis
okreslono dla zwigzkoéw triazolowych, zbudowanych z aminocholiny 1 kwasu Zdélciowego
(Schemat 22). Koniugat (38) wykazywal wiasciwosci przeciwgruzlicze przeciwko
M. tuberculosis (MIC = 8,8 uM) poréwnywalne ze stosowanymi lekami [114].

m : COOCH,
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HN/\/\N//
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Schemat 22. Synteza koniugatow aminocholiny i kwasu cholowego.

2.4.3. Koniugaty steroidowe o aktywnosci przeciwnowotworowej

Projektowanie syntez zwigzkow o potencjalnym wykorzystaniu w terapiach
przeciwnowotworowych ma fundamentalne znaczenie dla chemii organicznej. Z doniesien
literaturowych wynika, Ze wzrastajace zainteresowanie chemia steroidow zaowocowalo
opracowaniem efektywnych koniugatow o duzej aktywnosci wobec réznorodnych komoérek
raka [115]. Szczegdlng warto$¢ maja te sprzezone z nukleozydami (Schemat 23) [116].
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Schemat 23. Synteza steroidowo-urydynowych pochodnych triazolowych.

Agarwal i wspotpracownicy opisali pochodne kwasu zétciowego 1 aminokwasow
zawierajace uktad 1,2,3-triazolowy (41-48) (Schemat 23, Rys. 17). Na podstawie testow
in vitro potwierdzono ich aktywno$¢ przeciwko trzem liniom komodrek nowotworowych
(PC-3, MCF-7, IMR-32). Te same koniugaty wykazywatly rowniez dziatanie przeciwgruzlicze
1 byly bezpieczne dla przeci¢tnej linii komorek ludzkiej nerki [117].
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Rysunek 17. Biokoniugaty kwas zotciowy-nukleozyd zawierajace
pierscienie 1,2,3-triazolowe.

Natomiast koniugaty kwasu litocholowego 1 aminokwasdéw opracowano, aby sprawdzi¢
ich potencjal inhibitujacy sialilotransferaz¢. Enzym ten uczestniczy w kluczowym procesie
biologicznym  przerzutéw  komoérek  nowotworowych,  zwanym  hipersialilacja.
Oceniono, ze uzyskane w reakcji ,,click” pochodne steroidowe (49-51) hamujg aktywnos$¢
enzymu przy warto$ciach ICso rownym 6, 715 pM (Rys. 18) [98].
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Rysunek 18. Pochodne kwasu litocholowego (49—-51) jako inhibitory sialilotransferazy.

Podobne hybrydy triazolowe oparte na szkielecie steroidowym réwniez wykazywaly
aktywnos$¢ antyproliferacyjna przeciwko liniom komoérek K562 oraz HCT116 (Rys. 19).
Biokoniugat, tzw. dU-nor-CDC (52) powodowat apoptoze przy ICso = 42,9 uM (wobec K562),
natomiast dU-UDC (53) byl skuteczny przeciwko obu liniom komorek raka
(ICs0=16,5122,0 uM, odpowiednio dla K562 1 HCT116) [118].

S
\/)\\//\\/[\\§§\T:%\NH
N/Ko OH
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Rysunek 19. Biokoniugaty steroidowe powodujace apoptozg komorek raka.

Dane literaturowe donosza rowniez o biokoniugatach kwasu zotciowego
1 deoksyadenozyny taczony linkerem 1,2,3-triazolowym (Rys. 20). W wyniku kilkuetapowe;j
syntezy utworzone struktury (54-56) o wlasciwosciach przeciwnowotworowych wobec
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komorek raka biataczki K562 i Jurkat, o aktywnosci IC50 odpowiednio 8,51 + 4,05 uM
110,47 £2,64 uM [119].

56

Rysunek 20. Hybrydy kwasow zolciowych i deoksyadenozyny.

Dendrymery, znane rowniez jako ,kieszenie molekularne”, wykazuja niezwykla
aktywnos$¢ antyproliferacyjng. Udalo si¢ zaprojektowa¢ wydajng $ciezke syntezy dendrymeréw
pierwszej generacji (chlodendrymerdéw), ktore nastepnie przeksztalcono w azydodendrymery
drugiej generacji (Schemat 24). Jednocze$nie czasteczka kwasu zotciowego zostata efektywnie
zmodyfikowana poprzez wprowadzenie grupy alkinowej. Testy MTT okreslity, Ze pochodne
steroidow zawierajace pierscien triazolowy (61-62) skutkowaty apoptoza komorek glejaka C6
przy ICso = 10,48 uM [120].
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Schemat 24. Synteza dendrymerow (tzw. ,,kieszeni molekularnych”) o wlasciwosciach
antynowotworowych.
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2.5. Znaczenie biologiczne syntezy koniugatow steroidowych i chemii ,,click”

Synteza nowych biokoniugatoéw steroidowych wskutek amplifikacji uktadow
1,2,3-triazolowych w czasteczke steroidu odgrywaja kluczowa role w rozwoju chemii
zwigzkow naturalnych [121-125]. Chemia ,,click” umozliwia dostosowywanie whasciwosci
zwigzkow steroidowych, co najczes$ciej prowadzi do powstania skuteczniejszych lekéw
o minimalnych skutkach ubocznych. Dzi¢ki koniugatom steroidowym mozna bada¢ interakcje
w uktadach biologicznych, wyjasniajgc procesy fizjologiczne oraz mechanizmy choréb.
Precyzyjny 1 selektywny charakter reakcji ,.click” promuje projektowanie czasteczek
o niezwyktym znaczeniu dla medycyny i biotechnologii. Sprzyja to tworzeniu efektywnych
terapii, zaawansowanych biomaterialow 1 innowacyjnych technologii, korzystnych dla nauki
1 spoteczenstwa.

Antybakteryjne Antygrzybiczne
Antynowotworowe Antywirusowe
e N
Biokoniugaty steroidowe
Neuroprotekcyjne Antyoksydacyjne
Bioaktywna substancja
Przeciwzapalne N J Antykoagulacyjne

Przeciwcukrzycowe

Rysunek 21. Potencjat farmakoterapeutyczny opisanych w literaturze
koniugatéw steroidowych [P1].
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Rozwo6j nowoczesnych terapii w farmakologii i chemii bioorganicznej bazuje
na projektowaniu nowych zwiazkéw o wielokierunkowym dziataniu biologicznym.
Biokoniugaty steroidowe o unikalnej aktywnos$ci biobojczej zyskaly szczegdlne miejsce
w opracowywaniu potencjalnych lekow. Czgs$¢ eksperymentalna tej pracy opiera si¢
na fundamentalnym zrozumieniu whasciwosci pochodnych steroidowych. Moje dotychczasowe
badania w tym obszarze zaowocowaly szeScioma publikacjami naukowymi, w ktérych jestem
pierwsza autorkg, w tym w trzech z nich pelitam réwniez rolg¢ autora korespondencyjnego.

Aby lepiej usytuowac zakres badan wtasnych, w ponizszym wprowadzeniu streszczono
trzy kluczowe artykuty przegladowe podsumowujace aktualne osiggnigcia naukowe dotyczace
modyfikacji steroidéw, ich potencjalu terapeutycznego oraz mozliwych zastosowan
klinicznych. Podkres§laja one znaczenie triazolowych modyfikacji kwaséw zoétciowych,
koniugatow skwalaminy oraz zastosowania chemii ,,click” w tworzeniu nowych zwigzkow
o dziataniu przeciwnowotworowym, przeciwdrobnoustrojowym i neuroprotekcyjnym.

Biokoniugaty steroidowe stanowig obiecujgce narzedzie w nowoczesnej chemii
bioorganicznej i farmakologii. Oferuja szerokie zastosowania terapeutyczne dzigki swojej
unikalnej strukturze, wielokierunkowej aktywnos$ci biologicznej oraz niskiej toksycznosci.
Zawarte w pracach przegladowych [P1], [P2] i [P4] badania podkreslaja szczegdlne znaczenie
modyfikacji chemicznych steroidow, takich jak skwalamina, kwasy zoélciowe oraz koniugaty
zawierajace  pierScienie  1,2,3-triazolowe,  szczegdlnie @ w  kontekS$cie  terapii
przeciwnowotworowej, przeciwdrobnoustrojowej 1 przeciwpasozytniczej.

Biokoniugaty steroidowe wykazuja wysoka skuteczno$¢ w zwalczaniu opornych
szczepow bakterii i grzybow. Opisywane pochodne flukonazolu z kwasami zétciowymi, dzigki
pierscieniowi 1,2,3-triazolowemu, zyskaty wieksza stabilno$¢ 1 aktywno$¢ biologiczng wobec
patogenow, takich jak Candida albicans. Podobne wyniki osiggnieto dla koniugatow
steroidowych-triazolowych z mentolem, ktore przewyzszyly skutecznos¢ tradycyjnych
antybiotykow.

Koniugaty steroidowe, takie jak zwiazki kwasow zotciowych i nukleozydow, wykazaty
selektywng aktywno$¢ wobec komorek nowotworowych, m.in. raka piersi, prostaty
czy neuroblastomy. Zastosowanie chemii ,,click” umozliwito projektowanie makroczasteczek
o zwigkszonej biodostgpnosci i zdolnosci do celowanego dziatania przeciwnowotworowego.

Steroidowo-triazolowe pochodne kwasow zotciowych wykazaty wyjatkowa aktywnos¢
wobec Mycobacterium tuberculosis oraz pasozytow, takich jak Leishmania. Badania in vivo
dowiodly, ze niektore koniugaty przewyzszaja dzialanie istniejacych lekoéw
przeciwmalarycznych, takich jak chlorchicyna, zachowujac przy tym niskg toksyczno$¢
lub bedac catkowicie bezpieczne dla komorek ludzkich.

Koniugaty steroidowe odgrywaja istotng rol¢ w syntezie no$nikow lekow oraz
materiatéw supramolekularnych, takich jak hydrozele czy dendrymery. Dzigki ich
wlasciwo$ciom  amfipatycznym  mozliwe jest precyzyjne  dostarczanie  lekow
przeciwnowotworowych, diagnostycznych czy przeciwbakteryjnych.

W artykutach [P1] i [P4] oméwiono réznorodne mozliwos$ci zastosowan biokoniugatow
steroidowych w chemii supramolekularnej, farmakologii 1 medycynie. Szczegdlng uwage
poswigcono skwalaminie, naturalnemu steroidowi izolowanemu 2z watroby rekina
(Squalus acanthias). Skwalamina, bedaca biokoniugatem spermidyny
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1 70,24-dihydroksy-5a-cholestanu, wykazuje silne wlasciwosci przeciwdrobnoustrojowe,
przeciwwirusowe (w tym przeciw HIV) oraz przeciwnowotworowe. Badania wskazaly
na zdolnos$¢ skwalaminy do hamowania angiogenezy, co spowalnia rozw6j nowotwordéw ptuc,
piersi i jajnikow. W artykule podkre§lono znaczenie modyfikacji chemicznych skwalaminy
oraz jej pochodnych. Zastosowanie chemii ,,click” umozliwilo syntez¢g nowych koniugatéw
z pierScieniami triazolowymi, co zwigkszylo ich stabilno$¢ oraz aktywnos$¢ biologiczna.
Opisano rowniez koniugaty skwalaminy i kwaséw zolciowych, ktore wykazaly wysoka
skuteczno$¢ wobec szczepdéw bakterii Gram-dodatnich i grzybow, takich jak Candida albicans.
Ponadto, artykut podkresla rolg biokoniugatow steroidowych w syntezie nowych zwigzkow
makrocyklicznych, takich jak organozele i receptory molekularne wykrywajace biomarkery
1 kompleksujace czasteczki goscia w uktadach biologicznych. Koniugaty kwasoéw zotciowych
z flukonazolem wykazaty prawie 100% skuteczno$¢ w zwalczaniu szczepdw grzybow, takich
jak C. albicans 1 Sporothrix schenckii. Doniesienia literaturowe wskazuja na ogromny potencjat
biokoniugatow steroidowych w opracowywaniu nowych lekow celowanych, czasteczek
transportujacych, jak rowniez w terapii chorob przewlektych i zakaZnych. Szczegdlny nacisk
polozono na mozliwo$ci precyzyjnego projektowania ich wlasciwosci dzigki modyfikacjom
chemicznym.

Artykut przegladowy [P2] podsumowuje szerokie zastosowanie biokoniugatow
steroidowych w terapii chordb. Opisane zwiazki naturalne, dzigki swojej unikalnej strukturze
1 wlasciwos$ciom farmakologicznym, stanowig idealne no$niki bioaktywnych molekut, takich
jak aminokwasy, weglowodany czy peptydy. Polaczenia te umozliwiaja poprawe
biodostgpnosci, selektywnos$ci oraz ograniczenie toksycznosci lekow. Podkre§lono szczegolne
znaczenie koniugatow steroidowych w terapii nowotworowej, zwlaszcza jako inhibitorow
enzymoOw zaangazowanych w metabolizm steroidéow (np. sulfotazy steroidowej) oraz jako
srodkow wiazacych receptory hormonalne. Koniugaty estradiolu z doksorubicyna wykazaly
zwigkszong skuteczno$¢ wobec komorek raka piersi zaleznych od estrogenu. Ponadto
glikozydy steroidowe, takie jak diosgenina, wykazaty silne wlasciwosci przeciwnowotworowe
wobec komorek raka szyjki macicy. Kolejng istotng grupa sa koniugaty steroidow
z aminokwasami, ktére znajduja zastosowanie w terapii chordb neurodegeneracyjnych, takich
jak choroba Alzheimera. Koniugaty sarsasapogeniny z aminokwasami wykazaly potencjat
neuroprotekcyjny poprzez hamowanie stresu oksydacyjnego 1 zwigkszenie ekspresji
neurotroficznych czynnikow wzrostu. Artykul wskazuje takze na potencjal steroidow
w syntezie nowych hydrozeli i systemow dostarczania lekéw, co czyni je obiecujacymi
narzgdziami w medycynie regeneracyjnej i1 nanotechnologii. Opisano m.in. steroidowe
hydrozele do immobilizacji nanoczasteczek ztota 1 srebra, co moze mie¢ zastosowanie w terapii
przeciwnowotworowej 1 diagnostyce.

Prace przegladowe [P1], [P2] 1 [P4] podkreslaja ogromny potencjat biokoniugatéw
steroidowych w rozwoju nowoczesnych lekéw. Ich wszechstronno$¢, wynikajaca z mozliwosci
chemicznej modyfikacji, czyni je obiecujacym narzgdziem w walce z nowotworami, infekcjami
1 chorobami pasozytniczymi. Wyniki badan wskazuja na konieczno$¢ dalszych prac nad ich
wlasciwo$ciami farmakologicznymi, aby w petni wykorzysta¢ ich potencjat terapeutyczny.

Opierajac si¢ na ogromnym spektrum doniesien literaturowych mozna postawic
hipotezg, ze sprzezenie szkieletu steroidowego kwasoéw zolciowych lub steroli z jednostka
pierscienia 1,2,3-triazolowa moze prowadzi¢ do otrzymania koniugatow o znacznym potencjale
terapeutycznym.
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Ze wzgledu na dotychczasowy istotny wktad zwigzkow steroidowych w rozwdj syntezy
bioorganicznej cel pracy doktorskiej obejmowat otrzymanie i charakterystyke:

(1) 120-OAc i 70-OAc,120-OAc 3a-bromoacetoksy podstawionych pochodnych kwasu
deoksycholowego i kwasu cholowego (64—65);

(2) 120-OAc 1 70-OAc,12a-OAc 3a-azydoacetoksy podstawionych pochodnych kwasu
deoksycholowego i kwasu cholowego (67—68);

(3) 120-OAc 1 70-OAc,120-OAc 3a-propargilowych podstawionych pochodnych kwasu
deoksycholowego i kwasu cholowego (78-79);

(4) 3B-propargilowej pochodnej cholestanolu (70);

(5) dimerow  steroidowych kwaséw zolciowych 1 steroli zawierajacych uktad
1,2,3-triazolowy (71-76);

(6) quasi-podandow kwasow zolciowych ze sztywng platforma pier§cienia aromatycznego
polaczong pier§cieniami 1,2,3-triazolowymi (82—85);

(7) koniugatow steroidowo-pirymidynowych potaczonych linkerami 1,2,3-triazolowymi
(93-103);

W ramach rozszerzonej charakterystyki otrzymanych zwigzkow:

(8) przeprowadzono peing analiz¢ spektroskopowa otrzymanych koniugatow
steroidowych;

(9) wykonano obliczenia semiempiryczne z wykorzystaniem metody PM5;

(10) okreslono przewidywang aktywnos$¢ biologiczng in silico przy wykorzystaniu metody
PASS;

(11) okreslono potencjalne powinowactwa otrzymanych koniugatow do miejsc aktywnych
wybranych domen bialkowych w celu oceny ich aktywnosci przeciwbakteryjnej,
przeciwgrzybicznej oraz przeciwnowotworowe;j.

Uzyskane wyniki dostarczyly istotnych informacji na temat innowacyjnych
biokoniugatow steroidowo-triazolowych i ich mozliwego zastosowania terapeutycznego.

1. Dimery kwasow zolciowych i steroli

Glownym zalozeniem wspotczesnej chemii bioorganicznej jest projektowanie 1 synteza
nowych zwigzkow o potencjalnych zastosowaniach farmakoterapeutycznych. Szczegdlng
uwage przykuwa wykorzystanie chemii ,.click”, w tym reakcji cykloaddycji Huisgena,
do tworzenia biokoniugatow steroidowych. W ramach przeprowadzonych badan
zsyntetyzowano innowacyjne koniugaty kwasow zotciowych (stanowiacych ,,ogon”) i steroli
(tzw. ,,glowa”), potaczone za pomocg pierscienia 1,2,3-triazolu. Uzyskane zwiazki zostaty
doktadnie scharakteryzowane metodami spektroskopowymi (NMR, FT-IR), spektrometrii mas
(ESI-MS) oraz poélempirycznymi i teoretycznymi obliczeniami chemicznymi, co pozwolilo
oceni¢ ich potencjat terapeutyczny oraz stabilnos¢ fizykochemiczng [P8].

1.1. Synteza nowych biokoniugatow steroidowych

Dokonatam selektywnej syntezy bromoacetoksy podstawionych pochodnych kwasu
litocholowego (63) lub acylowanych pochodnych kwaséw deoksycholowego (64) i cholowego
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(65) (Schemat 25). Prezentowane badania stanowig pierwsze raporty dotyczace syntezy
1 charakterystyki spektroskopowej zwiazkéw kwasow deoksycholowego i cholowego, ktore
znajduja szerokie zastosowanie w syntezie organicznej. Pochodne te zostalty utworzone
w wyniku reakcji odpowiedniego estru metylowego (lub 12a-OAc oraz 7a-OAc, 12a-OAc
estru metylowego) z bromkiem kwasu bromooctowego w bezwodnym dichlorometanie.

10-12 63-65
(i) MeOH, p- TsOH; (ii) Ac,0, Py, DMAP (dla 11&12); (jii) K,CO5 MeOH (dla 11&12; (iv) BrCH,COB, CH,Clypezw)

Nr R! R? Wydajno$é [%]

63 H H 98
64 H OAc 92,7
65 OAc OAc 70

Schemat 25. Synteza bromoacetoksy pochodnych kwasow zoétciowych (63—65) [P8].

Warto podkreslié, ze reaktywno$¢ grup hydroksylowych wzgledem reakcji
acetylowania, hydrolizy badz redukcji wyglada nastgpujaco: 3a-OH > 70-OH > 120-OH.
Wynika to z ekwatorialnego potozenia grupy 3a-OH. W reakcjach tych wykazano jednoczesnie,
ze stosowanie metanolu wobec czynnika zasadowego (K»>COs) prowadzi do selektywnej
hydrolizy grup 3a-OAc, 70-OAc, 120-OAc (o ile sa obecne).

W celu otrzymania azydoacetoksy podstawionych pochodnych kwaséw zotciowych
(66-68) przeprowadzilam reakcje¢ substytucji nukleofilowej (Sn2). Odpowiednie
halogenoacetoksy podstawione pochodne steroidow (63—65) sprzgzono z azydkiem sodu
w obecnosci aprotycznego rozpuszczalnika (THF) 1 w podwyzZszonej temperaturze (50°C),
uzyskujac wysokie wydajnosci reakcji (do 95 %) (Schemat 26).
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COOCH;
NaN3
THF, 50°C o 6
»l
63-65 66-68

Nr R! R? Wydajnos$é [%]

66 H H 95
67 H OAc 88,6
68 OAc OAc 78

Schemat 26. Synteza azydoacetoksy pochodnych kwasoéw zotciowych (66—68) [P8].

W wyniku estryfikacji steroli z udziatlem kwasu propargilowego i katalitycznej ilo$ci
p-TsOH otrzymano terminalne alkiny cholesterolu i cholestanolu (69-70) (Schemat 27).
Aktywacja tych steroidow zwickszyta ich elektrofilowos¢, co bylo niezbedne przed kluczowsa
reakcja ,,click”.

HOM\/\);—COOH —~ OM

1] L} — . \ Ll 1]
5 6 CH2Clabezw) \\( 5 6
p-TsOH o
1 C5'=CG' 69 CS'=C6'
9 Cs5-Ce: 70 C5-Cq

Schemat 27. Synteza alkinowych pochodnych steroli (69-70) [P8].

Zaprojektowane warunki syntez otrzymywania bromoacetoksypochodnych estréw
metylowych pochodnych kwasow litocholowego, deoksycholowego oraz cholowego,
jak réwniez propargilowych pochodnych steroli opisano po raz pierwszy w pracy [P8].
Z analizy danych literaturowych wynika, ze nie podj¢to réwniez wczesniej prob ich syntez,
podobnie jak azydkéw steroidowych, dlatego dla zwiazkow (64), (65), (67), (68) i (70)
przeprowadzono peing charakterystyke spektroskopowa.

3a-azydoacetoksy pochodne kwasow zotciowych (66—68) oraz 3p-propargilowe
pochodne steroli (69—70) zastosowalam jako substraty w syntezie nowych biokoniugatow
steroidowych potaczonych pierScieniem 1,2,3-triazolowym. W  warunkach reakcji
specyficznych dla metody ,.click”, tj. przy uzyciu pigciowodnego siarczanu miedzi(Il),
askorbinianu  sodu, w mieszaninie rozpuszczalnikow  fert-butanol/woda  (5:1)
oraz w temperaturze nieprzekraczajacej 65°C otrzymano z zadowalajaca wydajnos$cia
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(51-80%) nieznane dotad w literaturze chemicznej biokoniugaty kwaséw zotciowych
(71-76) ze sterolami o wlasciwosciach prolekéw (Schemat 28).

66-68 CUSO4* 5 HQO

+ askorbinian sodu
69-70 -BuOH/MeOH (5:1)
60-65°C

71-76

Nr R!' R?! Cs---Ce Wydajnosé [%]

71 H H Cs=Ce¢ 79,7
72 H OAc Cs=Cg¢ 55,7
73 OAc OAc Cs=Cg 60
74 H H Cs—Ce’ 51
75 H OAc Cs—Ce 53
76 OAc OAc Cs—Cs 52

Schemat 28. Synteza koniugatow kwasdéw zotciowych i steroli polaczonych
pierscieniem 1,2,3-triazolowym (71-76) [P8].

Wszystkie powyzsze biokoniugaty zostaly scharakteryzowane spektroskopowo
("H NMR, 3C NMR, FT-IR) i spektrometrycznie (ESI-MS). State przesiewowe dla atomow
BC i 'H obliczono i przeanalizowano metoda GIAO/B3LYP/6-311G (d,p). Teoretyczne
parametry poréwnano z uzyskanymi parametrami eksperymentalnymi otrzymujac bardzo dobre
rezultaty. W badaniach in silico wyznaczono aktywnos$¢ farmakologiczng badanych zwigzkow
oraz przeprowadzono dokowanie molekularne (domeny biatkowe: 2Q85, 1KZN, 1EZF) [P8].
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1.2. Analiza spektroskopowa

Na widmach '"H NMR zwigzkéw (71-76) zaobserwowano diagnostyczne przesunigcia
chemiczne w postaci singletéw w zakresie 8,24—8,20 ppm pochodzace od protonu obecnego
w pierscieniach 1,2,3-triazolowych (Rys. 22). Z kolei sygnaty wskazujace na polozenie
protonéw grupy metylenowej 3a-OCO—-CHy—triazol sg obecne w zakresie 5,22-5,17 ppm.
Widoczne przesunigcia chemiczne potozone przy 5,04—4,86 ppm odpowiadaja protonom
przylaczonym w pozycjach 3’a-H w szkielecie sterolu oraz 3B-H w szkielecie kwasow
zotciowych. Sygnaly pochodzace od protonéw zwigzanych z grupami acetylowymi
70-OCOCH;3 oraz 12a-OCOCH3 zaobserwowano jako singlety w zakresie 2,14-2,09 ppm dla
wszystkich koniugatow. Natomiast przy 1,05-0,65 ppm zdiagnozowano charakterystyczne
przesuni¢cia chemiczne odpowiadajgce protonom z grup metylowych CH3-18/18 (singlet),
CH3-19/19’ (singlet) 1 CH3-21/21° (dublet) polaczonych z rdzeniem steroidowym, jak réwniez
CHs-26" 1 CH3-27’ obecne w rozgat¢zionym tancuchu bocznym wylacznie sterolu.
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27-CH:

A |

5.45 5.40 5.35 5.30 5.25 5.20 5.15 5.10 5.05 5.00 4.95 4.90 4.85 4.80 4.7

N

83 8.2 8.1

5.45 5.40 5.35 5.30 5.25 5.20 5.15 5.10 5.05 5.00 4.95 4.90 4.85 4.80 4.75 4.70
ppm

27-CH:

' 5.;15 ‘ 5.;10 - 5.35 ‘ 5.}30 ' 5.-25 ‘ S.-ZD . 5.‘15 ' 5.‘10 ) 5.65 . 5.60 . 4.;35 . 4.§0 A 4.;35 . 4.60 ' 4..75 . 4.'70 b 4.65 - 4.
ppm
Rysunek 22. Fragmenty widm '"H NMR zwigzkéw (71-73) w zakresie diagnostycznych
przesuni¢¢ chemicznych [P8].

Na podstawie interpretacji wykonanych widm '3C NMR stwierdzono, ze sygnaty
przesunigte w kierunku wyzszych warto§ci ppm pochodza od atomoéw wegla grup
karbonylowych, obecnych zarowno w grupie estrowej przy atomach C-24 (174,73—-174,47
ppm), jak 1 przy atomach 12a-OCO (170,45-170,40 ppm) oraz przy atomach 7a-OCO
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(170,28-170,22 ppm). Dla wszystkich biokoniugatow steroidowych w zakresie 128,83—128,74
ppm zaobserwowano sygnatl zwigzany z triazolowym atomem wegla. Sygnaly w zakresie
77,48-75,15 ppm skorelowano z atomami wegla polaczonymi z atomem tlenu przy C-3/3’,
C-71C-12 w szkielecie steroidowym. Z kolei przesunigcia atomdéw wegla z grup metylowych,
tj. C-18/18°, C-19/19°, C-21/21°, C-26" i C-27’ szkieletu steroidowego zaobserwowano przy
najnizszych warto$ciach (22,94-12,02 ppm) (Rys. 23).

1919 ' 26 2 1 1818

27 2
| “ ‘| | H L “ |
| | | | | | | | ‘
14.0 13.0 12.0

23.0 22.0 21.0 20.0 19.0 18.0 17.0 16.0 15.0

ppm

Rysunek 23. Fragment widma *C NMR pochodnej kwasu litocholowego
i cholesterolu (71) [P8].

Charakterystyczne pasma w widmach FT-IR wskazywaty na obecno$¢ kluczowych grup
funkcyjnych. W wyniku doktadnej analizy widm substratow i otrzymanych w reakcji ,,click”
produktow, dla obu grup zwigzkow (tj. substratow i produktow) pasma w zakresie 1753—1738
cm!  odpowiadaly drganiom atoméw wegla grup karbonylowych. Jednocze$nie
na podstawie porownania tych widm oraz z uwagi na nieobecno$¢ charakterystycznych dla grup
propargilowych i azydkowych pasm w zakresie 2111-2106 cm™ na analizowanych widmach

koniugatow (71-76) zweryfikowano ich otrzymanie.

Przeprowadzona analiza spektrometryczna ESI-MS potwierdzita masy czasteczkowe
zsyntetyzowanych koniugatéw kwasdéw zotciowych 1 steroli. Na postawie widm masowych
wszystkich nowych zwigzkéw udowodniono obecno$¢ ich gtownych jonow o wigkszym
powinowactwie do jonow sodu [M+Na]", a 0 mniejszej intensywno$ci zwigzanej jonami potasu
[M+K]".

Oddzialywania miedzy- 1 wewnatrzczasteczkowe oraz konformacje czasteczek zostaly
szczegotowo zbadane poprzez pordwnanie danych eksperymentalnych, uzyskanych w fazie
skondensowanej, z wynikami obliczen wykonanych dla fazy gazowej. W analizie porownano
eksperymentalne przesunigcia chemiczne ('"H i '3C NMR) z wartosciami obliczonymi dla
wybranego biokoniugatu, wykorzystujac metod¢ GIAO. Otrzymane korelacje byly liniowe
i opisane rownaniem Sexp=a+bcealc, gdzie wartoéci parametrow wynosity odpowiednio: dla '*C
a=216,9071 i b=—1,848, a dla 'H a=30,6665 i b=0,9303. Wysokie wspotczynniki determinacji
(1>=0,9942 dla '*C NMR oraz r>=0,9905 dla 'H NMR) potwierdzaja poprawno$é
zoptymalizowanej geometrii czasteczek (Rys. 24).
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Rysunek 24. Eksperymentalne przesunigcia chemiczne (dexp, CDCl3) w zwigzku (73)
w funkcji izotropowych statych ekranowania magnetycznego (Gcalc) z obliczen
GIAO/B3LYP/6-311G(d,p); (a) protony 1 (b) atomy wegla-13 [P8].

1.3. Obliczenia semiempiryczne (PMS5)

PMS5 jest metoda potempiryczng stosowang w chemii kwantowej, umozliwiajaca
szybkie i efektywne modelowanie struktur molekularnych oraz ich wiasciwo$ci. Wykorzystuje
uproszczone rownania Schrdodingera, uzupelnione o parametry empiryczne, dodane
na podstawie wynikow eksperymentalnych i doktadnych obliczen ab initio.

Obliczenia metodg PMS odegraly kluczowa role w analizie wlasciwosci
fizykochemicznych i strukturalnych otrzymanych biokoniugatéw kwasdéw zotciowych i steroli
(Tabela 1). Zoptymalizowana geometria czasteczek postluzyla do analiz dokowania
molekularnego. Wartosci ciepta tworzenia (HOF) niektoérych struktur biokoniugatdéw, uzyskane
w obliczeniach metoda PMS5, sag wynikiem kilku kluczowych czynnikow zwigzanych z ich
strukturg molekularng 1 wlasciwosciami chemicznymi. W biokoniugatach zawierajacych
pierscien 1,2,3-triazolowy oraz liczne podstawniki (np. grupy acetylowe) obserwuje si¢ duze
oddziatywania steryczne migdzy fragmentami czasteczki. PierScien triazolowy odgrywa
kluczowa role w rozkladzie elektronow w czasteczce. Jego zdolno$¢ do sprzezenia m—n z
innymi elementami struktury moze zaréwno stabilizowaé, jak i destabilizowaé czasteczke,
w zaleznosci od rozmieszczenia grup funkcyjnych. Warto zauwazy¢, ze warto$¢ ciepta
tworzenia HOF maleje wraz ze wzrostem grup estrowych, dlatego tez za najbardziej stabilny
energetycznie zwigzek mozna uzna¢ biokoniugaty kwasu cholowego (73) i (76). Porownujac
pochodne steroli nalezy uwzgledni¢ wpltyw obecnego wigzania podwdjnego przy atomach
wegla Cs=Ces w czasteczce cholesterolu, wskutek ktorego jego zwigzki wykazywaty
minimalnie nizszg trwalo$¢ (Rys. 25). Zastosowanie fragmentéw sterolowych i kwasow
zOkciowych prowadzi do uzyskania struktur o mieszanym charakterze hydrofobowym
1 hydrofilowym. Tego typu wtasciwosci moga powodowaé lokalne napigcia w strukturze
czasteczki, wptywajac na jej stabilno$¢ energetyczng. Wskazuja rowniez, ktore elementy
strukturalne moga by¢ modyfikowane w przysztych badaniach, aby uzyska¢ bardziej stabilne
1 potencjalnie bioaktywne zwigzki.
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a)

Rysunek 25. Model molekularny w konformacji syn (a) oraz anti (b) pochodne;j
kwasu cholowego i cholesterolu (73) [P8].

&3



MGR INZ. ANNA KAWKA

Czes¢ eksperymentalna

Tabela 1. Ciepto tworzenia (HOF) [kcal/mol] kwaséw zotciowych, steroli
1 koniugatéw steroidowych [P8].

Nr HOF HOF gy HOF i AHOF1 AHOF: AHOF3 AHOF4
10 2292756 — - - - - -

11 -266,8560 — - - - — —

12 -309,8662 — — — — — =

1 -145,2016 — - - - — —

9 -167,9130 — — — — — =

71 - -370,9984 -370,8825 —141,7228 -141,6069 -225,7968 —225,6809
72 — —448,9483  —456,2749 -182,0923 -189,4189 —-303,7467 -311,0733
73 — —533,3628 —-542,0610 —223,4966 —232,1948 -388,1612 -396,8450
74 — -394,2004 -393,6084 —164,9248 —-164,3328 -226,2874 —225,6954
75 — -471,8692 —479,4003 —-205,0132 -212,5443 3,039,562 —-311,4873
76 — -557,2032 -557,2743 -247,3370 -247,4081 -389,2902 -389,3613

AHOF; = HOFkoniugaty syn (71_76) _HOkaasy z0tciowe (7_9) AHOF, = HOFkoniugaty anti (71—76) -
HOkaasy z0kciowe (10_12) AHOF3 = HOFkoniugaty syn(71_76) _HOFsterole(l, 9) AHOF4 =
HOF koniugaty anti (71—76) —HOFsterole(l, 9)

1.4. Aktywnos¢ biologiczna
Badania in silico metoda PASS

Synteza 1 izolacja nowych zwigzkow chemicznych, jak réwniez modyfikacja struktury
juz znanych potaczen, wymagaja oceny ich wtasciwosci farmakologicznych oraz potencjalnego
dziatania toksycznego. Tradycyjne badania in vitro, a nastepnie in vivo, sa jednak czasochtonne
1 kosztowne. W zwigzku z tym coraz wigksza role odgrywaja analizy in silico, przeprowadzane
z wykorzystaniem narze¢dzi takich jak program PASS.

Metoda ta pozwala nie tylko na skrocenie czasu poszukiwan biologicznie aktywnych
zwiazkow, lecz takze na wskazanie ich potencjalnych wiasciwosci biologicznych. Dzigki temu
mozliwe jest szybsze wytypowanie prawdopodobnych zwigzkéow do dalszych badan
farmakologicznych. Program PASS, opierajac si¢ na strukturze czasteczki, przewiduje zaréwno
jej potencjalne dziatanie farmakologiczne, jak i1 toksyczne. Mechanizm dzialania programu
polega na poréwnaniu struktury badanego zwigzku z danymi zawartymi w obszernej bazie,
obejmujacej okoto 1 000 000 biologicznie aktywnych zwigzkow 1 5500 réznych aktywnos$ci
biologicznych.

Program PASS znajduje szczegdlne zastosowanie przy analizie zwigzkow
zawierajacych elementy substancji pochodzenia naturalnego lub metabolitow wtornych.
Narzedzie to oblicza prawdopodobienstwo wystgpienia danej aktywnosci biologicznej
(PA) oraz jej braku (PI). Wysokie wartosci PA (> 0,7) wskazuja na duze prawdopodobienstwo
potwierdzenia aktywno$ci w badaniach eksperymentalnych. Dla wartosci PA w przedziale
0,5-0,7 szansa ta jest mniejsza, a przy PA <0,5 jest ona bardzo niska.
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Warto réwniez zauwazy¢, ze obecnos$¢ elementdw znanych i aktywnych biologicznie
w strukturze badanego zwigzku zwigksza prawdopodobienstwo potwierdzenia aktywnos$ci
biologicznej. Zalozenia te czynia program PASS niezwykle przydatnym narz¢dziem w procesie
diagnozowania potencjalnych wtasciwosci farmakologicznych.

Bazujac na wynikach testow in silico uzyskanych dla otrzymanych koniugatéw
steroidowych mozna wnioskowa¢ o ich zrdznicowanych wtasciwosciach biologicznych.
Istnieje  wysokie prawdopodobienstwo wykazywania przez czasteczki dziatania
przeciwbakteryjnego oraz przeciwgrzybicznego. Wiaze si¢ to z interakcjami z lipidowymi
strukturami bton komorkowych drobnoustrojow prowadzacych do ich destabilizacji.
Biokoniugaty wykazujg przewidywane wlasciwosci antagonistyczne wobec cholesterolu.
W Tabeli 2 pokazano wybrane przewidywane aktywnos$ci biologiczne koniugatow (71-76).

Tabela 2. Przewidywana aktywnos$¢ biologiczna wybranych koniugatéw [P8].

PA > 0,70 71 72 73 74 75 76
Inhibitor gliceryloeteromonooksygenazy — 0,71 0,75 0,72 0,75 0,79
Antagonista cholesterolu 0,84 0,76 0,76 0,71 - -
Hipolipidemia 0,76 0,78 0,85 — - 0,78
Antyhipercholesterolemia 0,73 - 0,75 - — —
Zapalenie trzustki 0,83 0,80 0,79 0,90 0,86 0,84

Aktywnos¢ przeciwbakteryjna

Badania dokowania molekularnego wykazaty, Ze biokoniugaty maja zdolnos¢
do oddzialywania z biatkami kluczowymi dla metabolizmu bakterii (Rys. 26). Szczegdlng
uwage zwrdocono na zdolno$¢ do hamowania wzrostu bakterii Gram-dodatnich
1 Gram-ujemnych. Wsrdd analizowanych drobnoustrojow znalazty sie:

e FEscherichia coli — bakteria Gram-ujemna zwigzana z zakazeniami drog moczowych,
przewodu pokarmowego i ran [126].

e Staphylococcus aureus — bakteria Gram-dodatnia odpowiedzialna za powazne
zakazenia skorne, a takze infekcje szpitalne [127].

Wyniki wskazuja, ze aktywnoS$¢ przeciwbakteryjna koniugatow jest ograniczona,
jednak stwarzaja perspektywe do dalszych modyfikacji chemicznych w celu zwiekszenia ich
skutecznosci.
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Rysunek 26. Interakcje ligandow 1 sposdb wigzania dla zwigzkow (73) 1 (76) w 2Q85.
A, C — oznacza ligand (73) (zielony); B, D — oznacza ligand (76) (z6tty) [P8].

Aktywnos$¢ przeciwgrzybiczna

Wykazano wyraznie wigksze dziatanie przeciwgrzybiczne w poroéwnaniu z dziataniem
przeciwbakteryjnym otrzymanych biokoniugatow steroidowych (71-76). Najsilniejsza
aktywno$¢ przeciwgrzybiczng zaobserwowano wobec nastgpujacych szczepow grzybow:

e Candida albicans — grzyb odpowiedzialny za infekcje kandydozowe, szczegélnie
u 0séb z obnizong odpornoscia [128].

o Aspergillus niger — plesn mogaca wywotywac choroby ptuc, w tym aspergiloze [129].

e (Cryptococcus neoformans — drozdzak zwigzany z ciezkimi zakazeniami osrodkowego
uktadu nerwowego u pacjentow z HIV/AIDS [130].

Koniugaty dziataja na kluczowe enzymy grzybow, co wskazuje na ich potencjat
jako inhibitorow specyficznych szlakéw metabolicznych.

Obecnos¢ pierscienia 1,2,3-triazolowego oraz wtasciwosci amfifilowe zwigzkéw moga
zaktoca¢ funkcjonowanie blon komdrkowych drobnoustrojéw, prowadzac do ich uszkodzenia.
Dokowanie molekularne sugeruje, ze zsyntetyzowane koniugaty moga wigzac¢ si¢ z enzymami
odpowiedzialnymi za syntez¢ S$ciany komodrkowej drobnoustrojow oraz za procesy
metaboliczne, co prowadzi do ich dezaktywacji (Rys. 27).

Dzigki swojej chemicznej strukturze koniugaty sa odporne na degradacje
enzymatyczng, co zwigksza ich trwato$¢ w srodowisku biologicznym i potencjalnie wydtuza
czas dziatania. Ich potencjalne zastosowania obejmuja terapie antygrzybiczne szczegdlnie
w zakazeniach wywotanych przez Candida albicans oraz mozliwo$¢ wykorzystania ich
jako sktadnikow preparatow przeciwdrobnoustrojowych o szerokim spektrum dziatania.
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Rysunek 27. Interakcje ligandow i sposob wigzania dla zwigzkow (73) i (76) w 1EZF.
A, C — oznacza ligand (73) (zielony); B, D — oznacza ligand (76) (z6tty) [P8].

Zdolnos¢ koniugatow do wykazywania selektywnego dziatania przeciwko wybranym
szczepom drobnoustrojow, szczegoOlnie grzybow, czyni je obiecujacymi kandydatami
do dalszych badan. Ich stabilno$¢ chemiczna i specyficzne mechanizmy dziatania otwieraja
nowe mozliwosci terapeutyczne, zwlaszcza w konteks$cie rosngcej opornosci drobnoustrojow
na istniejgce leki.

2. Quasi-podandy kwasoéw zolciowych

2.1. Synteza tripodstawionych pochodnych kwasow zoélciowych

Zachecona powyzszym sukcesem przeprowadzitam reakcje syntezy quasi-podandow
pochodnych kwasow zotciowych zawierajacych w strukturze pierscienie 1,2,3-triazolowe [P6].
Otrzymatam 1 przeanalizowalam wlasciwosci fizykochemiczne propargilowej (77)
oraz nowoopracowanych syntez 12a-acetoksy— oraz 7a,12a-diacetoksy propargilowych
pochodnych kwaséw zotciowych (78-79) (Schemat 29). Opierajac si¢ na zatozeniach chemii
»click”, stanowigcej podstawowa metode nowoczesnej syntezy organicznej, zaprojektowatam
reakcje otrzymywania wielkoczasteczkowych zwigzkéw  zawierajacych piers§cienie
1,2,3-triazolowe (82-85). Tego typu uktady cechuje stabilno$¢ w polarnych rozpuszczalnikach,
wysoka odporno$¢ na procesy redukcji 1 utleniania oraz aktywno$¢ w tworzeniu wigzan
wodorowych zwigkszajacych ich trwatos¢.
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)

Wé

10-12 77-79

(i) MeOH, p-TsOH:; (ii) Ac,0, Py, DMAP (dla 11&12): (iii) K,CO3, MeOH (dla 11&12);
(iV) CHCCOOH, CHZCIZ(bezw_)x ,D-TSOH

Nr R!' R? Wydajnosé [%]

77 H H 49
78 H OAc 57
79 OAc OAc 30

Schemat 29. Wprowadzenie grupy alkinowej w pozycj¢ C-3 szkieletu steroidowego
kwasow zotciowych [P6].

Berc CHzBr N3H20 CH2N3
NaN3
aceton, H,0,
temp.
CH,Br CH2N3
80 81

Schemat 30. Synteza 1,3,5-tris(azydometyleno)benzenu (81) [P6].

Seri¢ quasi-podandéw zsyntetyzowatam w reakcji estrow (lub acetylowanych estrow,
nieznanych  jak dotad w  literaturze) propargilowych  kwasow  zolciowych
z 1,3,5-tris(azydometyleno)benzenem w mieszaninie fert~-BuOH/H2O, z dodatkiem
CuSO4*5H;0, askorbinianu sodu i w podwyzszonej temperaturze (65°C). Na Rysunku 28
przedstawiono wszystkie tripodstawione koniugaty otrzymane z wysoka wydajnoscia. Ponadto,
wyizolowano réwniez dipodstawiong pochodng kwasu litocholowego (82) (Rys. 28).
Monopodstawione  pochodne  kwaséw  zolciowych  sprzezone z  pierScieniem
1,2,3-triazolowym (z dwiema grupami azydkowymi N3) nie powstaja ze wzgledu na ich niska
trwato$¢. Otrzymanie dipodstawionych pochodnych wystepuje sporadycznie. Warto podkresli¢,
ze opisang dipodstawiong pochodng kwasu litocholowego (82) charakteryzuje wyzsza wartos¢
HOF w poréwnaniu z tripodstawiong pochodng tego kwasu (83), co $wiadczy o jej
niestabilnosci (Tabela 3).
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Nr R! R? Wydajno$é [%]

82 H H 11
83 H H 88
84 H OAc 77
85 OAc OAc 57

Rysunek 28. Quasi-podandy kwasow zotciowych zawierajace uktady 1,2,3-triazolowe [P6].

Zastosowanie reakcji 1,3-dipolarnej cykloaddycji (reakcji Huisgena) wykorzystujacej
katalityczne ilo$ci miedzi(I) okazato si¢ niezmiennie atrakcyjng i selektywng metoda syntezy
pierscieni 1,2,3-triazolowych.

Zaprojektowane powyze] biokoniugaty (82—-85) posiadaja wbudowana sztywna
platform¢ piercienia aromatycznego. Sprawia to, ze ich czasteczki beda sprawniej
przyjmowaty odpowiednig konformacj¢. Plaski pierScien benzenowy moze determinowaé
wchodzenie w interakcje z powierzchnig biopolimerow, jak rowniez stanowi¢ swego rodzaju
kotwice w uktadach biologicznych.

Identyfikacja 1 scharakteryzowanie sze$ciu nowych zwigzkow (78, 79) oraz (82-85)
obejmowaly wszechstronng analize za pomoca technik spektralnych ("H NMR, *C NMR,
FT-IR), spektrometrii mas (ESI-MS) 1 metody semiempirycznej PMS5 [P6].

2.2. Analiza spektroskopowa

Charakterystyka spektroskopowa dostarczyta kluczowych informacji o strukturze
zwigzkow, potwierdzajac obecno$¢ pierscienia 1,2,3-triazolowego. Na widmach wszystkich
koniugatow kwasow zolciowych zaobserwowano diagnostyczne przesunigcia chemiczne
w zakresie 8,10-8,06 ppm odpowiadajagce protonom obecnym w pierscieniach
1,2,3-triazolowych. Ponadto w widmie 'H NMR zwiazku (82) widoczne jest istotne dla
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identyfikacji przesuni¢cie chemiczne w postaci singletu przy 8,06 ppm, ktére mozna przypisac
dwom protonom pierscieni triazolowych, co $wiadczy o otrzymaniu dipodstawionej triazolowe;j
pochodnej kwasu litocholowego. Co wiecej, w widmach tego zwigzku zaobserwowano rowniez
charakterystyczny sygnat przy 4,37 ppm, ktdry mozna przypisa¢ protonom z grupy —“CH>—Nj3
(Rys. 29). Przesunigcia chemiczne w zakresie 5,09—4,81 ppm przypisano protonom 33-H, 7f-
H i 12B-H w szkielecie steroidowym. Natomiast sygnaty przy nizszych wartosciach (0,95-0,73
ppm) pochodzity od protonéw z grup metylowych CH3-21, CH3-19 i CH3-18.

82

H-triazolowe

Ph-CHy-pierscien triazolowy

CH-N;
3[; 8

B.10 808 806 8.04 8.02 80664 562 5.60 5.58 5.56 5.54 5.52 5.08 5.06 5.04 5.02 500 4.98 4.96 494 4.92 4‘2 4.40 438 436 4.34

ppm
83 H-triazolowe

Ph-CH»-pierscien triazolowy

o ey

8.10 8.05 5.65 560 5.55 5.50 5.45 505 500 495 490 485 480 475 470 465 460 455 450 445 4149

ppm

Rysunek 29. Poréwnanie sygnatow zaobserwowanych na widmach 'H NMR di- (82)
1 tripodstawionej (83) pochodnej kwasu litocholowego [P6].

Z kolei na wszystkich widmach *C NMR zidentyfikowano charakterystyczny sygnat
z zakresie 129,5-123,8 ppm wskazujacy na atom wegla z pierScienia 1,2,3-triazolowego.
Przesunigcia odpowiadajace atomom wegla z grup karbonylowch obecnych w czasteczkach
koniugatow zaobserwowano przy najwyzszych wartosciach (172,50-170,17 ppm).
Niezmiennie, sygnaty pochodzace od atomow wegla z grup metylowych, takich jak C-21,
C-19 1 C-21 potaczonych bezposrednio ze rdzeniem steroidowym kwasow zotciowych byty
widoczne przy w zakresie 23—10 ppm.

W widmach FT-IR zaobserwowano charakterystyczne pasma dla kluczowych grup
funkcyjnych. Grupy karbonylowe (C=0) dawaly intensywne pasma w zakresie
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1745-1730 cm™, co potwierdza obecno$¢ estréw acetylowych. W przypadku propargilowych
pochodnych kwaséw zolciowych zaobserwowano pasma w zakresie 2120-2100 cm™!, ktérych
nie odnotowano dla wykonanych widm FT-IR otrzymanych tripodstawionych triazolowych
koniugatow steroidowych. W przypadku dipodstawionego koniugatu kwasu litocholowego (82)
dostrzezono pasmo pochodzace od grupy azydkowej N3 przy liczbie falowej 2099 cm
(Rys. 30).

100 . W

75 v(N=N*=N")

Transmittance [%]
——

’ !

v(C-H)

v(C-0)
v(C=0)

4000 3500 3000 2500 2000 1500 1000
Wavenumber [cm! |

Rysunek 30. Porownanie otrzymanych widm FT-IR zwigzku (82) (z grupa N3, niebieski)
oraz pozostatych zwigzkow (83—85) (czerwony) [P6].

Analiza wynikéw pozyskanych z otrzymanych widm spektrometrii masowej
oraz wysoka zgodno$¢ danych eksperymentalnych z teoretycznymi dodatkowo potwierdzaja
poprawno$¢ struktur. Korelacja przesunigé¢ chemicznych ('H i '*C) miedzy warto$ciami
eksperymentalnymi 1 obliczonymi (metoda GIAO) wykazata bardzo wysoka zgodno$¢
(3C NMR: 12 = 0,9942, '"H NMR: 12 = 0,9905). Jony molekularne o odpowiednich wartosciach
mas czasteczkowych wskazuja na utworzone zgodnie z oczekiwaniami struktury
biokoniugatow. Fragmentacja masowa jonow molekularnych uzyskanych czasteczek
zwerytikowata obecnos¢ pierscieni 1,2,3-triazolowych badz grup acetylowych.

Analiza spektroskopowa stanowi podstawe¢ do dalszych badan nad wtasciwosciami
biologicznymi zwigzkow.
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2.3. Obliczenia semiempiryczne (PMS5)

Analiza wynikow badan teoretycznych, opartych na obliczeniach metoda PMS5,
wskazuje, ze monopodstawione pochodne kwasow zotciowych potaczone pier§cieniem
1,2,3-triazolowym (z dwiema wolnymi grupami N3) nie powstaja ze wzgledu na bardzo
wysokie wartosci ciepla tworzenia. W przypadku kwasu litocholowego zaobserwowano
powstawanie dipodstawionych pochodnych, jednak ich stabilno$¢ byta niska (Tabela 3).
Wszystkie quasi-podandy wykazywaty obecnos¢ interakcji m—m (typu ,,sandwich”) pomig¢dzy
dwoma pier§cieniami triazolowymi, przy czym obliczona separacja mi¢dzyptaszczyznowa
wynosita okoto 5,8 A. Odleglos¢ ta jest wicksza o okoto 1,7 A w poréwnaniu z klasycznymi
interakcjami n—m, co wynika z faktu, ze pierScien triazolowy jest bezposrednio potgczony
ze sztywnym szkieletem aromatycznym, co wymusza zwigkszong odlegto$¢. Ponadto
przestrzenne rozmieszczenie czasteczek kwasow zolciowych i pierscieni 1,2,3-triazolowych
moze sprzyjac¢ tworzeniu stabilnych komplekséw typu gospodarz-gos¢ (Rys. 31).

Rysunek 31. Model molekularny koniugatu kwasu deoksycholowego
z pier$cieniami 1,2,3-triazolowymi (84) [P6].
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Tabela 3. Ciepto tworzenia (HOF) [kcal/mol] otrzymanych pochodnych
kwasow zotciowych [P6].

Nr HOF [kcal/mol]
77 —212,7209
78 —298,6465
79 —383,8356

82 —286,8410
83 —550,9153
84 —809,8199

85 —1063,6189

24, Aktywnos¢ biologiczna
Przewidywana aktywnos$¢ biologiczna (PASS)

Na podstawie badan in silico przewidziano potencjalng aktywno$¢ biologiczng
zsyntetyzowanych zwigzkow. Ich potencjat farmakologiczny jest zwigzany gtownie z regulacja
metabolizmu cholesterolu, dlatego moga znalez¢ zastosowanie jako antagonisci cholesterolu
lub inhibitory enzymoéw metabolizmu lipidow [P6].

Dokowanie molekularne

Reduktaza HMG-CoA jest kluczowym enzymem odpowiedzialnym za synteze
cholesterolu w watrobie. Badania nad nowymi inhibitorami reduktazy HMG-CoA maja istotne
znaczenie dla zdrowia publicznego, poniewaz podwyzszony poziom cholesterolu jest jednym
z gtownych czynnikéw ryzyka chorob uktadu sercowo-naczyniowego, takich jak miazdzyca
czy zawal serca. Jej hamowanie moze skutecznie ogranicza¢ produkcje cholesterolu,
prowadzac do obnizenia jego stezenia we krwi [131, 132].

Zsyntetyzowane zwiazki wykazuja wieksze powinowactwo do domeny biatka THWS
(PDB ID, reduktaza HMG-CoA) w poréwnaniu z mewastatyng, 0siggajac energi¢ wigzania
na poziomie —6,9 kcal/mol przy $redniej energii —6,8 kcal/mol. Wyniki te wskazuja, Zze nowe
czasteczki moga potencjalnie petni¢ rolg skutecznych inhibitorow reduktazy HMG-CoA
(Rys. 321 33). Otrzymane zwiazki, wykazujace wigksze powinowactwo do enzymu niz obecnie
stosowana mewastatyna, moga przyczyni¢ si¢ do opracowania bardziej efektywnych
1 bezpiecznych terapii obnizajacych poziom cholesterolu. Wprowadzenie takich innowacyjnych
lekow mogloby nie tylko poprawi¢ jakos$¢ zycia pacjentow, ale takze zredukowac obcigzenie
systemu ochrony zdrowia zwigzanego z leczeniem powiktan chorob sercowo-naczyniowych.

93



MGR INZ. ANNA KAWKA Czes¢ eksperymentalna

Rysunek 32. Tworzenie wigzan wodorowych przez ligand (85) z miejscem aktywnymi
domeny biatka IHWS8 [P6].

iy A
N
\’f‘\}:\‘

Rysunek 33. Mozliwe wigzania wodorowe ligandu (82) pomigdzy miejscami wigzania
domeny biatka ITHWS. Energia wigzania wynosi —8,7 kcal/mol
($rednia energia wigzania wynosi —8,4 kcal/mol) [P6].
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3. Koniugaty steroidowo-pirymidynowe

3.1. Synteza koniugatow zawierajacych pierscienie 1,2,3-triazolowe

Unikatowa struktura 1 wlasciwos$ci biologiczne steroidow determinujg ich zastosowanie
jako doskonata platform¢ do modyfikacji chemicznych. Potaczenie kwaséw zoéiciowych
lub steroli z zasadami pirymidynowymi, takimi jak wuracyl i1 2-tiouracyl umozliwia
projektowanie biokoniugatow o potencjalnym dzialaniu wobec wirusow, bakterii, grzybow
oraz komorek nowotworowych [133-136]. Zasady pirymidynowe jako kluczowy element
strukturalny kwasow nukleinowych charakteryzuje zdolnos¢ do specyficznego oddziatywania
z biatkami enzymatycznymi i receptorami biologicznymi [137]. Wiaczenie czasteczki uracylu
badz 2-tiouracylu do szkieletu steroidowego moze istotnie poprawi¢ ich farmakokinetyke
oraz selektywno$¢.

Przeprowadzitam syntezy modelowe 2z uzyciem nowoopracowanych struktur
N(1),N(3)-dipropargilowej pochodnej uracylu (88), N(1),S-dipropargilowej pochodnej
2-tiouracylu (89) i N(3),S-dipropargilowej pochodnej 2-tiouracylu (90) z 3a-azydooctanami
odpowiednich kwasow zotciowych (66—68) oraz 3B-azydooctanami steroli (91-92) (Schemat
31 i 32). W wyniku reakcji ,click” otrzymano 11 nowych 1,4-dipodstawionych
1,2,3-triazolowych  koniugatéw  steroidowo-pirymidynowych (93-103) z wysokimi
wydajno$ciami (Rys. 34). Zsyntetyzowane zwigzki poddano szczegdlowej analizie
spektroskopowej ('H NMR, 3C NMR, FT-IR), spektrometrycznej (ESI-MS, EI-MS),
wykonano obliczenia teoretyczne (PMS5) oraz okreslono in silico ich potencjalng aktywnos¢
farmakologiczng (PASS, dokowanie molekularne) [P3].

s
0 J o 0 JB
| 3 7
ﬁj\ ub 5 4 J8 5 4 N
LK e e oL A
H DMF (bezw.), \ 1 /7.
0°C % 8\? g/'s.
86 X=0
87 X=S 88 89 90

Schemat 31. Synteza dipropargilowych pochodnych uracylu (88) i nowoopracowanych
dipropargilowych pochodnych 2-tiouracylu (89-90) [P3].

5 ¢
Ne §

1 Cs|=CG| 91 CS'=CB'
9 Co-Cg 92 C5-Cg

(i) BICH,COBY, CH,Clapezwy; (i) NaNg THF, 50°C

Schemat 32. Synteza 33-azydooctanowych pochodnych steroli (91-92) [P3].
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Nr R! R? Cs--—-C¢ Wydajnosé [%]

93 H H — 72
949 H OAc - 63
95 OAc OAc — 78
96 - - Cs=Ce¢’ 65
97 — — Cs—Ce 75
98 H H — 34
9 H OAc - 47
100 OAc OAc - 43
101 H H — 60
102 H OAc — 78
103 OAc OAc — 67

Rysunek 34. Koniugaty steroidowo-pirymidynowe potaczone
pier$cieniami 1,2,3-triazolowymi (93-103) [P3].

3.2. Analiza spektroskopowa

Analiza spektralna (‘H NMR, 3C NMR, FT-IR, EI-MS, ESI-MS) dostarczyla
kompleksowych informacji o strukturze i1 stabilno$ci nowych koniugatow steroidowo-
pirymidynowych.

W widmie 'H NMR dipropargilowych pochodnych 2-tiouracylu (89-90)
charakterystyczne przesunigcia chemicznie dawaly sygnal w postaci dubletow, ktore
zaobserwowano przy 8,30 1 7,77 ppm 1 przypisano protonom CH-6 oraz przy 6,50 1 6,26
z CH-5 (Rys. 35). Sygnaty odpowiadajgce protonom przy atomie wegla w wigzaniu CH,—N(1)
pojawiaja si¢ jako podwojne singlety przy 5,03 1 4,85 ppm, podobnie jak przesunigcia
chemiczne pochodzace od protonéw obecnych w grupie metylenowej CH>—S przy 4,02 13,91
ppm. W zakresie 2,53-2,19 ppm zidentyfikowano charakterystyczne sygnaty
w postaci tripletow pochodzace od protonoéw przy wigzaniu C=CH.
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Rysunek 35. Fragmenty widm '"H NMR alkinowych pochodnych 2-tiouracylu (89, 90) [P3].

Diagnostyczne przesunigcia chemiczne pochodzace od protondow z pierScieni
1,2,3-triazolowych zaobserwowano dla wszystkich koniugatow (93—-103) jako singlety
w zakresie 7,90-7,70 ppm (Rysunek 36). Charakterystyczne sygnaly w postaci dubletow
odpowiadajace protonom przy atomach wegla CH-6 i CH-5 zaobserwowano przy 8,26-8,25
1 6,45 ppm (dla zwigzkéw 101-103), 7,77-7,75 i 6,22-6,20 ppm (dla zwigzkow 98-100),
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7,467,451 5,75-5,74 ppm (dla zwigzkéw 93-97). Protony obecne w grupach metylenowych
N—CHx—triazol 1 S-CH>—triazol mozna zinterpretowac jako singlety polozone odpowiednio
przy 5,54-5,52 (N(3)), 5,34-5,33 (N(1)) 14,56—4,50 ppm. Przesunigcia chemiczne pochodzace
od protondw z grup metylenowych CHz taczacych szkielet steroidu z pier§cieniem triazolowym
sa potozone w widmach '"H NMR koniugatéw steroid—uracyl (93-97) w zakresach 5,25-5,23
1 5,13-5,11 ppm. W przypadku zwigzkéw (98—103) podobne sygnaly w postaci singletow
zaobserwowano przy 5,15-5,08 ppm. Na widmach '"H NMR wszystkich zwigzkow (93-103)
wystepuja charakterystyczne przesunigcia chemiczne w zakresie 4,86—4,61 ppm nalezace
do protondéw przy 3’a-H i 3’B-H. Dla pochodnej cholesterolu (96) diagnostyczny jest szeroki
singlet odpowiadajacy protonowi 6’-H przy 5,38 ppm.

95
CH-triazolowe
| I CH-6
790 7.85 7.80 7.75 7.70 7.65 7.60 7.55 7.50 7.45
ppm
3"a-OCOCH; 12'8-H i N(3)-CHz-triazol
3'“_0(*0(‘11: N(U-Cl{;—(ria.lol
CH-5
H 3B-H
J’h“\
" 580 = 570 560 550 540 530 520 510 500 490 480 470 460  4.50
ppm
99

12’a-OAc

CH-triazolowe

/ \ CH;-18"
CH;-19 H
CH-6 CH»-21"

7.85 7.80 7.15 7.70 2.10 090 085 080 075 070
ppm ppm

3'a-OCOCH;
12'B-H

SCH;- triazol

N(1)-CH;-triazol
CH-5 L

64 63 62 61 60 59 58 57 56 55 54 53 52 51 50 49 48 47 46 45 44 43
ppm

Rysunek 36. Diagnostyczne sygnaly widma '"H NMR zidentyfikowane dla triazolowych
zwiagzkow kwasu cholowy-uracyl (95) 1 kwas deoksycholowy-tiouracyl (99) [P3].
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Interpretacja widm *C NMR zwiazkow (89) i (90) wskazuje na sygnaty pochodzace
od atoméw wegla C(4)=0, C(2)-S, C-6, C-5 odpowiednio przy 169,8-160,7, 167,5-160,7,
157,8-151,91110,8-104,1 ppm. Sygnaly od atoméw C=C obserwowano w zakresie 79,7-70,5
ppm, natomiast sygnaly odpowiadajace atomom wegla z grup metylenowych CH»
obserwowano w zakresie 54,1-19,4 ppm.

Na widmach 'C NMR wszystkich koniugatow (93-103) sygnaly diagnostyczne
odpowiadajagce atomom wegla z pierscienia triazolowego, takie jak C=CH, daja sygnaty
odpowiednio przy 145,7-138,8 1 125,4-123,3 ppm. Z drugiej strony, atom wegla z potaczenia
metylenowego steroid-CHy—pier$cienia triazolowy zaobserwowano przy 51,2—-51,0 ppm.

Na widmach FT-IR wystepuja charakterystyczne dla grup karbonylowych pasma drgan
rozciggajacych przy maksimum absorpcji w zakresie 1745-1730 cm™. Pasma absorpcji
zwigzane z wigzaniami N-H w czasteczce uracylu i 2-tiouracylu sg obecne w zakresie
3220-3120 cm’', co potwierdza udzial pierécienia pirymidynowego w strukturze
biokoniugatow.

Analiza widm EI-MS dostarczyla informacji o przylaczeniu grup propargilowych
do odpowiednich atoméw azotu (N(1) lub N(3)) i1 siatki w otrzymanych pochodnych
2-tiouracylu (89-90) (Schemat 33). Z kolei po interpretacji widm ESI-MS utworzonych
biokoniugatow (93-103) zweryfikowano ich masy czasteczkowe. Zaproponowana
fragmentacja masowa struktur potwierdzita stabilno$¢ uktadow 1,2,3-triazolowych.

Pierscien pirymidynowy w zwigzku (89) ulega otwarciu w wyniku pierwotnej
fragmentacji typu o, prowadzac do powstania dwéch alternatywnych $ciezek fragmentacyjnych
skutkujacych powstaniem réznych jonow analitycznych. W jednej z drog fragmentacji, dalszy
rozpad typu o, a nastgpnie reakcja typu retro-Dielsa—Aldera, prowadzi do powstania jonu
nieparzysto elektronowego obserwowanego przy m/z = 107. W drugiej $Sciezce, w wyniku
indukowanego rozpadu a, generowany jest jon parzysto elektronowy o m/z = 97.

W przypadku zwiazku (90), bedacego pochodng typu N(3)S, obserwuje si¢ dwa
mozliwe przebiegi fragmentacji typu o, obejmujace eliminacje rodnika CsHs" z atomu azotu
z ugrupowania N(3), badz atomu siarki. W obu przypadkach prowadzi to do powstania jonow
parzysto elektronowych o m/z = 165.
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Schemat 33. Mozliwe fragmentacje zwigzkow (89) 1 (90) podczas analizy EI-MS [P3].

3.3. Obliczenia semiempiryczne (PMS5)

Obliczone wartosci ciepta tworzenia dla koniugatdéw wskazuja na stabilno$é
energetyczng hybryd steroidowo-uracylowych (93-97) (Tabela 4). Najwyzsza trwatoscia

charakteryzuja si¢ zwigzki kwasu cholowego

(95, 100, 103), co moze by¢ zwigzane

z obecnoscig grup 7a-OAc, 120-OAc oraz wigzaniem estrowym w lancuchu bocznym
(Rys. 37). Obecnos¢ atomu siarki w pochodnych 2-tiouracylu spowodowaty wyzsze warto$ci

HOF ze wzgledu na steryczne oddzialywania w

czasteczce oraz wiekszg polaryzowalnos¢.

Obliczenia wskazaly na obecnos$¢ silnych wewnatrzczasteczkowych wigzan wodorowych
miedzy grupami karbonylowymi a pirymidynowymi, ktore stabilizujg utworzone struktury.
Obecno$¢ pierscienia 1,2,3-triazolowego sprzyja trwalosci uktadu dzigki interakcjom m—m

1 zwigkszeniu sztywnosci strukturalne;.
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Tabela 4. Ciepta tworzenia uzyskane dla pochodnych pirymidyn (88-90) i dla koniugatow

Nr

88
89
920
93
94
95
96
97
98
929
100
101
102
103

steroidowych (93-103) [P3].

Cieplo tworzenia HOF

[kcal/mol]
28,9829

97,0622
90,6298
—439,5148
—606,8373
—784,1348
—272,6631
-321,9369
—370,6792
—546,0568
—712,6079
—379,0817
—548,2400
—712,2926

96
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102

Rysunek 37. Modele molekularne koniugatu cholesterolu z uracylem (96)
1 kwasu deoksycholowego z 2-tiouracylem (102) [P3].

3.4. Aktywno$¢ biologiczna

Otrzymane hybrydy steroidowo-pirymidynowe potaczone pierscieniem
1,2,3-triazolowym wykazuja szerokie spektrum potencjalnych wlasciwosci biologicznych,
co zostalo potwierdzone za pomocg metod predykcyjnych (PASS) oraz dokowania
molekularnego.

Na podstawie badan in silico przewidziano, ze wybrane biokoniugaty steroidowe
wykazaly potencjalng aktywnos$¢ przeciw bakteriom Gram dodatnim (Staphylococcus aureus)
1 Gram ujemnym (Escherichia coli), jak réwniez grzybom z rodzaju Candida albicans.
Ich dzialanie przeciwdrobnoustrojowe jest zwigzane z oddzialtywaniem z enzymami
kluczowymi w metabolizmie wymienionych patogendw, takimi jak syntaza skwalenu (1EZF)
1 giraza-DNA (1KZN) (Rys. 38 i 39). Biatko 1EZF bierze udziat w biosyntezie ergosterolu,
niezb¢dnego sktadnika btony komodrkowej u grzyboéw, a 1KZN jest istotna dla prawidtowe]
replikacji DNA w komorkach bakterii. WyzZsza energia powinowactwa koniugatow niz ligandy
natywne wskazujg na ich potencjat prolekéw (Tabela 5).
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Tabela 5. Otrzymane warto$ci energii powinowactwa [kcal/mol] koniugatéw do okre§lonych
domen biatkowych [P3].

Domena bialka Nazwa ligandu
ID 1EZF 1KZN 2HY94 2Q85 S5V5Z
Natywny -11.9 -9.1 -14.6 -109 -10.5
89 -5.7 -5.7 —6.2 -5.9 -5.9
90 —6.2 5.2 -5.6 -5.7 -5.6
93 -11.4 -7.1 -9.5 -11.3 -11.3
94 -11.4 -8.3 -99 -12.7 -10.8
95 -11.1 —-6.4 -9.6 -9.7 -10.6
96 -11.4 -8.7 -10.3 -11.6 -12.1
97 -11.6 -7.4 -10.0 -108 -11.3
98 -10.8 -8.0 -10.7 -113 -11.2
99 -10.9 -7.1 -99 -10.7 -10.6
100 -10.2 -8.0 -9.3 —11.6 -9.7
101 -11.3 -8.8 -10.2 -11.2 -119
102 -10.9 —7.6 -10.2 9.5 -10.8
103 -10.4 -8.2 -9.3 -10.1  -10.1

Rysunek 38. Wigzania wodorowe utworzone pomigdzy koniugatem (97) a miejscem
aktywnym syntazy skwalenu (1EZF) okreslajace potencjalng
aktywnos$¢ przeciwgrzybiczng [P3].
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Rysunek 39. Wigzania wodorowe utworzone migdzy ligandem pochodnej cholesterolu (96)
a domeng biatkowga bakterii (1KZN) okreslajacy potencjalng
aktywno$¢ przeciwbakteryjna [P3].

Testy in silico metoda PASS prognozuja zdolno$¢ pochodnych 1,2,3-triazolowych
do ochrony komorek przed stresem oksydacyjnym (Tabela 6). Przewidywana aktywnos$¢
cytoprotekcyjna wigze si¢ z amfipatycznoscig kwasdéw zotciowych i steroli. Wyniki pokazuja,
ze otrzymane struktury zostaly zidentyfikowane jako potencjalne inhibitory enzymow
(monooksygenazy gliceryloeterowej i alkiloacetyloglicerofosfatazy) zwiazanych z reakcjami
zapalnymi skory. Ponadto, zwigzki te posiadajg charakter antycholestatyczny, co moze mie¢
znaczenie w leczeniu zaburzen przewodu zotciowego.

Tabela 6. Przewidywana aktywnos$¢ biologiczna wybranych koniugatoéw steroidowo-
pirymidynowych [P3].

Aktywnos$¢ biologiczna Koniugat

S0 < 93 96 97 98 102
Inhibitor monooksygenazy gliceryloeterowej 71 61 73 69 69

Inhibitor alkiloacetyloglicerofosfatazy 68 - 71 - 52
Choroby skory 69 64 67 59 —
Cytoprotekcyjna 61 - — 57 60
Zaburzenia metabolizmu z6tci 56 - 61 - -
Dermatologiczna 57 59 57 52 54
Nieptodnos¢ u kobiet 53 58 57 - -
Choroby zwigzane z prostata 53 58 53 - -
Antygrzybiczna 52 58 54 50 50
Antyalergiczna 52 54 54 - -

Inhibitor CYP17 - 65 - - -

Inhibitor reduktazy DELTA14-sterolowe;j - 60 - - -
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Przeprowadzone dokowanie molekularne okreslito dziatanie przeciwnowotworowe
biokoniugatow steroidowo-pirymidynowych (Tabela 7, Rys. 40). Wykazujac wyzsza energi¢
powinowactwa do biatka zwigzanego z regulacja ekspresji gendow i cyklu komoérkowego
(LSD1, demetylaza-1 specyficzna dla lizyny) niz powinowactwo ligandu natywnego
predysponuja do hamowania wzrostu komoérek nowotworowych poprzez mechanizmy
epigenetyczne.

Rysunek 40. Potencjalne wigzania wodorowe mig¢dzy ligandem (98) a miejscem aktywnym
biatka zwigzanego z proliferacja komoérek nowotworowych (2H94) [P3].

Dzigki wysokiej specyficznos$ci wzglegdem enzymoéw docelowych moga one znalezé
zastosowanie w terapiach nowotworowych, leczeniu infekcji oraz jako zwigzki wspomagajace
ochrong komorek przed uszkodzeniami.
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Podsumowanie

Artykuty przegladowe dostarczyty szczegotowego wgladu na aktualny stan wiedzy
dotyczacy syntezy biokoniugatéw steroidowych i ich wtasciwosci biologicznych. Poruszana
tematyka skupiata si¢ na skwalaminie jako fundamentalnym zwigzku promujacym
projektowanie nowych pochodnych steroidowych o zastosowaniu w terapiach
przeciwnowotworowych, przeciwwirusowych 1 przeciwdrobnoustrojowych. Zwrdcono
rowniez uwage na ich zdolno$¢ do hamowania angiogenezy i agregacji biatek w chorobach
neurodegeneracyjnych.

Silng aktywnoscia biobojcza wyrdzniajg si¢ koniugaty oparte na szkielecie steroidowym
kwasow zotciowych z wbudowanymi pier§cieniami 1,2,3-triazolowymi, potggujacymi
ich zastosowanie w ukladach biologicznych. Modyfikacje rdzenia steroidowego
z wykorzystaniem reakcji chemii ,,click” prowadza do otrzymywania potencjalnych lekow
[P1, P2, P4].

Wyniki uzyskane w badaniach wlasnych wniosty istotny wkilad w rozwoéj wiedzy
o nowych biokoniugatéw steroidowych, szczegdlnie w zakresie ich syntezy, charakterystyki
spektroskopowej 1 przewidywanych wiasciwosci farmakologicznych.

Opracowano efektywne warunki syntezy jedenastu nowych pochodnych kwasow
zOlciowych 1 steroli, w tym szesciu biokoniugatéw polaczonych pier§cieniami
1,2,3-triazolowymi, ktore scharakteryzowano spektroskopowo. Zwigzki te wyrdznia stabilnos¢
chemiczna, co dowiodly obliczenia teoretyczne. Wykazano, ze nowe koniugaty wykazuja
potencjalng  aktywno$¢ Dbiologiczng w  kierunku dziatania przeciwgrzybicznego
1 przeciwbakteryjnego [P8].

Zsyntetyzowano dwie propargilowe acetylowe pochodne kwaséw zotciowych
oraz cztery struktury quasi-podandéw kwasow zotciowych zawierajacych pierscienie
1,2,3-triazolowe. Takie uklady moga tworzy¢ kompleksy supramolekularne. Analiza
spektroskopowa 1 wyniki obliczen semiempirycznych metodag PMS5 potwierdzily poprawnos¢
otrzymanych struktur 1 trwalo$§¢ wszystkich czasteczek. Koniugaty wyrdznia potencjat
antyhipercholesterolemiczny [P6]

Z kolei trzynascie nowych hybryd steroidowo-pirymidynowych charakteryzuje
zdolnos$¢ do oddziatywan z enzymami uczestniczacymi w metabolizmie lipidow 1 w procesach
przeciwnowotworowych. Analizy dokowania molekularnego wskazaty na ich potencjalng
aktywnos$¢ antyproliferacyjng oraz na zastosowanie tych zwiazkdw w terapii przeciwko
grzybom 1 bakteriom [P3].

Zaprojektowane struktury trzydziestu nowych pochodnych kwasow zotciowych 1 steroli
wniosty nowe perspektywy wiedzy w dziedzinie chemii bioorganicznej. Opracowane
koniugaty zawierajace pierscienie 1,2,3-triazolowe wykazuja wysoka przewidywang
aktywno$¢ farmakologiczng, szczegodlnie przeciwnowotworowg, przeciwdrobnoustrojowsg
1 cytoprotekcyjng. Prezentowane wyniki stanowig punkt wyjscia dla dalszych badan
nad zastosowaniem uzyskanych koniugatéw steroidowo-triazolowych w medycynie,
farmakologii lub jako no$niki substancji bioaktywnych.
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Tabela 7. Wykaz numeracji zwigzkéw w artykutach naukowych (Nra) w poréwnaniu
z obowigzujacymi w pracy (Nrp).

Artykuly
P8 P6 P3
Nra Nrp Nra Nrp Nra Nrp
8 64 5 78 4 89
9 65 6 79 5 90
11 67 9 82 16 93
12 68 10 83 17 94
16 70 11 84 18 95
17 71 12 85 19 96
18 72 — — 20 97
19 73 - - 21 98
20 74 - - 22 99
21 75 - - 23 100
22 76 - - 24 101
- - - - 25 102
- - - - 26 103

108



MGR INZ. ANNA KAWKA Bibliografia

Bibliografia

1.  Floss, H.G. Natural Products Derived from Unusual Variants of the Shikimate Pathway.
Nat. Prod. Rep. 1997, 14,433, doi:10.1039/np9971400433.

2. Nicolaou, K. C.; Montagnon, T. Molecules That Changed the World
J. Chem. Educ. 2009, 86, 1372, doi:10.1021/ed086p1372.

3.  Kandi, S.; Godishala, V.; Rao, P.; Ramana, K.V. Biomedical Significance of Terpenes:
An Insight. Biomed.&Biotech. 2015, 3, 8-10, doi:10.12691/bb-3-1-2.

4. Mukhopadhyay, S.; Maitra, U. Chemistry and Biology of Bile Acids. Cur. Sci. 2004, 87,
18.

5. Bloch, K. Sterol Molecule: Structure, Biosynthesis, and Function. Steroids 1992, 57,
378-383, doi:10.1016/0039-128X(92)90081-J.

6. Dewick, P. M. Medicinal Natural Products A Biosynthetic Approach 3rd Ed., John
Wiley & Sons, Ltd.: Chichester, UK, 2009, 247-298.

7.  Tang, J.; Han, Z.; Chai, J. Q&A: What Are Brassinosteroids and How Do They Act
in Plants? BMC Biology 2016, 14, 113, doi:10.1186/s12915-016-0340-8.

8.  Okamura, W.H.; Midland, M.M.; Hammond, M.W.; Abd.Rahman, N.; Dormanen, M.C.;
Nemere, I.; Norman, A.W. Chemistry and Conformation of Vitamin D Molecules.
J. Steroid Biochem. Mol. Biol. 1995, 53, 603—-613, doi:10.1016/0960-0760(95)00107-B.

9.  Rodriguez-Estrada, M.T.; Tatay, A.C.; Cardenia, V.; Garcia-Llatas, G. Fats and Sterols. In
Reference Module in Biomedical Sciences; Elsevier, 2014, doi: 10.1016/B978-0-12-
801238-3.00228-2

10. Benveniste, P. Biosynthesis and Accumulation of Sterols. Annu. Rev. Plant Biol. 2004,
55,429-457, doi:10.1146/annurev.arplant.55.031903.141616.

11. Bjorkhem, I.; Leitersdorf, E. Sterol 27-Hydroxylase Deficiency: A Rare Cause of
Xanthomas in Normocholesterolemic Humans. Trends Endocrinol. Metab. 2000, 11,
180-183, doi:10.1016/S1043-2760(00)00255-1.

12.  Hoenig, M.R.; Rolfe, B.E.; Campbell, J.H. Cholestanol: A Serum Marker to Guide LDL
Cholesterol-Lowering Therapy. Atherosclerosis 2006, 184, 247-254,
doi:10.1016/j.atherosclerosis.2005.09.007.

13.  Morzycki, J.W. Recent Advances in Cholesterol Chemistry. Steroids 2014, 83, 62-79,
doi:10.1016/j.steroids.2014.02.001.

14. Oakes, V.; Domene, C. Influence of Cholesterol and Its Stereoisomers on Members
of the Serotonin Receptor Family. J. Mol Biol 2019, 431, 1633-1649,
doi:10.1016/5.jmb.2019.02.030.

15. Ferdinandusse, S.; Houten, S.M. Peroxisomes and Bile Acid Biosynthesis. Biochim.

Biophys. Acta 2006, 1763, 1427-1440, doi:10.1016/j.bbamcr.2006.09.001.

109



MGR INZ. ANNA KAWKA Bibliografia

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Thomas, C.; Pellicciari, R.; Pruzanski, M.; Auwerx, J.; Schoonjans, K. Targeting Bile-
Acid Signalling for Metabolic Diseases. Nat. Rev. Drug Discov. 2008, 7, 678—693,
doi:10.1038/nrd2619.

di Gregorio, M.C.; Cautela, J.; Galantini, L. Physiology and Physical Chemistry of Bile
Acids. Int. J. Mol. Sci. 2021, 22, 1780, doi:10.3390/ijms22041780.

Babu, P.; Sangeetha, N.M.; Maitra, U. Supramolecular Chemistry of Bile Acid
Derivatives:  Formation of Gels. Macromol. Sym. 2006, 241, 60-67,
doi:10.1002/masy.200650909.

Pavlovi¢, N.; Golo¢orbin-Kon, S.; Pani¢, M.; Stanimirov, B.; Al-Salami, H.; Stankov, K.;
Mikov, M. Bile Acids and Their Derivatives as Potential Modifiers of Drug Release
and  Pharmacokinetic ~ Profiles.  Front. Pharmacol. 2018, 9, 1283,
doi:10.3389/fphar.2018.01283.

Wang, Z.; Qiang, X.; Peng, Y.; Wang, Y.; Zhao, Q.; He, D. Design and Synthesis of Bile
Acid Derivatives and Their Activity against Colon Cancer. RSC Med. Chem. 2022, 13,
1391-1409, doi:10.1039/D2MD00220E.

Chiang, J.Y.L. Bile Acids: Regulation of Synthesis. J. Lipid Res. 2009, 50, 1955-1966,
doi:10.1194/j1r.R900010-JLR200.

Galantini, L.; di Gregorio, M.C.; Gubitosi, M.; Travaglini, L.; Tato, J.V.; Jover, A.;
Meijide, F.; Soto Tellini, V.H.; Pavel, N.V. Bile Salts and Derivatives: Rigid
Unconventional Amphiphiles as Dispersants, Carriers and Superstructure Building
Blocks. Curr. Opin. Colloid  Interface  Sci. 2015, 20, 170-182,
doi:10.1016/j.cocis.2015.08.004.

Roberts, M.S.; Magnusson, B.M.; Burczynski, F.J.; Weiss, M. Enterohepatic Circulation.
Clin. Pharmacokinet. 2002, 41, 751-790, doi:10.2165/00003088-200241100-00005.

Warren, D.B.; Chalmers, D.K.; Hutchison, K.; Dang, W.; Pouton, C.W. Molecular
Dynamics Simulations of Spontaneous Bile Salt Aggregation. Colloids Surf. A:
Physicochem. Eng. Asp. 2006, 280, 182—-193, doi:10.1016/j.colsurfa.2006.02.009.

Li, T.; Chiang, J.Y.L. Bile Acid Signaling in Metabolic Disease and Drug Therapy.
Pharmacol. Rev. 2014, 66, 948-983, d0i:10.1124/pr.113.008201.

Hofmann, A.F. Bile Acids: The Good, the Bad, and the Ugly. Physiology 1999, 14,
24-29, doi:10.1152/physiologyonline.1999.14.1.24.

Higuchi, W.I.; Tzeng, C.-S.; Chang, S.-J.; Chiang, H.-J.; Liu, C.-L. Estimation
of Cholesterol Solubilization by a Mixed Micelle Binding Model in Aqueous
Tauroursodeoxycholate: Lecithin:Cholesterol Solutions. J. Pharm. Sci 2008, 97,
340-349, doi:10.1002/jps.21096.

Rudling, M.; Laskar, A.; Straniero, S. Gallbladder Bile Supersaturated with Cholesterol
in Gallstone Patients Preferentially Develops from Shortage of Bile Acids. J. Lipid Res.
2019, 60, 498-505, doi:10.1194/j1r.S091199.

110



MGR INZ. ANNA KAWKA Bibliografia

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Hofmann, A.F. The Continuing Importance of Bile Acids in Liver and Intestinal Disease.
Arch. Intern. Med. 1999, 159, 2647-2658, doi:10.1001/archinte.159.22.2647.

Coreta-Gomes, F.M.; Vaz, W.L.C.; Wasielewski, E.; Geraldes, C.F.G.; Moreno, M.J.
Quantification of Cholesterol Solubilized in Dietary Micelles: Dependence on Human

Bile Salt Variability and the Presence of Dietary Food Ingredients. Langmuir 2016, 32,
4564-4574, doi:10.1021/acs.langmuir.6b00723.

Jang, S.1.; Fang, S.; Kim, K.P.; Ko, Y.; Kim, H.; Oh, J.; Hong, G.Y.; Lee, S.Y.; Kim, J.M.;
Noh, I.; et al. Combination Treatment with N-3 Polyunsaturated Fatty Acids
and Ursodeoxycholic Acid Dissolves Cholesterol Gallstones in Mice. Sci. Rep. 2019, 9,
12740, doi:10.1038/s41598-019-49095-z.

Fiorucci, S.; Mencarelli, A.; Palladino, G.; Cipriani, S. Bile-Acid-Activated Receptors:
Targeting TGRS and Farnesoid-X-Receptor in Lipid and Glucose Disorders. Trends
Pharmacol. Sci. 2009, 30, 570-580, doi:10.1016/j.tips.2009.08.001.

Kim, I.; Ahn, S.-H.; Inagaki, T.; Choi, M.; Ito, S.; Guo, G.L.; Kliewer, S.A.; Gonzalez,
F.J. Differential Regulation of Bile Acid Homeostasis by the Farnesoid X Receptor
in Liver and Intestine. J. Lipid  Res. 2007, 48, 2664-2672,
doi:10.1194/j1r.M700330-JLR200.

Mimaki, Y.; Kuroda, M.; Kameyama, A.; Sashida, Y.; Hirano, T.; Oka, K.; Maekawa, R.;
Wada, T.; Sugita, K.; Beutler, J.A. Cholestane Glycosides with Potent Cytostatic
Activities on Various Tumor Cells from Ornithogalum Saundersiae Bulbs. Bioorg. Med.
Chem. Lett. 1997, 7, 633-636, doi:10.1016/S0960-894X(97)00071-1.

Jiao, Y.; Lu, Y.; Li, X. Farnesoid X Receptor: A Master Regulator of Hepatic Triglyceride
and Glucose Homeostasis. Acta  Pharmacol. Sin. 2015, 36, 44-50,
doi:10.1038/aps.2014.116.

Baxter, J.D.; Webb, P. Metabolism: Bile Acids Heat Things Up. Nature 2006, 439,
402403, doi:10.1038/439402a.

Magotti, P.; Bauer, 1.; Igarashi, M.; Babagoli, M.; Marotta, R.; Piomelli, D.; Garau, G.
Structure of Human N-Acylphosphatidylethanolamine-Hydrolyzing Phospholipase D:
Regulation of Fatty Acid Ethanolamide Biosynthesis by Bile Acids. Structure 20185, 23,
598-604, doi:10.1016/j.str.2014.12.018.

Summons, R.E.; Bradley, A.S.; Jahnke, L.L.; Waldbauer, J.R. Steroids, Triterpenoids and
Molecular Oxygen. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 2006, 361, 951-968,
doi:10.1098/rstb.2006.1837.

Kotodziejczyk, A. Naturalne zwiqgzki organiczne; Wydawnictwo Naukowe PWN:
Warszawa, 2012, 427-436.

Lednicer, D. Steroid Chemistry at a Glance; John Wiley & Sons, Ltd: Chichester, UK,
2010.

Kuhajda, K.; Kandrac, J.; Kevresan, S.; Mikov, M.; Fawcett, J.P. Structure and Origin of
Bile Acids: An Overview. Eur. J. Drug Metab. Pharmacokinet. 2006, 31, 135-143,
doi:10.1007/BF03190710.

111



MGR INZ. ANNA KAWKA Bibliografia

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Pospieszny, T. Steroidal conjugates: Synthesis, spectroscopic, and biological studies,
Studies in Natural Products Chemistry 2015, 46, 169—172.

Savage, P.B. Cationic Steroid Antibiotics. Curr. Med.l Chem. - Anti-Infective Agents
2002, /,293-304, doi:10.2174/1568012023354776.

Pospieszny, T. Molecular Pockets, Umbrellas and Quasi Podands from Steroids:
Synthesis, Structure and Applications. Mini Rev. Org. Chem. 2015, 12, 258-270,
doi:10.2174/1570193X1203150429105154.

Mishra, R.; Mishra, S. Updates in Bile Acid-Bioactive Molecule Conjugates and Their
Applications. Steroids 2020, 159, 108639, doi:10.1016/j.steroids.2020.108639.

Altinkok, C.; Acik, G.; Karabulut, H.R.F.; Ciftci, M.; Tasdelen, M.A.; Dag, A. Synthesis
and Characterization of Bile Acid-Based Polymeric Micelle as a Drug Carrier for
Doxorubicin. Polym. Advan. Technol. 2021, 32, 4860-4868, doi:10.1002/pat.5478.

Sue, K.; Cadelis, M.M.; Troia, T.; Rouvier, F.; Bourguet-Kondracki, M.-L.; Brunel, J.M.;
Copp, B.R. Investigation of a,w-Disubstituted Polyamine-Cholic Acid Conjugates
Identifies Hyodeoxycholic and Chenodeoxycholic Scaffolds as Non-Toxic, Potent
Antimicrobials. Antibiotics 2023, 12, 404, doi:10.3390/antibiotics12020404.

Monte, M.J.; Marin, J.J.; Antelo, A.; Vazquez-Tato, J. Bile Acids: Chemistry, Physiology,
and Pathophysiology. World J. Gastroenterol. 2009, 15, 804, doi:10.3748/wjg.15.804.

Coello, A.; Meijide, F.; Nunez, E.R.; Tato, J.V. Aggregation Behavior of Bile Salts
in Aqueous Solution. J. Pharm. Sci. 1996, 85, 9-15, doi:10.1021/js950326;.

Posa, M.; Bjedov, S.; Sebenji, A.; Saka¢, M. Wittig Reaction (with Ethylidene
Triphenylphosphorane) of Oxo-Hydroxy Derivatives of 5B-Cholanic Acid:
Hydrophobicity, Haemolytic Potential and Capacity of Derived Ethylidene Derivatives
for Solubilisation of Cholesterol. Steroids 2014, 86, 16-25,
doi:10.1016/j.steroids.2014.04.018.

Natalini, B.; Sardella, R.; Gioiello, A.; Ianni, F.; Di Michele, A.; Marinozzi, M.
Determination of Bile Salt Critical Micellization Concentration on the Road to Drug
Discovery. J. Pharm. Biom. Anal. 2014, 87, 62-81, doi:10.1016/j.jpba.2013.06.029.

Russell, D.W. The Enzymes, Regulation, and Genetics of Bile Acid Synthesis.
Annu. Rev. Biochem. 2003, 72, 137-174,
doi:10.1146/annurev.biochem.72.121801.161712.

Bjorkhem, 1.; Leoni, V.; Meaney, S. Genetic Connections between Neurological
Disorders and Cholesterol Metabolism. J. Lipid Res. 2010, 51, 2489-2503,
doi:10.1194/j1r.R006338.

Quinn, R.A.; Melnik, A.V.; Vrbanac, A.; Fu, T.; Patras, K.A.; Christy, M.P.; Bodai, Z.;
Belda-Ferre, P.; Tripathi, A.; Chung, L.K.; et al. Global Chemical Effects of the
Microbiome Include New Bile-Acid Conjugations. Nature 2020, 579, 123-129,
doi:10.1038/s41586-020-2047-9.

112



MGR INZ. ANNA KAWKA Bibliografia

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Li, T.; Francl, J.M.; Boehme, S.; Chiang, J.Y.L. Regulation of Cholesterol And Bile Acid
Homeostasis by the Cholesterol 7a-Hydroxylase/Steroid Response Element-Binding
Protein  2/Microrna-33A  Axis in Mice. Hepatology 2013, 58, 1111,
doi:10.1002/hep.26427.

Kevresan, S.; Kuhajda, K.; Kandrac, J.; Fawcett, J.P.; Mikov, M. Biosynthesis of Bile
Acids in Mammalian Liver. Eur. J. Drug Metab. Pharmacokinet. 2006, 31, 145-156,
doi:10.1007/BF03190711.

Sarenac, T.; Mikov, M. Biosynthesis and Biotransformation of Bile Acids. Hosp. Pharm.
Int. Multi. J. 2017, 4, 469—485, doi:10.5937/hpimj1701469S.

Solaas, K.; Ulvestad, A.; Soreide, O.; Kase, B.F. Subcellular Organization of Bile Acid
Amidation in Human Liver: A Key Issue in Regulating the Biosynthesis of Bile Salts.
J. Lipid Res. 2000, 41, 1154-1162, doi: 10.1016/S0022-2275(20)32022-8.

Pellicoro, A.; van den Heuvel, F.A.J.; Geuken, M.; Moshage, H.; Jansen, P.L.M.; Faber,
K.N. Human and Rat Bile Acid—CoA:Amino acid N-Acyltransferase Are Liver-Specific

Peroxisomal Enzymes: Implications for Intracellular Bile Salt Transport. Hepatology
2007, 45, 340, doi:10.1002/hep.21528.

Ridlon, J.M.; Kang, D.-J.; Hylemon, P.B. Bile Salt Biotransformations by Human
Intestinal Bacteria. J. Lipid Res. 2006, 47, 241-259, doi:10.1194/j1r.R500013-JLR200.

Ridlon, J.M.; Gaskins, H.R. Another Renaissance for Bile Acid Gastrointestinal
Microbiology. Nat. Rev. Gastroenterol. Hepatol. 2024, 21,348-364, d0i:10.1038/s41575-
024-00896-2.

Zasloff, M.; Adams, A.P.; Beckerman, B.; Campbell, A.; Han, Z.; Luijten, E.; Meza, 1.;
Julander, J.; Mishra, A.; Qu, W.; Taylor, J. M.; Weaver, S.C.; Wong, G.C.L. Squalamine
as a broad-spectrum systemic antiviral agent with therapeutic potential. Biol. Sci. 2011,
108 (38), 15978-15983, doi: 10.1073/pnas.1108558108.

Moore, K.S.; Wehrli, S.; Roder, H.; Rogers, M.; Forrest, J.N.; McCrimmon, D.; Zasloff,
M. Squalamine: An Aminosterol Antibiotic from the Shark. Proc. Natl. Acad. Sci. USA
1993, 90, 13541358, do0i:10.1073/pnas.90.4.1354.

Brunel, J.; Salmi, C.; Loncle, C.; Vidal, N.; Letourneux, Y. Squalamine: A Polyvalent
Drug of the Future? Curr. Cancer Drug Targets 2005, 5, 267-272,
doi:10.2174/1568009054064642.

Limbocker, R.; Staats, R.; Chia, S.; Ruggeri, F.S.; Mannini, B.; Xu, C.K.; Perni, M.;
Cascella, R.; Bigi, A.; Sasser, L.R.; et al. Squalamine and Its Derivatives Modulate the
Aggregation of Amyloid-p and a-Synuclein and Suppress the Toxicity of Their
Oligomers. Front. Neurosci. 2021, 15, 680026, doi:10.3389/fnins.2021.680026.

Mammari, N.; Salles, E.; Beaussart, A.; El-Kirat-Chatel, S.; Varbanov, M. Squalamine
and Its Aminosterol Derivatives: Overview of Biological Effects and Mechanisms of
Action of Compounds with Multiple Therapeutic Applications. Microorganisms 2022, 10,
1205, doi:10.3390/microorganisms10061205.

113



MGR INZ. ANNA KAWKA Bibliografia

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Agarwal, D.S.; Anantaraju, H.S.; Sriram, D.; Yogeeswari, P.; Nanjegowda, S.H.; Mallu,
P.; Sakhuja, R. Synthesis, Characterization and Biological Evaluation of Bile Acid-
Aromatic/Heteroaromatic Amides Linked via Amino Acids as Anti-Cancer Agents.
Steroids 2016, 107, 87-97, doi:10.1016/j.steroids.2015.12.022.

Ruwizhi, N.; Adeyemi, S.A.; Ubanako, P.; Morifi, E.; Fonkui, Y.T.; Ndinteh, D.T.;
Choonara, Y.E.; Aderibigbe, B.A. Cholesterol-Based Conjugates: Synthesis,
Characterization and /n Vitro Biological Studies. Chem. Select. 2021, 6, 11985-11993,
doi:10.1002/slct.202102784.

Bansal, R.; Suryan, A. A Comprehensive Review on Steroidal Bioconjugates as
Promising Leads in Drug Discovery. ACS Bio. Med. Chem. Au 2022, 2, 340-369,
doi:10.1021/acsbiomedchemau.1c00071.

Shansky, Y.; Bespyatykh, J. Bile Acids: Physiological Activity and Perspectives of Using
in Clinical and Laboratory Diagnostics. Molecules 2022, 27, 7830,
doi:10.3390/molecules27227830.

Narayan, S.; Muldoon, J.; Finn, M.G.; Fokin, V.V.; Kolb, H.C.; Sharpless, K.B.
,On Water”: Unique Reactivity of Organic Compounds in Aqueous Suspension. Angew.
Chem. Int. Ed. 2005, 44, 32753279, doi:10.1002/anie.200462883.

da S M Forezi, L.; Cardoso, M.F.C.; Gonzaga, D.T.G.; de C da Silva, F.; Ferreira, V.F.
Alternative Routes to the Click Method for the Synthesis of 1,2,3-Triazoles, an Important
Heterocycle in Medicinal Chemistry. Curr. Top. Med. Chem. 2018, 18, 1428-1453,
doi:10.2174/1568026618666180821143902.

Kumar, V.; Lal, K.; Naveen; Tittal, R.K. The Fate of Heterogeneous Catalysis & Click
Chemistry for 1,2,3-Triazoles: Nobel Prize in Chemistry 2022. Catal. Commun. 2023,
176, 106629, doi:10.1016/j.catcom.2023.106629.

Malkoch, M.; Thibault, R.J.; Drockenmuller, E.; Messerschmidt, M.; Voit, B.; Russell,
T.P.; Hawker, C.J. Orthogonal Approaches to the Simultaneous and Cascade
Functionalization of Macromolecules Using Click Chemistry. J. Am. Chem. Soc. 2005,
127,14942-14949, doi:10.1021/ja0549751.

Woo, H.; Kang, H.; Kim, A.; Jang, S.; Park, J.C.; Park, S.; Kim, B.-S.; Song, H.; Park,
K.H. Azide-Alkyne Huisgen [3+2] Cycloaddition Using CuO Nanoparticles. Molecules
2012, /7,13235-13252, doi:10.3390/molecules171113235.

Huisgen, R. Kinetics and Mechanism of 1,3-Dipolar Cycloadditions. Angew. Chem., Int.
Ed. Engl 1963, 2, 633—645, doi:https://doi.org/10.1002/anie.196306331.

Amblard, F.; Cho, J.H.; Schinazi, R.F. Cu(I)-Catalyzed Huisgen Azide—Alkyne 1,3-
Dipolar Cycloaddition Reaction in Nucleoside, Nucleotide, and Oligonucleotide
Chemistry. Chem. Rev. 2009, 109, 42074220, do0i:10.1021/cr9001462.

Hein, J.E.; Fokin, V.V. Copper-Catalyzed Azide—Alkyne Cycloaddition (CuAAC) and
beyond: New Reactivity of Copper(I) Acetylides. Chem. Soc. Rev. 2010, 39, 1302—-1315,
doi:10.1039/B904091A.

114



MGR INZ. ANNA KAWKA Bibliografia

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

9.

90.

91.

Tron, G.C.; Pirali, T.; Billington, R.A.; Canonico, P.L.; Sorba, G.; Genazzani, A.A. Click
Chemistry Reactions in Medicinal Chemistry: Applications of the 1,3-Dipolar
Cycloaddition between Azides and Alkynes. Med. Res. Rev. 2008, 28, 278-308,
doi:10.1002/med.20107.

Fang, Y.; Bao, K.; Zhang, P.; Sheng, H.; Yun, Y.; Hu, S.-X_; Astruc, D.; Zhu, M. Insight
into the Mechanism of the CuAAC Reaction by Capturing the Crucial AusCus—mn-Alkyne
Intermediate. J. Am. Chem. Soc. 2021, 143, 1768—1772, doi:10.1021/jacs.0c12498.

Ramapanicker, R.; Chauhan, P. Click Chemistry: Mechanistic and Synthetic Perspectives.
In Click Reactions in Organic Synthesis; Wydawnictwo Wiley—VCH Verlag GmbH & Co.
KGaA, Weinheim, Germany, 2016, 1-24.

Lipshutz, B.H.; Taft, B.R. Heterogeneous Copper-in-Charcoal-Catalyzed ,,Click”
Chemistry. Angew. Chem. 2006, 118, 8415-8418, doi:10.1002/ange.200603726.

Grudzka-Flak, I. Reakcje Addycji, Cykloaddycji 1 Sprzggania w Syntezie Nowych
Pochodnych Arenéw i Heteroarendw z Podstawnikami Bitienylowymi. Praca doktorska,
Katowice, 2016.

Liang, L.; Astruc, D. The Copper(I)-Catalyzed Alkyne-Azide Cycloaddition (CuAAC)
,Click” Reaction and Its Applications. An Overview. Coord. Chem. Rev. 2011, 255,2933—
2945, d0i:10.1016/j.ccr.2011.06.028.

Kumar, A.; Kumar, V.; Singh, P.; Tittal, R.K.; Lal, K. Ionic Liquids for the Green
Synthesis of 1,2,3-Triazoles: A Systematic Review. Green Chem. 2024, 26, 3565-3594,
doi:10.1039/D3GC04898E.

Bonandi, E.; Christodoulou, M.S.; Fumagalli, G.; Perdicchia, D.; Rastelli, G.; Passarella,
D. The 1,2,3-Triazole Ring as a Bioisostere in Medicinal Chemistry. Drug Discov. Today
2017, 22, 1572-1581, doi:10.1016/j.drudis.2017.05.014.

Agalave, S.G.; Maujan, S.R.; Pore, V.S. Click Chemistry: 1,2,3-Triazoles as
Pharmacophores. Chem. Asian J. 2011, 6, 26962718, do0i:10.1002/as1a.201100432.

Guo, H.-Y.; Chen, Z.-A.; Shen, Q.-K.; Quan, Z.-S. Application of Triazoles in the
Structural Modification of Natural Products. J. Enzyme Inhib. Med. Chem. 2021, 36,
1115-1144, doi:10.1080/14756366.2021.1890066.

Alam, M.M. 1,2,3-Triazole Hybrids as Anticancer Agents: A Review. Arch. Pharm. 2022,
355,2100158, doi:10.1002/ardp.202100158.

Li, Q.; Q1, S.; Liang, J.; Tian, Y.; He, S.; Liao, Q.; Xing, S.; Han, L.; Chen, X. Review of
Triazole Scaffolds for Treatment and Diagnosis of Alzheimer’s Disease. Chem.-Biol.
Interact. 2023, 382, 110623, doi:10.1016/j.cbi.2023.110623.

Aflak, N.; Ben El Ayouchia, H.; Bahsis, L.; El Mouchtari, E.M.; Julve, M.; Rafqah, S.;
Anane, H.; Stiriba, S.-E. Sustainable Construction of Heterocyclic 1,2,3-Triazoles by
Strict Click [3+2] Cycloaddition Reactions Between Azides and Alkynes on
Copper/Carbon in Water. Front. Chem. 2019, 7, 81,d0i:10.3389/fchem.2019.00081.

115



MGR INZ. ANNA KAWKA Bibliografia

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Aher, N.G.; Pore, V.S.; Patil, S.P. Design, Synthesis, and Micellar Properties of Bile Acid
Dimers and Oligomers Linked with a 1,2,3-Triazole Ring. Tetrahedron 2007, 63, 12927—
12934, do0i:10.1016/j.tet.2007.10.042.

Suarez, P.L.; Gandara, Z.; Gomez, G.; Fall, Y. Vitamin D and Click Chemistry. Part 1: A
Stereoselective Route to Vitamin D Analogues with Triazole Rings in Their Side Chains.
Tetrahedron Lett. 2004, 45, 4619—4621, doi:10.1016/j.tetlet.2004.04.117.

Evanoff, D.D.; Chumanov, G. Synthesis and Optical Properties of Silver Nanoparticles
and Arrays. Chemphyschem 2005, 6, 1221-1231, doi:10.1002/cphc.200500113.

Pospieszny, T.; Koenig, H.; Kowalczyk, I.; Brycki, B. Spectroscopic Methods
and Theoretical Studies of Bromoacetic Substituted Derivatives of Bile Acids. Acta Chim.
Slov. 2015, 62, 15-27, doi:10.17344/acsi.2014.608.

Pore, V.S.; Aher, N.G.; Kumar, M.; Shukla, PK. Design and Synthesis of
Fluconazole/Bile Acid Conjugate Using Click Reaction. Tetrahedron 2006, 62, 11178—
11186, doi:10.1016/j.tet.2006.09.021.

Luo, J.; Chen, Y.; Zhu, X. Highly Efficient Synthesis and Inclusion Properties of Star-
Shaped Amphiphilic Derivatives of Cholic Acid. Synlett 2007, 2007, 2201-2204,
doi:10.1055/s-2007-984909.

Chang, K.-H.; Lee, L.; Chen, J.; Li, W.-S. Lithocholic Acid Analogues, New and Potent
a-2,3-Sialyltransferase Inhibitors. Chem. Commun. 2006, 629, doi:10.1039/b514915k.

Zhang, Z.; Ju, Y.; Zhao, Y. Synthesis of 1,2,3-Triazole-Containing Bile Acid Dimers and
Properties of Inverse Micellar Mimic. Chem. Lett. 2007, 36, 1450-1451,
doi:10.1246/¢1.2007.1450.

Pospieszny, T.; Koenig, H.; Kowalczyk, I.; Brycki, B. Synthesis, Spectroscopic and
Theoretical Studies of New Quasi-Podands from Bile Acid Derivatives Linked by 1,2,3-
Triazole Rings. Molecules 2014, 19, 25572570, doi:10.3390/molecules19022557.

Kumar, A.; Chhatra, R.K.; Pandey, P.S. Synthesis of Click Bile Acid Polymers and Their
Application in Stabilization of Silver Nanoparticles Showing lodide Sensing Property.
Org. Lett. 2010, 12, 24-27, doi:10.1021/01902351g.

Vatmurge, N.S.; Hazra, B.G.; Pore, V.S.; Shirazi, F.; Chavan, P.S.; Deshpande, M.V.
Synthesis and Antimicrobial Activity of B-Lactam—Bile Acid Conjugates Linked via
Triazole. Bioorg. Med. Chem. Lett. 2008, 18, 2043-2047,
doi:10.1016/.bmcl.2008.01.102.

Suh, B.-C.; Jeon, H.; Posner, G.H.; Silverman, S.M. Vitamin D Side Chain Triazole
Analogs via Cycloaddition ,,Click” Chemistry. Tetrahedron Lett. 2004, 45, 46234625,
doi:10.1016/j.tetlet.2004.04.118.

Ropponen, J.; Tamminen, J.; Kolehmainen, E.; Rissanen, K. Synthesis and
Characterization of Novel Steroidal Dendrons. Synthesis 2003, 2226-2230,
doi:10.1055/s-2003-41041.

116



MGR INZ. ANNA KAWKA Bibliografia

105.

106.

107.

108.

109.

110.

I11.

112.

113.

114.

115.

116.

117.

Pore, V.S.; Jagtap, M.A.; Agalave, S.G.; Pandey, A.K.; Siddiqi, M.I.; Kumar, V.; Shukla,
P.K. Synthesis and Antifungal Activity of 1,5-Disubstituted-1,2,3-Triazole Containing
Fluconazole Analogues. Med. Chem. Commun. 2012, 3, 484, doi:10.1039/c2md00205a.

Aher, N.G.; Pore, V.S.; Mishra, N.N.; Kumar, A.; Shukla, P.K.; Sharma, A.; Bhat, M.K.
Synthesis and Antifungal Activity of 1,2,3-Triazole Containing Fluconazole Analogues.
Bioorg. Med. Chem. Lett. 2009, 19, 759-763, doi:10.1016/j.bmcl.2008.12.026.

Khaligh, P.; Salehi, P.; Bararjanian, M.; Aliahmadi, A.; Khavasi, H.R.; Nejad-Ebrahimi,
S. Synthesis and in Vitro Antibacterial Evaluation of Novel 4-Substituted 1-Menthyl-
1,2,3-Triazoles. Chem. Pharm. Bull. 2016, 64, 1589—1596, doi:10.1248/cpb.c16-00463.

Shiri, P. Novel Hybrid Molecules Based on Triazole-B-Lactam as Potential Biological
Agents. Mini Rev. Med. Chem. 2021, 21, 536-553,
doi:10.2174/1389557520666201027160436.

Kim, H.-S.; Jadhav, J.R.; Jung, S.-J.; Kwak, J.-H. Synthesis and Antimicrobial Activity
of Imidazole and Pyridine Appended Cholestane-Based Conjugates. Bioorg. Med. Chem.
Lett. 2013, 23, 43154318, do0i:10.1016/j.bmcl.2013.05.098.

Singla, P.; Kaur, M.; Kumari, A.; Kumari, L.; Pawar, S.V.; Singh, R.; Salunke, D.B.
Facially Amphiphilic Cholic Acid-Lysine Conjugates as Promising Antimicrobials. 4CS
Omega 2020, 5, 3952-3963, doi:10.1021/acsomega.9b03425.

Mann, S.; Frasca, K.; Scherrer, S.; Henao-Martinez, A.F.; Newman, S.; Ramanan, P.;
Suarez, J.A. A Review of Leishmaniasis: Current Knowledge and Future Directions.
Curr. Trop. Med. Rep. 2021, 8, 121-132, doi:10.1007/s40475-021-00232-7.

Fikadu, M.; Ashenafi, E. Malaria: An Overview. Ind. Eng. Chem. Res. 2023, 16, 3339—
3347, doi:10.2147/IDR.S405668.

Corrales, R.C.N.R.; de Souza, N.B.; Pinheiro, L.S.; Abramo, C.; Coimbra, E.S.; Da Silva,
A.D.  Thiopurine Derivatives Containing Triazole and Steroid: Synthesis, Antimalarial
and  Antileishmanial  Activities. = Biom.  Pharm. 2011, 65, 198-203,
doi:10.1016/j.biopha.2010.10.013.

Shiradkar, M.; Suresh Kumar, G.V.; Dasari, V.; Tatikonda, S.; Akula, K.C.; Shah, R.
Clubbed Triazoles: A Novel Approach to Antitubercular Drugs. Eur. J. Med. Chem. 2007,
42, 807-816, doi:10.1016/j.ejmech.2006.12.001.

Navacchia, M.L.; Marchesi, E.; Perrone, D. Bile Acid Conjugates with Anticancer
Activity: Most Recent Research. Molecules 2020, 26, 25,
doi:10.3390/molecules26010025.

Agarwal, D.S.; Sakhuja, R.; Beteck, R.M.; Legoabe, L.J. Steroid-Triazole Conjugates: A
Brief Overview of Synthesis and Their Application as Anticancer Agents. Steroids 2023,
197, 109258, doi:10.1016/j.steroids.2023.109258.

Agarwal, D.S.; Siva Krishna, V.; Sriram, D.; Yogeeswari, P.; Sakhuja, R. Clickable
Conjugates of Bile Acids and Nucleosides: Synthesis, Characterization, in Vitro
Anticancer and Antituberculosis  Studies.  Steroids 2018, 139, 35-44,
doi:10.1016/j.steroids.2018.09.006.

117



MGR INZ. ANNA KAWKA Bibliografia

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Navacchia, M.; Marchesi, E.; Mari, L.; Chinaglia, N.; Gallerani, E.; Gavioli, R;
Capobianco, M.; Perrone, D. Rational Design of Nucleoside—Bile Acid Conjugates
Incorporating a Triazole Moiety for Anticancer Evaluation and SAR Exploration.
Molecules 2017, 22, 1710, doi:10.3390/molecules22101710.

Perrone, D.; Bortolini, O.; Fogagnolo, M.; Marchesi, E.; Mari, L.; Massarenti, C.;
Navacchia, M.L.; Sforza, F.; Varani, K.; Capobianco, M.L. Synthesis and in Vitro
Cytotoxicity of Deoxyadenosine—Bile Acid Conjugates Linked with 1,2,3-Triazole. New
J. Chem. 2013, 37, 3559, doi:10.1039/¢3nj00513e.

Anandkumar, D.; Rajakumar, P. Synthesis and Anticancer Activity of Bile Acid
Dendrimers with Triazole as Bridging Unit through Click Chemistry. Steroids 2017, 125,
3746, doi:10.1016/j.steroids.2017.06.007.

Ibrahim-Ouali, M.; Dumur, F. Recent Syntheses of Steroid Derivatives Using the CuAAC
,.Click” Reaction. Arkivoc 2021, 2021, 130-149, doi:10.24820/ARK.5550190.P011.543.

Bendi, A.; Vashisth, C.; Yadav, S.; Pundeer, R.; Raghav, N. Recent Advances in the
Synthesis of Cholesterol-Based Triazoles and Their Biological Applications. Steroids
2024, 211, 109499, doi:10.1016/j.steroids.2024.109499.

Ameziane El Hassani, 1.; Rouzi, K.; Ameziane El Hassani, A.; Karrouchi, K.; Ansar, M.
Recent Developments Towards the Synthesis of Triazole Derivatives: A Review.
Organics 2024, 5, 450-471, doi:10.3390/0rg5040024.

Bariya, D.; Anand, V.; Mishra, S. Recent Advances in the Bile Acid Based
Conjugates/Derivatives towards Their Gelation Applications. Steroids 2021, 165,
108769, doi:10.1016/j.steroids.2020.108769.

Patel, S.; Challagundla, N.; Rajput, R.A.; Mishra, S. Design, Synthesis, Characterization
and Anticancer Activity Evaluation of Deoxycholic Acid-Chalcone Conjugates. Bioorg.
Chem. 2022, 127, 106036, doi:10.1016/j.bioorg.2022.106036.

Kaper, J.B.; Nataro, J.P.; Mobley, H.L.T. Pathogenic Escherichia Coli. Nat. Rev.
Microbiol. 2004, 2, 123-140, doi:10.1038/nrmicro818.

Backx, M.; Healy, B. Serious Staphylococcal Infections. Clin. Med. (Lond.) 2008, 8, 535—
538, doi:10.7861/clinmedicine.8-5-535.

Talapko, J.; Juzbasi¢, M.; Matijevi¢, T.; Pustijanac, E.; Beki¢, S.; Kotris, L.; Skrlec, L.
Candida Albicans-The Virulence Factors and Clinical Manifestations of Infection. J.
Fungi (Basel) 2021, 7,79, doi:10.3390/jof7020079.

Hocking, A.D. Aspergillus and Related Teleomorphs. In Food Spoilage Microorganisms;
Blackburn, C. de W., Ed.; Woodhead Publishing Series in Food Science, Technology and
Nutrition; Woodhead Publishing, 2006, 451-487.

Zhao, Y.; Ye, L.; Zhao, F.; Zhang, L.; Lu, Z.; Chu, T.; Wang, S.; Liu, Z.; Sun, Y.; Chen,
M.; Liao, G.; Ding, C.; Xu, Y.; Liao, W.; Wang, L. Cryptococcus Neoformans, a Global
Threat to Human Health. Infect. Dis. Poverty 2023, 12, 20, doi:10.1186/s40249-023-
01073-4.

118



MGR INZ. ANNA KAWKA Bibliografia

131.

132.

133.

134.

135.

136.

137.

Ishikawa, T.; Hosaka, Y.Z.; Beckwitt, C.; Wells, A.; Oltvai, Z.N.; Warita, K. Concomitant
Attenuation of HMG-CoA Reductase Expression Potentiates the Cancer Cell Growth-
Inhibitory Effect of Statins and Expands Their Efficacy in Tumor Cells with Epithelial
Characteristics. Oncotarget 2018, 9, 29304-29315, doi:10.18632/oncotarget.25448.

Friesen, J.A.; Rodwell, V.W. The 3-Hydroxy-3-Methylglutaryl Coenzyme-A (HMG-
CoA) Reductases. Genome Biol. 2004, 5, 248, doi:10.1186/gb-2004-5-11-248.

Yu, B.; Shi, X.-J.; Zheng, Y.-F.; Fang, Y.; Zhang, E.; Yu, D.-Q.; Liu, H.-M. A Novel [1,2,4]
Triazolo [1,5-a] Pyrimidine-Based Phenyl-Linked Steroid Dimer: Synthesis and Its
Cytotoxic  Activity. Eur. J Med. Chem. 2013, 69, 323-330,
doi:10.1016/j.ejmech.2013.08.029.

Kumar, K.; Liu, N.; Yang, D.; Na, D.; Thompson, J.; Wrischnik, L.A.; Land, K.M.;
Kumar, V. Synthesis and Antiprotozoal Activity of Mono- and Bis-Uracil Isatin
Conjugates against the Human Pathogen Trichomonas Vaginalis. Bioorg. Med. Chem.
2015, 23, 5190-5197, doi:10.1016/j.bmc.2015.04.075.

Arenas-Gonzalez, A.; Mendez-Delgado, L.A.; Merino-Montiel, P.; Padron, J.M.;
Montiel-Smith, S.; Vega-Baez, J.L.; Meza- Reyes, S. Synthesis of Monomeric and
Dimeric Steroids Containing [1,2,4]Triazolo[1,5-a]Pyrimidines. Steroids 2016, 116, 13—
19, doi:10.1016/j.steroids.2016.09.014.

Cortés-Percino, A.; Vega-Baez, J.L.; Romero-Lopez, A.; Puerta, A.; Merino-Montiel, P.;
Meza-Reyes, S.; Padron, J.M.; Montiel-Smith, S. Synthesis and Evaluation of Pyrimidine
Steroids as  Antiproliferative  Agents. Molecules 2019, 24, 3676,
doi:10.3390/molecules24203676.

Andreeva, O.V.; Garifullin, B.F.; Zarubaev, V.V.; Slita, A.V.; Yesaulkova, I.L.; Volobueva,
A.S.; Belenok, M.G.; Man’kova, M.A.; Saifina, L.F.; Shulaeva, M.M.; et al. Synthesis
and Antiviral Evaluation of Nucleoside Analogues Bearing One Pyrimidine Moiety and
Two D-Ribofuranosyl Residues. Molecules 2021, 26, 3678,
doi:10.3390/molecules26123678.

119






MGR INZ. ANNA KAWKA Streszczenie

Streszczenie

Synteza, analiza spektroskopowa oraz badania biologiczne in silico
nowych koniugatow steroidowych zawierajacych uklady triazolowe
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Praca doktorska koncentruje si¢ na projektowaniu, syntezie, izolacji i oczyszczeniu oraz
charakterystyce spektroskopowej 1 przewidywaniu aktywnosci biologicznej nowych
biokoniugatow steroidowych. Opracowane zwigzki stanowig potaczenie fragmentéw kwasow
z6lciowych oraz zasad pirymidynowych za pomocg pierscieni 1,2,3-triazolowych, uzyskanych
w wyniku reakcji typu ,,click”, w kontek$cie poszukiwania nowych zwigzkéw o potencjale
farmakologicznym. Rozprawa obejmuje zarowno przeglad literaturowy, jak i oryginalne
badania eksperymentalne i teoretyczne.

W czescei literaturowej omowiono znaczenie biokoniugatéw steroidowych, takich jak
skwalamina 1 jej pochodne, w terapiach farmakologicznych. Zwrdcono szczegdlng uwage
na zastosowanie chemii ,,click” w modyfikacji kwasow zoétciowych i steroli. Takie podejscie
umozliwia tworzenie stabilnych i bioaktywnych struktur supramolekularnych. Skrupulatnie
przeanalizowano wspoétczesne osiggnigcia w zakresie koniugatow steroidowo-triazolowych
jako inhibitorow enzymow i potencjalnych lekow przeciwinfekcyjnych.

W czg$ci badawczej opracowano trzy grupy nowych zwigzkow: (1) koniugaty kwasoéw
z6lciowych 1 steroli z pierScieniami 1,2,3-triazolowymi wykazuja przewidywang aktywno$¢
przeciwgrzybiczng 1 przeciwbakteryjng; (2) quasi-podandy z ukladami triazolowymi
strukturalnie przypominaja uktady supramolekularne podatne na tworzenie kompleksoéw typu
gospodarz-go$¢, co otwiera mozliwosci w nanotechnologii 1 systemach dostarczania lekow,
zwlaszcza w leczeniu hipercholesterolemii; (3) hybrydy steroidowo-pirymidynowe (z uracylem
1 2-tiouracylem) charakteryzuje zdolnos$¢ do interakcji z enzymami metabolizmu lipidéw
1 potencjalne zastosowanie w terapiach przeciwnowotworowych, przeciwdrobnoustrojowych
1 dermatologicznych.

Wyniki analiz spektroskopowych (‘H i '3C NMR, FT-IR) i spektrometrycznych
(ESI-MS, EI-MS) oraz obliczen teoretycznych (PMS5, GIAO) potwierdzily poprawnos¢ struktur
molekularnych 1 stabilno$¢ chemiczng zwigzkéw. Badania in silico metoda PASS
oraz dokowania molekularnego wykazaty ich szerokie spektrum potencjalnej aktywnosci
biologicznej, obejmujace dziatanie przeciwnowotworowe, przeciwdrobnoustrojowe,
cytoprotekcyjne 1 przeciwzapalne.

Praca przyczynia si¢ do rozwoju chemii bioorganicznej, oferujagc nowe perspektywy
w projektowaniu zwigzkoéw terapeutycznych o wielokierunkowym dziataniu biologicznym.
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The doctoral thesis focuses on the design, synthesis, isolation, purification,
spectroscopic characterisation and prediction of biological activity of new steroid
bioconjugates. The developed compounds constitute a combination of fragments of bile acids
and pyrimidine bases using 1,2,3-triazole rings obtained by a ,,click” reaction in the context
of searching for new compounds with pharmacological potential. The dissertation includes both
a literature review and original experimental and theoretical studies.

The literature section discusses the importance of steroid bioconjugates
in pharmacological therapies, such as squalamine and its derivatives. Special attention was paid
to the use of ,,click” chemistry in the modification of bile acids and sterols. This approach allows
the creation of stable and bioactive supramolecular structures. The contemporary achievements
in steroid-triazole conjugates as enzyme inhibitors and potential anti-infective drugs were
meticulously analysed.

In the research part, three groups of new compounds were developed: (1) bile acid
and sterol conjugates with 1,2,3-triazole rings exhibit predicted antifungal and antibacterial
activity; (2) quasi-podands with triazole systems structurally resemble supramolecular systems
susceptible to forming host-guest complexes, which opens up opportunities in nanotechnology
and drug delivery systems, especially in treating hypercholesterolemia; (3) steroid-pyrimidine
hybrids (with uracil and 2-thiouracil) are characterized by the ability to interact with lipid
metabolism enzymes and potential use in anticancer, antimicrobial and dermatological
therapies.

The results of spectroscopy analyses ('H and '*C NMR, FT-IR), spectrometry analyses
(ESI-MS, EI-MS) and theoretical calculations (PM5, GIAO) confirmed the correctness
of the molecular structures and chemical stability. /n silico studies using PASS and molecular
docking methods have shown their broad spectrum of potential biological activity, including
anticancer, antimicrobial, cytoprotective and anti-inflammatory effects.

The work contributes to the development of bioorganic chemistry, offering
new perspectives in designing therapeutic compounds with multidirectional biological activity.
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TRIAZOLE-BASED MODIFICATIONS OF BILE ACIDS: PROMISING
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Abstract: The specific structure and high biological activity of bile acids resulted in their
use in the design of new compounds with negligible toxicity and significant pharmacological
activity. Natural steroid conjugates occupy a special place among natural products due to
their participation in most metabolic pathways. Literature data indicate that in recent years,
there has been a significant increase in interest in isolating, synthesizing, and modifying new
steroid conjugates with broad physical, biological, and pharmacotherapeutic properties. Bile
acid derivatives containing the 1,2,3-triazole ring are fundamental in drug discovery.
Previous studies of steroid-triazole conjugates confirm their essential importance as

compounds with high biocidal, antibacterial, and anticancer properties.
Keywords: bile acids, 1,2,3-triazole ring, anticancer and antimicrobial activity

1. Introduction

Compounds of natural origin play an essential role in the search for new molecules with
biocidal properties. Their high availability and unique structure have made them used in the
design of new drug syntheses [1, 2]. Bile acids are formed as products of cholesterol (1)
metabolism (fig. 1). Their glycine/taurine-conjugated salts are stored in the gallbladder. Bile
acids (e.g., lithocholic acid, deoxycholic acid, cholic acid) are responsible for the digestion
of lipids in the small intestine. As surfactants, they help to lower surface tension and emulsify
fats. Moreover, they regulate glucose homeostasis, cholesterol, fat transport,

and enterohepatic circulation [3—6].



@

O, NADPH+H
7a-hydroxylase
Few steps
HO HOY
1 cholesterol 2 R'=H, R?=H, Lithocholic acid

3 R'=H, R?=0OH, Deoxycholic acid
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Fig. 1. Shortened scheme of the biosynthesis of bile acids from cholesterol (2—-5)

Bile acids (2—-5) have a chiral rigid skeleton, a long side chain with a carboxyl group,
and hydroxyl groups (3a—OH, 70—OH, 120—OH) with different reactivity and amphiphilic
properties. Their low cost and several physicochemical properties make them ideal building
materials in drug design. Most importantly, this use of bile acids entirely minimizes the risk
of unwanted side effects [7-9]. Successful attempts to modify steroid molecules have often
been carried out through coupling chemistry. The obtained steroid-triazole conjugates were
distinguished by low toxicity, susceptibility to multidrug resistance, and bioavailability.
They have become leading compounds in designing new biomolecules with biocidal
and especially anticancer activity [10—14].

1,2,3-triazole systems are five-membered heterocyclic compounds of crystalline nature.
They are soluble in water and alcohol. They resist oxidative/reductive stress, hydrolysis, and
metabolic degradation. Triazole derivatives can also bind to receptors (or enzymes) through
interactions, such as hydrogen bonding, van der Waal’s forces, or hydrophobic interactions
[15, 16]. It is worth noting that bonds formed in this way are resistant to cleavage by, for
example, proteases. As a result, triazole systems can be analogues of the peptide bond [17].
Literature data show that 1,2,3-triazole compounds are characterized by exceptional
pharmacotherapeutic activity, especially antihypertensive, antimalarial, antidiabetic,
anticonvulsant, antioxidant, antidepressant, antiplasmoid, antimicrobial, antibacterial,
anti-inflammatory, and antituberculosis [18-34].

Usually, 1,2,3-triazole derivatives are obtained by thermal 1,3-dipolar cycloaddition of
azides and alkynes wusing a catalytic amount of copper(I) ions (fig. 2).
The “Huisgen reaction” synthesizes macromolecular steroid-triazole conjugates [35-37].
The specific structure, amphipathic nature, and high activity of functional groups of bile
acids determine their crucial importance in bioorganic synthesis. Steroid acids have become
a precursor to preparing macrocyclic compounds or fluconazole derivatives, which have

potent pharmacotherapeutic activity [38, 39].
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Fig. 2. Scheme of the preparation of 1,4- or 1,5-disubstituted 1,2,3-triazole rings

2. Steroid-triazole conjugates with biological activity

2.1. Bioconjugates with antibacterial and antifungal properties

Fluconazole is a potent compound used as an antibiotic in antifungal and antibacterial
therapy (fig. 3). The growing resistance of bacteria to this drug made it necessary to change
its structure.

\ N
F
OH " | on
N N
F L F N
\\/N \\/N
6 7

Fig. 3. Fluconazole (6) and its alkyne derivative (7)

A molecule of a suitable bile acid linked to fluconazole via a 1,2,3-triazole ring was
designed (fig. 4). In this way, the amphipathic nature of bile acids was used as a drug
transporter inhibiting bacterial strains’ growth. On the other hand, thanks to the presence of
the triazole ring, the new biomolecule gained resistance to enzymatic degradation.
Compounds obtained (8-11) were almost entirely effective against strains of Candida

parapsilosis, Candida albicans, and Sporothrix scheckii (MIC = 3.12-6.25 mg/ml) [39-41].



N

,\\l\/ /

N—< OH SN

F =/
8R'=H,R?=0H 10R"'=H,R2=0OH
9R'"=R%2=0H F 11 R'=R?=0H

Fig. 4. Conjugates of fluconazole and bile acids (8-11) with antifungal activity

A similar “click” reaction was performed for the menthol molecule (fig. 5).
The corresponding bile acids were esterified with propargyl bromide in the presence of
K2COz. On the other hand, in the reaction of methylated menthol with NaN3z in DMF,
a compound was obtained, which, by coupling with a bile acid derivative, gave triazole.
The obtained 1,2,3-triazole derivatives (12-14) showed higher antimicrobial activity
(MIC < 10 uM) against strains Enterococcus faecium menthol (MIC = 410 uM) and bile
acids (MIC = 10, 20, 157, 410 uM). Interestingly, their antimicrobial activity was much
stronger than the antibiotic cefixime (MIC = 35410 uM) [42].

B
COOH "~ —

K,CO3 DMF, rt, 24 h

OH R',R?=H or OH

CuSOy4 (20 % mol)
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; N; | MeOH, rt, 0,5 h, 90 %
i-ii A
T OH H N3
/_\ /_\

i) MsCl, Et5N;
ii) CH,Cly, 2h, rt, 90 %;
iii) NaN; DMF, 40°C, 48 h, 70 %

N
1214 O\

Fig. 5. Scheme of the preparation of triazole derivatives of menthol (12-14) [42]

2.2. Bioconjugates with antiparasitic effect
Corrales et al. efficiently synthesized novel triazole derivatives of cholic acid and
6-thiopurine (fig. 6). The conjugates obtained (15-19) were tested for their biological

activity and cytotoxicity. Research in vivo confirmed their antimalarial efficacy far superior



to chloroquine (a substance used in patients diagnosed with malaria). Conjugate (19) was
more effective than chloroquine on the 7th day of the study and all other compounds after
12 days. On the other hand, the tests performed in vivo indicate their action against

Leishman’s parasite. Most importantly, the resulting compounds are not toxic to mammalian

cells [43, 44].
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Fig. 6. Steroid-purine conjugates (15-19) with anti-leishmanial activity [43, 44]

The amino choline-bile acid compounds (20-23) exhibit exceptional activity against
Leishman’s parasite and Mycobacterium tuberculosis.(fig. 7). Conjugate (20) exhibits
a similar inhibitory effect against M. tuberculosis (MIC = 8.8 uM) as available
antituberculosis drugs. Biological testing of all structures (21-23) confirms their activity
towards promastigote and amastigota L. majoras well as leishmanicidal and antituberculosis
properties [45].
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Fig. 7. 1,2,3-triazole derivatives of cholic acid with aminocholine (21-23) [45]



2.3. Anticancer bioconjugates

Agarwal et al. designed novel bile acid and nucleoside molecules linked by a 1,2,3-triazole
linker with antitumor activity (fig. 8). Studies have been carried out in vitro against three
cancer cell lines (PC-3, MCF-7, IMR-32). Tests have shown that compounds (25) and (27)
are characterized by the highest efficacy of MCF-7 (IC50 = 8.084 uM) and IMR-32
(IC50 = 8.71 uM) cells. It is worth noting that all compounds were tested for cytotoxicity
and antituberculosis activity. Compound (28) has significant antituberculosis activity

(MIC = 4.09 uM), while all compounds are not toxic to the human kidney [46].

B 0 ; o Q
H N &NH =~ NH N=y [ NH
N\_N N/&O OH O/—Q\/N o N/&O
OH f—?o OH ° \%_?
24 25 o 6
5% A8
0 0 o o
&NH
N/&O
0
3
HoN
oW
)\ s
P
0
38
o HoN o H,N
=N =N
o NH Nxn 2‘{) o NH N=y E \ )
5 g S AT el S
0
0 0 o 0
" B 5 B

Fig. 8. Steroid-nucleoside conjugates (24-31) [46]

Incredible anticancer activity is distinguished by dendrimers called “molecular pockets™.
Efficient synthesis of first-generation dendrimers (chlorodendrimers) was developed, which
were subsequently appropriately converted into second-generation azidodendrimers (fig. 9).
On the other hand, the bile acid molecule was effectively enriched with an alkyne group.
Finally, triazole derivatives (34-35) exhibited MTT activity against C6 glioma cells
(IC50 = 10.48 uM) [47].
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Fig. 9. Scheme of the synthesis of “molecular pockets” (34-35) [47]

Jurasek et al. described ribbon-type steroid dimers linked by a heterocyclic cholic acid
moiety (37), ethienoic acid (38), or estrone (fig. 10). Appropriately modified reactants were
subjected to a “click” reaction. The obtained 1,2,3-triazole derivatives showed antitumor
activity against several cell lines. Compound (37) was effective against CCRF-CEM and
K562 lines (IC50 = 54 and 5.35 uM), and compound (38) against K562
and CEM-DNR-BULK (IC50 = 5.37 and 5.48 uM) [48].
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Fig. 10. Ribbon-type steroid dimers (37-38) [48]

Designed deoxyadenosine 1,2,3-triazole bile acid derivatives have been studied for
activity against leukaemia (Jurkat and K562), colorectal (HCT116), ovarian (A2780), and
human skin fibroblasts. Multistage bile acid and deoxyadenosine structure transformations
were carried out [49, 50]. As a result, 1,2,3-triazole conjugates (39-41) (fig. 11). Compound
(40) distinguishes the highest anticancer activity against cells of the K562
(IC50=8.51 £ 4.05 uM) and Jurkat (IC50 = 10.47 + 2.64 uM) lines. In addition, compounds
(39) and (41) are also active against K562 and Jurkat (IC50 = 172.36 + 9.60 uM,
35.86 + 11.60 uM, 35.65 +£2.23 uM and 36.17 = 1.51 uM, respectively) [51].

COOCH,4

OH 41

Fig. 11. Bile acid derivatives with deoxyadenosine (39-41) [49-51]

Subsequently, Perrone’s research group synthesized bile acid conjugates-nucleoside
with a C-3 and C-24 triazolyl bond (fig. 12). Their activity against human leukaemia cells
(K562), colon cancer (HCT116), and skin fibroblasts (FIBRO) was determined.
Unfortunately, their activity was low, so the structures were enriched with adenosine,
deoxyadenosine, and deoxyuridine (fig. 13). The acid-deoxyadenosine compound (53) was
efficacious against K562 (IC50 = 8.5 £ 4.0 uM). Against C-3 of the triazolyl-linked bile
acid-adenosine conjugate (54) was found to be effective against K562 and HCT116 (1C50



of 43.5 + 1.3 uM and 23.1 £+ 1.7 uM). For triazolyl junctions, C-24 was active (49), where
the IC50 was 16.2 £ 2.2 uM and 17.0 £ 2.5 uM against K562 and HCT116, respectively.
For (50), an activity of 23.6 + 1.2 uM for K562 only was determined. For bile acid-
deoxyuridine compounds (55-56), the IC50 for K562 and HCT116 at 21.5 £ 2.0 uM and
23.5 + 1.6 uM, respectively. Moreover, for C-24 triazolyl compounds (51-52), the activity
against 2.9 = 1.9 uM and 24.8 + 1.5 uM, respectively [52].

N3

HO™ “'OH HO OH
43

(i) CuSO,4 * 5H,0, sodium ascorbate, H,0: t-BuOH, THF (1:1:1.5), rt, 18h

HO
HO R

42
X = Adenine/ Guanine
R =H/ OH

Fig. 12. Scheme of the synthesis of C-3 (46, 48) and C-24 (44) triazolyl linked bile acid-

nucleoside conjugates [52]
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Fig. 13. Steroid-nucleoside conjugates (49-56) with anticancer activity [52]

New triazolyl steroid-nucleoside conjugates were tested to evaluate their activity against
human cell lines for prostate cancer (PC-3), breast cancer (MCF-7), neuroblastoma
(IMR-32), and toxicity against human renal embryo (HEK 293 T) (fig. 14). In addition, their
antituberculosis activity against M. tuberculosis H37Rv (strain ATCC 27.294) confirmed.
Multistep synthesized conjugates (57—65) were compared with the activity of doxorubicin
against MCF-7 (IC50 = 0.44 + 0.05 pM) and IMR-32 (IC50 = 0.043 + 0.05 uM) cells.
Compounds (65) and (60) showed apoptosis for these cells, where their IC50 values were
8.71 uM and 8.08 uM, respectively. Moreover, they did not destroy human HEK293 T
kidney cells [46].

0
07<o

57 R = H, X = Adenine 61 R = H, R' = CHa/ CH,C4Hs/ (CH)CHsCH,CHs, X = Adenine
58 R = OH, X = Adenine 62 R = OH, R' = CHy/ CH,CgHs/ (CH)CH;CH,CH; X = Adenine
59 R = H, X = Uracil 63 R = H, R' = CHy/ CH,CgHs/ (CH)CH,CH,CH3 X = Uracil
60 R = OH, X = Uracil 64 R = OH, R' = CHy/ CH,CgHs/ (CH)CH3CH,CH; X = Uracil

o)

oA
N’go
HO" 0
)

65 j<

Fig. 14. Triazolyl conjugates deoxycholic/cholic-nucleoside acid (57—65) [46]



The synthesis of bile acids combined with triazolyl aryl ketones with antitumor
properties against human breast cancer cells (MCF7) and mouse breast cancer cells (4 T1)
was also developed (fig. 15). In the studies, it was assessed that the conjugate (66) is effective
against MCF7 at IC50 = 2.61 + 0,70 uM, a (67) at IC50 = 5.71 + 1.00 uM. In addition,
compound (68) also exhibits activity against T1 cells (IC50 = 8.76 + 1.29 uM).
All conjugates (66-68) were not toxic to HEK293. Moreover, the study determined higher
apoptosis in MCF-7 for compound (68) than (66). In the case of four T1 cells, apoptosis was
similar for both compounds. In addition, it was found that the addition of cholic acid
and the absence of aryl ketone substitution significantly increased the biological activity of

the obtained molecules [53].

66 R' = 4-BrCgH, R= OH, X=0
67 R' = 4-BrCgH, R=H, X=0
68 R' = 4-BrCqH, R= OH, X=NH

HO"

Fig. 15. Triazolyl aryl ketones derivatives of bile acids (66-68) [53]

2.4. Other types of bile acid bioconjugates with biological potential

The synthesis of novel bile acid dimers and sterols with a unit of 1,2,3-triazole (69-74)
(fig. 16) was carried out. A complete spectroscopic analysis(*H NMR, *C NMR, FT-IR),
spectrometric (ESI-MS), molecular docking and calculations semi-empirically were
performed. Research in silico indicates their biological activity [54].

69 R' = R? = H; C5=Cg

70 R' = H; R? = OAc; C5=Cqg

71 R' = R? = OAc; C5=Cq

72 R'=R?=H; C5-Cq

73 R" = H; R? = OAc; C5-Cq
74R" = R? = OAc; C5-Cg

Fig. 16. Dimers of bile acids and sterols (69—74) [54]

3. Conclusions
This review briefly presents the advances in synthesizing novel bile acid conjugates
containing 1,2,3-triazole systems with antibacterial, antiparasitic, and anticancer properties.

The research focuses on various microbial strains and cancer cell lines. The presented



research results shed new light on the design of syntheses in the search for new drugs.
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ARTICLE INFO ABSTRACT

Keywords: Conjugates of steroids and other natural bioactive molecules (such as amino acids or carbohydrates) have proven
Natural compounds promising compounds with diverse biological effects. This literature review summarises the importance of ste-
Conjugates

roid conjugates in a broad spectrum of therapeutic applications. Steroid conjugates exhibit improved pharma-
cokinetic properties, improved target specificity, and reduced side effects compared to the parent compounds.
This increases their clinical usefulness. Their versatility extends to drug delivery systems, enabling precise
modulation of drug release kinetics and bioavailability. Moreover, steroid conjugates are vital in treating in-
flammatory and neurodegenerative diseases, hormonal disorders, cancer therapy, and combating microbial in-
fections. The review presents the current state of research on steroid conjugates, highlighting the crucial role of
steroid conjugates in modern medicine and their potential to revolutionise therapeutic paradigms and improve
patient outcomes. Steroid compounds are excellent for developing agents with better bioavailability and are used

Steroids hybrids
Biological activity
Medical chemistry

as drug carriers or hydrogelators.

1. Introduction

Nature is a vast source of biologically active heterocycles with
varying degrees of optimisation. Molecules derived naturally from
biosynthetic pathways exhibit diverse physical, chemical, and biological
properties [1,2]. The decreasing effectiveness of therapeutic agents due
to their poor solubility, instability, or host resistance forces the search
for new drugs. Coupling a carrier molecule with a biologically active
substance has many benefits, such as systemic non-toxicity, mini-
misation of side effects, and overcoming drug resistance of target cells
[3,4].

The conjugation of two biologically active molecules has influenced
the enormous development of biomedicine, materials science, and
pharmaceutical sciences [5-8]. A bioconjugate should be understood as
a structure of two or more molecular units with different biological
properties. With this technique, the molecule formed gains a double
benefit by combining the properties of individual units, thus acquiring
new activity [9,10]. Literature data indicate that steroid bioconjugates
have the most excellent application in improved biomolecules with
pharmacological potential [11-14].

Fig. 1 shows the different conjugation approaches to form new
compounds known in the literature (Fig. 1). Bioconjugates are formed by

* Corresponding authors.

reactions between functional groups on other molecules or by a cross-
linking agent. Cross-linking agents such as EDC (1-Ethyl-3-(3-(Dimethy-
lamino)propyl) Carbodiimide hydrochloride) and DCC (Dicyclohexyl Car-
bodiimide) are used to form covalent bonds without an extra atom. Small
molecule coupling controls the selectivity and toxicity of bioconjugates.
The basic idea of bioconjugation is to connect molecules through co-
valent bonds. At least one of the molecules must be of biological origin
or be part of a biomolecule [9]. Antibody-drug conjugates are thera-
peutic agents in which antibodies are conjugated with biologically
active drugs. The FDA (U.S. Food and Drug Administration) has approved
three such conjugates; more than 40 are in clinical trials [8]. Among
these compounds, it is worth distinguishing between PEGylated (Poly-
ethylene Glycol) adenosine deaminase (Adagen) used in the treatment of
severe immunodeficiency and PEGylated 1-asparaginase (Oncaspar,
acute lymphoblastic leukaemia) [15]. In addition, other approved con-
jugates are m.in, Pegintron, Pegasus, Neulasta, and Mylotarg [16-19]. It
is worth noting that among the antibody-drug couplings, anticancer
drugs such as Adcetris (treatment of Hodgkin lymphoma) and Kadcyla
(therapy of breast cancer) deserve special attention [20,21].

Steroids include a group of natural compounds found in all eukary-
otic cells. These compounds are characterised by a rigid four-ring
cyclopentanoperhydrophenanthrene framework (Fig. 2),
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Conjugative linkers

Fig. 1. Selected pathways of molecule bioconjugation.

hydrophobicity, varying degrees of functionalisation, and amphipathic
properties [22]. Among steroids, bile acids (e.g. lithocholic acid, deox-
ycholic acid, cholic acid), plant (e.g. stigmasterol) and animal (e.g.
cholesterol) sterols, corticosteroids (e.g. cortisol), sex hormones (e.g.
progesterone, androgens) and sapogenin (e.g. sarsasapogenin) deserve
special attention. The most important functions of bile acids include the
absorption and control of lipid and glucose metabolism [23]. Cortico-
steroids play a crucial role in carbohydrate metabolism and regulating
inflammation. On the other hand, sex hormones such as estrone, preg-
nenolone, or testosterone are responsible for the proper functioning of
the entire body [24,25].

Due to the enormous diversity of biological and physicochemical
properties, steroids have become an excellent choice for bioorganic
synthesis [26,27]. Transformations of functional groups through the
formation of ester, ether, or amide bonds consistently produce new
derivatives (Fig. 1). However, additional groups may change

Bioorganic Chemistry 153 (2024) 107933

pharmacokinetic properties (e.g. lipophilicity, solubility) and pharma-
codynamic properties (e.g. receptor selectivity). As lipophilic com-
pounds, they can easily cross cell membranes (e.g. blood-brain barrier),
which is crucial in the design of steroid drugs. Introducing polar groups
can change their lipophilicity, affecting the distribution in the body and
the duration of action. It is worth noting that a slight transformation of
the steroid molecule causes a massive change in biological systems. The
rigid structure of the steroid nucleus makes it easier for them to pene-
trate the cell and, consequently, to interact with a specific hormone
receptor. Steroids are characterised by particular stereochemistry
(spatial arrangement), crucial for interacting with protein receptors.
Minor differences in stereochemistry can determine the activity of the
drug, namely whether it will be an agonist, antagonist, or inactive. The
cis/trans configuration between the rings, especially A/B, also plays a
significant role in receptor binding specificity. Several structural and
biological characteristics of steroids have influenced their use in drug
design [28-30]. Some known steroid conjugates increase the expression
of genes of essential transport proteins. Also fundamental are derivatives
with anticancer, antibacterial, antifungal, antimicrobial, antiviral
(including HIV), anticoagulant, anti-inflammatory, antioxidant or
insecticidal (pesticides) activity [31-46]. Moreover, they have neuro-
protective potential in Alzheimer’s disease and affect transcription fac-
tors [47].

Recently, several reviews have been published highlighting the
diverse therapeutic benefits of steroid and amino acid conjugates and
bile acids with bioactive molecules [48,49]. Research on the therapeutic
use of steroid bioconjugates in cancer therapy is intensively conducted,
confirmed by numerous scientific reports [50,51]. Therefore, we
decided to comprehensively review structurally diverse steroid bio-
conjugates that may have potential therapeutic relevance. PubChem,
Web of Science, Scopus and Reaxys databases were searched for studies
on the multidirectional biocidal activity of steroid conjugates with
natural compounds from the last two decades (2004-2024). The focus
was on specific terms such as ,steroid conjugates”, ,amino acid

HO"

1 R'=H, R%=H, Lithocholic acid
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8 Prednisolone

2 R'=H, R?=OH, Deoxycholic acid
3 R'=0H, R?=0OH, Cholic acid
4 R'=OH, R%=H, Chenodeoxycholic acid

ie)
T
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6 Cholesterol
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Fig. 2. Selected steroid compounds (1-11).



A. Kawka et al.

conjugates”, ,,bile acid bioconjugates”, ,anticancer agents”, or ,,biocidal
activity”. The most critical aspect was experimental articles, while
theoretical and review articles were considered to have supplementary
scientific value. This review covers the diverse biological applications of
steroid bioconjugates and may benefit the broader scientific community
searching for new drugs. It is worth mentioning that the dominant po-
sition was taken by steroid-amino acid conjugates that can be used as
antimicrobials or in chemotherapy [52,53].

2. Steroid conjugates of anticancer significance

Recently, scientists have emphasised the design of steroid conjugates
with anticancer properties (see Table 2). An exciting approach is
developing compounds acting as enzyme inhibitors crucial for steroid
metabolism, such as steroid sulfatase (STS) and hydroxysteroid dehy-
drogenase (HSD). STS inhibitors, such as Irosustat, have been studied in
the context of breast and endometrial cancer due to their ability to
inhibit estrogen metabolism, leading to the inhibition of tumour cell
proliferation [54]. In turn, HSD inhibitors, including 17-HSD1 in-
hibitors, are being analysed as potential anticancer agents, especially in
cases of steroid-dependent cancer (prostate cancer) [55]. Additionally,
steroid conjugates can act by binding to receptors (e.g. antiestrogens or
antiprogestogens), making them multi-targeted tools in anticancer
therapy. Antiestrogens, such as tamoxifen, are widely used in the
treatment of estrogen-dependent breast cancer [56]. Antiprogestins
(such as mifepristone) have shown promising results in the context of
hormone-dependent cancers, including endometrial and ovarian cancer
[57]. Simultaneous blockade of steroid-metabolising enzymes and
tumor-promoting receptors allows for multi-level effects on cancer cells.
Steroid coupling is aimed at obtaining a less toxic structure and, at the
same time, has high bioavailability. Therefore, the development of ste-
roid conjugates is considered a promising therapeutic strategy in the
treatment of hormone-dependent cancers.

2.1. Steroid conjugates with doxorubicin

Estrogens contribute to the development of breast cancer. The
mammary gland produces more type p cells than type o«. Whereas breast
cancer cells do the complete opposite and overexpress abnormal a-type
cells. This significant difference has provoked interest in estrogens as
potential transport vehicles for cytotoxic agents. Initial attempts to bind
estrogen to anthracyclines were unsuccessful. Only coupling the C-3 and

Fig. 3. A conjugate of doxorubicin with estradiol (12) and dexametha-
sone (13).
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C-17 positions of estradiol with doxorubicin via an amide bond brought
better results. Conjugate (12) (Fig. 3) was effective against MCF-7 cells
(ICs09 = 0.7 pM, doxorubicin ICsy = 0.5 pM). In addition, the estradiol
derivative showed 10-fold lower activity against ER-negative breast
cancer cells and K562 leukaemia cells (IC5o = 10.5 pM) [58].

Chaikomon et al., on the other hand, synthesised a compound be-
tween dexamethasone and doxorubicin called DexDOX (13) (Fig. 3). The
critical step in this reaction was the extremely simple conjugation of the
3"amino group of doxorubicin with a dexamethasone molecule. DexDOX
showed comparatively lower cytotoxicity than doxorubicin against
MCF-7 cells (IC59p = 90.3 and 2.8 pg/ml, respectively). However, based
on the results of flow cytometry analysis, a clear difference was found in
the mechanism of cytotoxicity of these two compounds. Moreover, the
lipophilicity of dexamethasone resulted in greater cellular penetration
of the conjugate than doxorubicin alone. On the other hand, it sup-
pressed the effects of P-gp overexpression, which is why it showed high
potential for therapy for treating drug-resistant cancers [59].

2.2. Carbohydrate derivatives

Steroid glycosides comprise glycone (a sugar radical) and an agly-
cone (a steroid radical. They have been used in the treatment of
congestive heart failure. Literature reports indicate their increasing
cytotoxicity against many cancer cell lines [60]. Dioscine (14) (Fig. 4)
inhibits the development of HL-60 leukemia cells. In addition, it has
antiviral, antifungal, and anti-inflammatory properties [61]. Isolated
from the roots Polygonatum zanlanscianennse saponins were charac-
terised by an ICsg of 5.06 pg/ml against HeLa cells [62]. In contrast,
other saponins derived from the plant Myriopteron extensum K. Schum.
differ in the presence of an unsaturated lactone ring at C-17f. This
feature of structure is crucial for anticancer properties. This is why
extensumside A (15) (Fig. 4) showed ICsq in the range of 0.29 to 0.47 pg/
ml against several cancer cell lines (including the highest efficacy
against A549 cells). Extensumside B was inactive due to the lack of a
lactone ring [63]. This highlights the importance of steroid saponins as
natural hybrids for drug discovery.

Mimaki et al. successfully isolated and identified a cholestane
glycoside (16) (Fig. 5) from onion Ornithogalum saundersiae. Studies
have shown that OSW-1 has much higher activity against HL-60 cancer
cells than etoposide or Adriamycin [64]. Many low-yield attempts have
been made to synthesise this natural compound (using sugars such as p-
xylose or r-arabinose) [65,66]. In addition, due to the cytotoxicity of
cholestane glycoside, it was necessary to modify its structure. As a result,
several transformations were made, such as replacing cholestane with
estrane (conjugate with IC5y = 0.43-0.7 pM) or synthesising OSW-1
analogues of 22-deoxy-23-oxa [67,68]. Artificial steroid glycosides
(17-18) (Fig. 5), in which the length of the side cholesteryl chain was
increased to 8-11 carbon atoms, were characterised by low ICsg values
(i.e. from 6.1 to 8 nM) for CEM and G361 cells.

Other compounds with antiproliferative activity were the dansyl
derivatives of polyphyllin D and dioscin. Conjugate obtained (19)
(Fig. 5) and its analogues showed activity against HeLa cells (ICsy =
15-18 pM), as well as formed self-assembled micelles [69].

It is worth noting that for the HeLa cell tumour line, cytotoxic was
also created by the CuUAAC method (Copper(I)-Catalyzed Azide Alkyne
Cycloaddition) (20) (Fig. 6). The bioconjugate of secosterone mono-
saccharide -D- exhibited an ICsg of 20 pM, which is almost twice as low
as standard cisplatin (ICsp = 42.6 pM). It has been proven that the
presence of acetylated carbohydrates and oxime in part of the secoste-
roid affects anticancer activity [70].

2.3. Alkaloid and curcumin conjugates
Liu et al. designed the synthesis of taxols linked to hyaluronic acid,

folic acid, monoclonal antibodies, and 3,17p-estradiol. They aimed to
improve solubility and increase selectivity against ER-positive breast
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Fig. 4. Dioscine (14) and extensumside A (15) are cytotoxic to cancer cell lines.
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cancer. Conjugation was used via bonds at C-2/, C-7 or C-10 in the taxol
moiety with the C-11 or C-16 position in the steroid moiety. Bio-
conjugate (21) (Fig. 7) was distinguished by the highest effectiveness
(ICsp = 40 nM against MCF-7), as was the estradiol analogue substituted

in the C-11 position. On the other hand, taxol modified at the C-7 po-
sition showed good activity against the PC-3 cell line (IC5y = 1.7-4.2
pM). Studies have confirmed higher anticancer efficacy against ER-a
positive cell lines but still lower than for the parent taxol (ICsg for taxol
against MCF-7 and MDA-31 cells was 4.9 and 4.5 nM, respectively) [71].

Curcumin encapsulated in liposomes as a cationic lipid based on
cholesterol and curcumin (23) (Fig. 7). Following synthesis, Apiratikul
et al. performed antitumor activity tests for several cancer cell lines,
such as HeLa, A549 (epithelial lung adenoma), HepG2 (liver cancer),
K562 (erythromyeloblastoid leukaemia) and 1301 (T-cell lymphoblastic
leukaemia), as well as for the human kidney (HEK293). Encapsulated
curcumin was safe for regular human embryonic kidney cells. It has also
been found to have up to 8 times higher cytotoxic activity than ordinary
curcumin (22). Although the efficacy of encapsulated curcumin was not
as high as expected, the results were in the ICsy range of 3.1-10 pM (see
Table 1) [72].

2.4. Steroid-amino acid conjugates

Platinum complexes are of great importance as agents used in
chemotherapy. Kvasnica et al. described the synthesis of platinum (II)
conjugate with steroidal esters of i-methionine and r-histidine. The
corresponding steroid esters were synthesised by esterification of Boc-
protected amino acids with the hydroxyl group of various steroids
(such as cholesterol, diosgenin, etc.). The Boc group was then removed
using trifluoroacetic acid. Platinum(II) complexes were obtained by
reacting the resulting steroid esters with potassium tetrachloroplatinate
in aqueous dimethylformamide. Amphiphilicity cholesterol and estrone
were used. The steroid part had the function of transporting the active
substance to the breast cancer cells. Research in vitro showed that the
platinum (II) complex of estrone with L-methionine (24) (Fig. 8) has a
destructive effect on CEM cells (IC59 = 14 and 20 pmol/L). Among other
compounds, pregnenolone esters (25, 26) (Fig. 8) with L-methionine and
t-histidine. Their effectiveness against CEM cells oscillated around ICsg
= 18-23 pmol/L. It is worth noting that all the obtained complexes were
not toxic to normal human fibroblasts [73].

A synthesised cholesterol-phosphotyrosine conjugate (27) (Fig. 9)
was evaluated to determine its properties against HeLa cancer cell lines
and platinum-resistant AC780cis cells. Compound (28) had efficacy at
ICso = 16 and 13 pM against HeLa and AC780cis, respectively (where
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Fig. 7. Taxol derivative (21) and cholesterol-based curcumin and cationic lipid structure (23).

Table 1
Anticancer activity of curcumin and its encapsulated steroid derivative (23).
Compound ICso (pM)
HeLa A549 HepG2 K562 1301
Curcumin 17 50 30 20 8
23 8 10 4 2,5 3,1
Empty liposomes 180 210 105 165 90

ICs0 = 71 pM for cisplatin). In addition, studies suggest that enzyme
dephosphorylation affects apoptosis. The dephosphorylated compound
(28) (Fig. 9) showed lower activity against AC780cis (ICsp = 50 pM)
[74].

Fusidic acid (29) (Fig. 10) is an antibiotic effective in treating bac-
terial infections, especially of the skin. It may have anticancer effects,
especially when combined with amino acids. The synthesis focused
mainly on the protection of the acid group of fusidic acid by esterifica-
tion with benzyl bromide. The next step included coupling with Boc-
protected amino acids (such as glycine, alanine, leucine, and lysine).
The obtained conjugates were converted into hydrochloride salts using
HCl in dioxane. Studies on fusidic acid derivatives have demonstrated
their anticancer activity against various cancer cell lines, such as cer-
vical cancer (HeLa), glioma (U87), multidrug-resistant epidermal oral
carcinoma (KBV), and gastric cancer (MKN45). Compound (33) (Fig. 10)
proved to be the most promising, showing excellent activity against all
cancer cell lines tested (cell viability 8 %, 18 %, 9 %, and 8 %, respec-
tively). Compounds (30) and (32) (Fig. 10) induced apoptosis of KBV
and HelLa cells less than 30 %, while compound (31) was ineffective only
against MKN54 (less than 33 % for other cell lines) [75].

Aromatic amide derivatives of bile acids and amino acids (34-38)
(Fig. 11) were obtained (using HOBt and EDC-HC]) to test their anti-
proliferative properties against colon (HT29), breast (MDAMB231), and
glioma (U87MG) cancers. They were also tested for cytotoxicity to the
human normal kidney cell line (HEK293T). Better selectivity from
cisplatin against breast cancer cell lines was shown by phenyl (34),
benzothiazole (35), and 4-methylphenyl (37) derivatives (ICsq = 1.35,
1.41 and 4.52 pM, respectively). On the other hand, bile acid derivatives
(36-38) distinguished activity against U87MG cells in the range of
1.62-2.49 pM (for doxorubicin ICs¢ = 2.60 uM, for cisplatin ICsy = 3.60
pM). Almost all the compounds were non-toxic to an average human

HEK293T cell line (at a concentration of 25 pM). Moreover, bile acid
conjugates containing an aryl group in the side chain were more active
than heteroaryl derivatives [76].

Another critical group of steroids is the phytosterols, which are
components of plant membranes (Fig. 12). These compounds, isolated
mainly from vegetable oils, are involved in the proper growth of plants
and lower blood cholesterol levels. Most importantly, phytosterols pre-
vent the production of carcinogenic compounds, prevent the develop-
ment of cancer cells, and cause their apoptosis [77]. Several conjugates
of y-oryzanol (43) (Fig. 12) were obtained by conjugation of the 4-hy-
droxyl ferulate ester y-oryzanol with fatty acids, phenolic acids, amino
acids, lipoic acid, retinoic acid, curcumin, and trans-resveratrol. A C-3
bond was also formed in the steroid backbone of selected phytosterols,
such as cycloartenol (39), 24-methylene cycloartenol (40), campesterol
(41), and B-sitosterol (42) (Fig. 12). All new structures were tested for
anticancer activity, among other things. Studies have shown that
phytosterol conjugated with cystine (44) has activity against HeLa and
DAOY cells (where ICsq ranges from 1.4 to 8.3 pM; for y-oryzanol ICsg >
10 uM) [78].

Chang et al. designed the efficient synthesis of lithocholic acid-amino
acid conjugates acting as potential inhibitors of the enzyme sialyl-
transferase. Sialyltransferase is involved in hypersialylation. It is a
crucial biological process during cancer cell metastasis, invasion, cell
adhesion, or immune defence [79]. The tests performed showed that the
conjugates (45-47) (Fig. 13) have enzyme inhibitory activity at ICsq of
6, 7, and 5 pM, respectively [80].

The CuAAC reaction was also used to synthesise triazolyl-13a-
estrone conjugates with nucleosides. The multi-step synthesis included,
among others, the reaction of the nucleoside protected with the 5-O-
(4,4-dimethoxy trityl] (DMTr)) group with acetic anhydride in pyri-
dine, then deprotection with boron trifluoride in a solution of hexa-
fluoroisopropanol and nitromethane, tosylation with tosyl chloride in
pyridine at room temperature. Finally, after tosyl-azide substitution in
DMF at 50 °C, the azide was formed, which was subjected to a click
reaction with 3-O-propargyl-13a-estrone in the presence of DIPEA and a
solvent. To obtain triazole conjugates of 13a-estrone with the nucleo-
side, the acyl derivative was deprotected in an ammonia solution in
methanol at 50 °C. Interestingly, an adequately protected cytidine de-
rivative (48) (Fig. 14) was more active than the unprotected thymidine
derivative (49) (ICsp = 9.0-10.4 pM and 19 pM, respectively) versus
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Table 2
Anticancer activity of steroid-based bioconjugates.
Type of steroid’s ~ Bioactive Cell lines Activity References
conjugate compounds (ICs0)
Hormone- 12 MCEF-7 0.7 pM [58]
doxorubicin K562 10.5 pyM
DexDOX 13 MCEF-7 90.3 pM [59]
Dioscine 14 HeLa 5.06 pg/ml [62]
Extensumside A 15 HL-60 0.29-0.47 [63]
HeLa pg/ml
A549
Steroid 16 HL-60 0.43-0.7 [64]
glycosides pg/ml
17 CEM 6.1-8.0 nM [67,68]
18
Dioscin’s 19 Hela 15-18 pM [69]
derivative
Carbohydrate- 20 HeLa 20 pM [70]
triazole-
steroid
Taxol-steroid 21 MCEF-7 40 nM [71]
Curcumin-sterol 23 HeLa 8 uM [72]
A549 10 pM
HepG2 4 uM
K562 2.5 uM
1301 3.1 M
Steroid- 24 CEM 14-26 yM [73]
platinum (II)- 25 CEM 18-23 M
amino acids 26
Sterol-amino 27 HelLa 16 yM [74]
acid 28 AC780cis 13 pM
50 pM
Fusidic acid- 30 HeLa <30 % [75]
amino acid KBV
31 HeLa <33%
KBV
us7
32 HeLa <30 %
KBV
33 Hela 8%
us7 18 %
KBV 9%
MKN45 8%
Bile acid-amino 34 MDAMB231 1.35 uM [76]
acid 35 1.41 yM
36 U87MG 1.62-2.49
pM
37 MDAMB231 4.52 pM
U87MG 1.62-2.49
uM
38 U87MG 1.62-2.49
pM
Ester of 44 HeLa 1.4-83uM  [78]
y-oryzanol DAOY
Lithocholic 45 inhibitors of the 6 pM [80]
acid- amino 46 sialyltransferase 7 pM
acid 47 5puM
Triazole- 48 inhibitors of the 9.0-10.4 [81]
steroid- 17p-HSD1 M
nucleoside 49 19 yM
50 K562 42.9 yM [82]
51 K562 16.5 pM
HCT116 22 yM
53 K562 8.51 + [83,84]
Jurkat 4.05 pM
10.47 +
2.64 M
Steroid- 55 MCEF-7 59 nM [88]
rhodamine B 56 0.2 pM
57 0.1 pM

17p-HSD1. However, it is worth noting that 13a-estrone showed a
higher inhibitory potential than all estrone-nucleoside conjugates [81].

Similar triazole bile acid-nucleoside bioconjugates were developed
by Navacchia et al., and their antiproliferative activity against K562,
HCT116 cancer cells, and normal human skin fibroblast cells were
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studied. The conjugate (50) (dU-nor-CDC) (Fig. 14) was effective against
K562 cells (ICsp = 42.9 pM), whereas the compound (51) (dU-UDC)
caused apoptosis of both cancer cell lines (IC59 = 16.5 and 22.0 pM)
[82].

Perrone et al. developed and synthesised bile acid and deoxy-
adenosine conjugates linked by a triazole system (52-54) (Fig. 15). The
three-step synthesis of 3a-azido bile acid derivatives began with the
reaction of their methyl esters with iodine and triphenylphosphine in the
presence of imidazole and 1,3-dioxolane. These compounds were then
reacted with NaN3 in DMF to form 3a-azido derivatives. Alkenyl deox-
yadenosine derivatives were obtained from 8-bromodeoxyadenosine
and hexynothiol in the presence of a palladium catalyst. Finally,

3a-azido bile acid derivatives were coupled with alkenyl deoxy-
adenosine derivatives using CuSO4*5H50, sodium ascorbate, and THF: t-
BuOH: H,0 (room temperature or microwave at 50 °C) to form the
corresponding 1,2,3-triazole conjugates (52-54). The modification of
the C-3 position of the steroid part was aimed at assessing the anti-
tumour activity of the obtained structures. Compound (53) with the
highest cytotoxicity against leukaemia cancer cells, K562 and Jurkat,
had an ICsg of 8.51 + 4.05 pM and 10.47 + 2.64 pM, respectively
[83,84]. Interestingly, other literature reports indicate that deoxy-
adenosine conjugated only with chenodeoxycholic acid has a better
apoptotic effect on the K562 cell line (IC5p = 16.2 + 2.2 uM) than its
triazole derivative [82].

2.5. Steroid and rhodamine B conjugates

Chemotherapy-induced cell death can be induced in various ways.
Studies show that mitochondria are vital in deciding whether a cell
survives or dies [85]. There is growing interest in agents that directly
target mitochondria and induce controlled cell death, called mitocans.
Dysfunction of the mitochondria is associated with many diseases,
including neurodegenerative, metabolic and cardiovascular diseases
[86].

Rhodamine B, known mainly as a natural biosensor, is being studied
for its potential anticancer properties. One of the mechanisms of its
action is the induction of oxidative stress in cancer cells, leading to
programmed cell death. This compound can be a scaffold for the for-
mation of bioactive cationic molecules. The mitochondrial membranes
of cancer cells have a higher membrane potential than non-cancer cells.
Mitocans with a lipophilic cation, such as the rhodamine structure, show
high selectivity for these cells [87].

Serbian et al. described the synthesis of steroid conjugates based on
testosterone, prednisone, and abiraterone with rhodamine B (Fig. 16)
[88]. In the coupling reaction, rhodamine B acyl chloride was coupled
with steroids by adding triethylamine in dichloromethane (DCM). The
conjugates (55-57) underwent cytotoxicity studies against several
human cancer cell lines. They were shown to be active in the low pM to
nM range. The testosterone conjugate (55) had an ECs( of 59 nM against
MCF-7 cancer cells and acted mainly through necrosis. In contrast, the
prednisone conjugate (56) was less cytotoxic (ECso = 0.2 pM) but mostly
worked through apoptosis. Interestingly, the compound showed higher
selectivity for A2780 cancer cells than NIH 3 T3 fibroblasts. In contrast,
the rhodamine B derivative and abiratone (57) showed average cyto-
toxicity and selectivity.

3. Steroid conjugates with antibacterial and antifungal activity

The increasing drug resistance of bacteria to antibiotics and constant
mutations force scientists to look for analogues of active substances
available on the market (Table 3). One of the first natural antibiotics was
squalamine (58) (Fig. 17). This natural conjugate of sterol and spermi-
dine was extracted from the stomach of spinfish Squalus acanthias.
Squalamine has a biocidal effect on Gram-positive and Gram-negative
bacteria, resulting in cell death [89]. Attempts have been made to syn-
thesise its analogues, so squalamine is considered the beginning of
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steroid conjugate chemistry [90-92].

Novel chiral amides of amino alcohols, cholic acid, and deoxycholic
acid were synthesised to test them for antimicrobial activity. Hazra et al.
found that the bioconjugate of deoxycholic acid and (-R)-2-amino-
cyclohexanol (62) (Fig. 18) is toxic to most Gram-positive bacteria
(especially E. coli ATCC 25922 and S. aureus ATCC 25923, with MIC =
45 and 15 pg/ml, respectively) [93]. In contrast, another compound (1R,
2R)-1-phenyl-2-deoxycholicacetatamidopropane-1,3-diol) was active
against the pathogenic fungus, where ICso = 62.5 pg/ml.

Mishra et al. investigated the characterisation of eight new amide
derivatives of chloramphenicol (63-70) (Fig. 19) [94]. This natural
antibiotic has been extracted from actinomycete Streptomyces ven-
ezuelae. To synthesise steroid-amino alcohol conjugates, deoxycholic
acids, cholic acid, (1R,2R)-1-phenyl-2-amino-1,3-propanediol, (18S,2S)-
1-phenyl-2-amino-1, 3-propanediol, (1R,2R)-1-para-nitrophenyl-2-
amino-1,3-propanediol,  (1S,2S)-1-para-nitrophenyl-2-amino-1,3-pro-
panediol, were used. Biocidal activity tests against Gram-positive and
Gram-negative bacteria showed deoxycholic acid conjugates (68) and
(70) (ICs0 < 60 pg/ml), particularly for the Cryptococcus neoformans.

Vatmurge et al. developed a conjugation of bile acids with p-lactam

NH,

Fig. 10. Fusidic acid (29) and its benzyl derivatives with amino acids (30-33).
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rings via ester or amide bonds. Antibiotics containing the azetidine-2-
one unit are widely known. The conjugate created (71) (Fig. 20) was
most active against yeasts Yarrowia lipolytica (8 pg/ml) as well as against
fungal strains Candida albicans (128 pg/ml) and Benjaminiella poitrasii
(32 pg/ml). The amide conjugate was characterised by efficacy at con-
centrations of 16, 8, and 32 pg/ml against C. albicans, B. poitrasii, and
Y. lipolytica [95].

A series of aminocholestanes combined with an imidazole or pyri-
dine ring was described by Kim et al. vitro demonstrated that the link
(72) (Fig. 20) caused the death of several strains of bacteria S. aureus
(MIC < 4 pg/ml). In contrast, the 3,7-di(imidazole) steroid exhibited
intense antibacterial activity against most bacterial cells at MIC ~ 4 pg/
ml [96].

Cationic amphiphilic conjugates of cholic acid and lysine also
exhibited antibacterial properties. The conjugate (73) (Fig. 20) was
active against S. aureus, E. coli, and C. albicans with MIC < 8 pg/ml.
Researchers also observed that another cholic acid derivative exhibited
antibacterial potential against resistant strains S. aureus 1704, E. coli
4052, and Candida auris. Most importantly, the compound (73) was safe
for erythrocytes, causing changes only in the cell membranes of micro-
bial strains [97].

Tetrapeptides glycine and fp-alanine combined with cholic acid in
position C-3f (74-77) (Fig. 21) with antibiotic properties comparable to
fluconazole or erythromycin (FIC < 0.5 against E. coli and C. albicans)
[98]. On the other hand, the scientific report of Yadav et al. shows that
the peptide derivative of cholic acid with valine and glycine (78)
(Fig. 21) exhibit antimicrobial activity against bacterial strains E. coli,
Klebsiella pneumoniae, and Acinetobacter baumannii (MICgg = 4, 8 and 4
uM, respectively) [53,99].

Amphiphilicity plays a vital role in the destruction of biological
membranes of microbes. Kong et al. extracted a steroid amino acid from
an Irish sea sponge Polymastia boletiformis. After evaluation of antimi-
crobial activity (disc test, 1/4 in.), it was found that the conjugate (79)
(Fig. 22) was toxic to strains S. aureus, C. albicans, and Pythium ultimum
(MIC = 100, 75, and 25 pg/disc, respectively) [100]. Recent literature

reports indicate that isolated analogs of steroid amino acids (81,82)
(Fig. 22) were active against fungi of the genus Cladosporium cucumer-
inum (1D and 2D analysis of NMR, ZOI = 8.0 mm and 10.1 mm at 60 and
30 pg/disc, respectively). The conjugate activity (82) was the highest
against C. albicans, with the ZOI being 9.8 mm (100 pg/disc) [101].

Tuberculosis (TB) is a deadly infectious disease that, despite being
wholly cured with short-term therapy, is becoming increasingly resistant
to available anti-tuberculosis drugs. Consequently, this leads to
multidrug-resistant tuberculosis (MDR-TB). Using corticosteroids with a
functional hydroxyl group at the C11 position is beneficial, especially in
severe central nervous system or pericardial involvement cases. Steroid
hormones with biological activity, such as fluticasone or dexametha-
sone, are an important therapeutic option [102]. Researchers seeking to
develop effective inhibitors for Mycobacterium tuberculosis focused on
bile acid derivatives with a substituted hydroxyl group at the C-11a
position. It has been shown that compounds (83) and (84) (Fig. 23) show
significant stunted growth in M. tuberculosis at a concentration of 30 pg/
ml [103]. This is a decisive step in the fight against this dangerous
disease.

4. Steroid conjugates with antiviral activity

HIV and AIDS continue to pose a considerable challenge to medicine.
According to the World Health Organization (WHO), in 2022, about 39
million people were HIV positive, including 1.5 million children [96].
Although this virus no longer takes such a deadly toll, new therapeutic
agents are still being sought [104].

Mayaux et al. developed the synthesis of betulinic acid (triterpenoid
with a steroid-like skeleton) conjugates to assess their HIV-inhibiting
activity. It was found that the selectivity and effectiveness of the ob-
tained molecules depended to a large extent on their structural char-
acteristics, especially on the length of the side chain. Therefore, the
highest inhibitory activity of HIV replication was assessed for the com-
pound (85) (gamma amino acid, a derivative of (3S,4S)-4-amino-3-hy-
droxy-6-methylheptanoic acid) (Fig. 24) at a concentration lower than
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Fig. 13. Lithocholic acid conjugates (45-47) as sialyltransferase inhibitors.

0.02 pg/ml [105].

Bile acids’ transport properties were used in synthesising cholic acid
conjugates with small molecule peptides. Compounds (86-88) (Fig. 24)
were investigated to determine their HIV-1 protease inhibitory capacity.
The modification of the steroid backbone consisted of attaching the
peptide part to the C-24 position. Tests showed that the compound
B-benzyl-p-asp-cholic acid (88) had a moderate HIV-1 protease inhibi-
tory potential (IC59 = 125 pM) [106].

Another type of deadly disease is the measles virus. Despite the
availability of vaccines containing the measles antigen virus (MV), it is a

common cause of death among children. MV’s hemagglutinin glyco-
protein (H) activates the cell membrane and facilitates viral penetration.
Immunogenic H protein triggers an immune response. Scientific reports
report that the hemagglutinin loop (HNE) epitope on the H protein
(sequence H386-395 CKGKIQALCE) has an amphiphilic loop-like
structure with an embedded disulfide bridge [107,108].

Vaccines containing peptides with the core sequence HNE, cystine,
and a steroid nucleus were designed. The rigid steroid system provided
the proper conformation for peptide coupling. As a result, the newly
formed molecule resembled a loop with amphiphilic properties. An
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Fig. 16. Rhodamine B steroid esters (55-57).

appropriately protected bile acid derivative (89) was modified with a
photolabile linker to obtain a compound (90) (Fig. 25). A series of
successive selective transformations (such as group deprotection and
finally coupling with a GIn-Ala-Cys-Lys tetrapeptide the same as the MV-
HNE sequence) of the C-3 and C-12 positions of the steroid led to the
production of a target macrocyclic peptidosteroid (91) (Fig. 25) [109].
This compound was supposed to be a precursor for new measles vac-
cines. Subsequently, Bode et al. synthesised a similar peptidosteroid
(89) (Fig. 25) containing an additional disulfide bond (as in the HNE
loop of the measles virus). The conjugate (92) had better bioavailability
and stability than linear peptides. Subsequent studies have found that

10

this macrocyclic compound also exhibits increased binding affinity for
the monoclonal antibodies BH216 and BH21 compared to linear and
non-steroidal peptides [110]. Therefore, the conjugate (92) can be
considered a breakthrough in the design of vaccines to prevent the
measles virus.

Yang et al. described and synthesised dehydroepiandrosterone
(DHEA) conjugates with potential activity against HIN1 and H3N2 type
A (IAV) influenza viruses. Bioconjugate containing 2-OH-Ph residue
(93) (Fig. 26) inhibited viral RNA synthesis and protein expression.
Based on the MTT test, it was concluded that the compound (93) was
most effective at CCso = 111 &+ 7.1 pg/ml [111].

Yang et al. report further effective thiazoline conjugates based on
their promising activity against steroid-derived DNA and RNA viruses
[39]. Assessment in vitro demonstrated that the link (94) (Fig. 26) was
cytotoxic to enterovirus 71 (EV71) and Coxsackie B3 virus (CVB3). The
results were compared with antiviral agents such as ribavirin and
pyrodavir (ICsp = 1327 and 836; 431 and 397 pmol/l, respectively).
Again, based on the MTT test, it was found that the DHEA derivative
(94) exhibits activity against RD and Hep-2 cells at IC5y = 305.3 and
44.7 pmol/], respectively. The legitimate antiviral properties of dehy-
droepiandrosterone bioconjugates place it at the forefront of potential
antiviral drugs.
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Table 3
Antibacterial and antiviral activity of steroid-based bioconjugates.
Type of steroid’s Bioactive Cell lines Activity References
conjugate compounds (ICs0)
Bile acid- 62 E. coli 45 png/ [93]
aminoalcohol S. aureus ml
15 g/
ml
68 C. neoformans < 60 [94]
70 pg/ml
Bile acid-p-lactam 71 Y. lipolytica 8 pg/ml [95]
C. albicans 128 pg/
B. poitrassi ml
32 g/
ml
Aminocholestanes 72 S. aureus <4yug/ [96]
ml
Bile acid-amino 73 S. aureus < 8upg/ [97]
acid E. coli ml
C. albicans
74 E. coli < 0.5 [98]
75 C. albicans pg/ml
76
77
78 E. coli 4 pM [99]
K. pneumoniae 8 M
A. baumanii 4 pM
Steroid amino acid 79 C. albicans 75 pg/ [100]
S. aureus disc
P. ultimum 100 pg/
disc
25 pg/
disc
81 C. cucumerinum 60 pg/ [10171]
82 disc
C. albicans 30 pg/
disc
100 pg/
disc
Bile acid- 83 M. tuberculosis 30 pug/ [103]
substitution of 84 ml
C-11a
Betulinic acid- 85 HIV replication < 0.02 [105]
amino acid inhibitor pg/ml
Bile acid-peptide 88 anti-HIV1 125 pM [106]
Macrocyclic 92 binding of - [109]
peptidosteroid monoclonal
antibodies BH216
and BH21
DHEA conjugate 93 HIN1 111 + [111]
H3N2 type of A 7.1 g/
(1IAV) ml
Steroid-thiazoline 94 Enterovirus 71 305.3 [39]
(EV71) pmol/1
Coxsackie B3 44.7
(CVB3) pmol/1
Bile acid-acyclovir 96 better - [113-115]
bioavailability
than acyclovir
97 affinity for hASBT K; = 35 [116]
xM

Acyclovir (95) (Fig. 27) is a medicine used to inhibit the herpes virus
[112]. Poor absorption in the intestine and low oral bioavailability
(about 20 %) were the impetus for the design of its new derivative.
Valacyclovir (96) (Fig. 27) is an ester derivative of r-valine with much
better therapeutic potential [113]. Bile acid conjugation with valacy-
clovir resulted in a total of 4 novel prodrugs. Tests in vitro with esterase
in HBSS showed that after two hours, acyclovir was again obtained from
the prodrug [114,115].

In 2004, Tolle-Sander et al. developed similar analogues of acyclovir
and valine-linked bile acids. Assessment in vitro and in vivo demonstrated
that the prodrug acyclovir valylchenodeoxycholate (97) (Fig. 27) was
characterised by an affinity for hASBT (i.e., a human sodium-dependent
apical bile acid transporter) comparable to cholic acid (K; = 35 x M and
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Ki = 25 x M, respectively). Most importantly, the steroidal acyclovir
conjugate was about 16 times more selective for hASBT-COS cells than
acyclovir alone. In addition, acyclovir valineoxycholate showed signif-
icantly stronger passive permeability. On the other hand, an assessment
of oral bioavailability in rats showed that the compound (97) is twice
the bioavailability of acyclovir [116].

5. Anti-inflammatory steroid conjugates

The pharmacological potential of glucocorticoids is used to treat
many autoimmune diseases, asthma, intestinal disorders, and rheuma-
toid arthritis. The consequence of frequent use of steroids may be the
occurrence of osteoporosis or a decrease in the immunity of the immune
system [117,118].

Efforts to develop more safe and effective anti-inflammatory drugs
have led to the development of so-called ,anti-drugs”. Loteprednol
etabonate can be applied topically [119]. Once they enter the
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Fig. 20. Conjugates (71-73) with antibacterial and antifungal properties.

bloodstream, the ,anti-drugs” are converted into inactive metabolites
and are removed from the body [120]. The final molecule is formed by
conjugating steroidal ,.anti-drugs” with non-steroidal anti-inflammatory
drugs. Specific conjugates have been synthesised to prevent a potential

increase in potency, such as the combination of prednisolone with non-
steroidal anti-inflammatory medications such as indomethacin and
ibuprofen [121]. Biological studies of ibuprofen-prednisolone conjugate
(98) (Fig. 28) showed a slight increase in anti-inflammatory effects

12
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Fig. 23. Bile acid derivatives (83-84) as tuberculosis factor inhibitors.

(62.5 % inhibition) compared to prednisolone alone. In contrast, indo-
methacin and prednisolone bioconjugate did not show systemic anti-
inflammatory activity.

Liu et al. designed steroid hybrids with Cgg to determine their anti-
inflammatory properties [122]. Tests in vivo in mice showed that a
dexamethasone derivative (99) (Fig. 29) eliminated the swelling

initiated by xylene administration in 47 % [123]. Hydrophobic steroid
scaffolds have been used as carriers of selective oligonucleotides in gene
therapy [124]. Thus, the second generation of micellar cholesterol
polyamidoamine (100) (Fig. 29) conjugated to resveratrol and the heme
oxygenase-1 (HO-1, pDNA) gene [125]. Its therapeutic potential for
treating acute lung injury (ALI) was then evaluated. Studies in an animal

13
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Fig. 26. DHEA conjugates (93-94) with antiviral activity.

liposaccharide (LPS)-induced ALI model showed that the conjugate 6. Steroid conjugates as antioxidant agents

(100) containing the drug and pDNA reduces the production of cyto-

kines (critical micelle concentration of 0,22 mg/ml’l). Subsequent re- Fullerenes (common Cgy molecules or radical sponges) are effective
ports have found that polyamidoamine and cholesterol micelles similar at scavenging free radicals, which is why they are used as pharmaco-
to curcumin and the HO-1 gene also reduce the levels of pro- logical antioxidants [127]. Due to their low solubility in polar and non-
inflammatory cytokines [126]. polar solvents, it is necessary to modify them. Multiple interfaces of
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fullerenes with steroids, amino acids, and peptides were performed to

(@] O improve solubility and increase interaction with the membrane and
0 interior of the target cell [128-130]. Bioconjugate (101) (Fig. 30) con-
HO ” taining a linker of y-aminobutyric acid (GABA) between estradiol and
OH fullererpyrrolidine showed 3 times higher antioxidant activity (EDsg =
20.2 pM) than fullerene alone (EDsg = 64.1 pM) [131]. The improved
antioxidant properties of the carbon clusters resulted from a lipophilic
¢ "“OH
98

steroid system, which was also confirmed by morphological, electro-
chemical, and theoretical analyses [132].

7. Steroid conjugates in anticoagulant therapy
Fig. 28. A conjugate of prednisolone and ibuprofen (98) with anti-

inflammatory activity. Heparin is an effective anticoagulant drug composed of glycosami-

noglycans weighing about 15 kDa. Unfractionated heparin (UFH) is
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Fig. 29. A derivative of dexamethasone (99) and cholesterol (100) with potential use in anti-inflammatory drugs.
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101

Fig. 30. A steroid conjugate of fullerene (101) with antioxidant properties.

administered intravenously and subcutaneously with low molecular
weight heparin (LMWH). UFH works by binding to antithrombin III,
strongly inhibiting the action of thrombin (unlike LMWH) and factor X,
[133]. Heparins are conjugated with lipids and other molecules to in-
crease oral bioavailability by modifying free groups (such as sulfate,
carboxylic, hydroxyl, or amine) [134]. Studies suggest that the DOCA-
heparin conjugate (102) (Fig. 31) has a higher bioactivity than the
cholesterol-heparin conjugate [135-137]. In addition, increased intes-
tinal absorption was confirmed for the bis-DOCA-heparin conjugate
(103) (Fig. 31) [138]. Preclinical studies in vivo showed that the con-
jugate (102) is safe and non-mutagenic [36]. The DOCA-heparin con-
jugate containing the ethylenediamine linker between the carboxyl
groups positively affected wound recovery after surgery (anticoagulant
activity = 86 IU/mg) [139]. Similar anticoagulant properties are
possessed by the conjugate (104) (109.8 IU/mg) (Fig. 31). On the other
hand, for the LMWH-tetraDOCA compound, an increase in oral
bioavailability (19.9 %) and anticoagulant activity (33.5 %) was
observed [140]. Literature data indicate that a dose of 5 mg/kg (for
mice) inhibits thrombosis formation during cancer [141].

8. Steroid conjugates as glucocorticoid antagonists

11p-hydroxysteroid dehydrogenases (11pHSD, including 11pHSD1
and 11pHSD2) are responsible for the proper level of glucocorticoids in
the body. Excessive production of these enzymes interferes with con-
verting cortisone to cortisol (or vice versa), leading to metabolic syn-
drome or fatty liver without obesity [142]. Inhibition of 11pHSD2 leads
to cortisol activating mineralocorticoid receptors, which retain sodium
and water [143]. 11BHSD2 inhibitors are used in patients on
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hemodialysis to prevent potassium loss caused by cortisol activation of
MR in the colon [144]. MR activation can adversely affect the heart and
metabolism [145]. Inhibition of 11pHSD is a promising direction in the
treatment of atherosclerosis, osteoporosis, hyperlipidemia, and type 2
diabetes. This is why MR antagonists and 11BHSD inhibitors are needed.
Progesterone and its metabolites bind to MR and inhibit 11BHSD
[146,147]. The conjugation of amino acids and 11a-hydroxyprogester-
one by modification at the 11p position yielded compounds (105-107)
(Fig. 32). The conjugates were found to be suitable inhibitors of
11pHSD2 (ICsp = 2.41; 2.69 and 6.76 pM), although they did not match
the inhibitory activity of 11a-hydroxyprogesterone (ICsyp = 0.40 pM)
[148].

9. Insulin-stimulating steroid conjugates

Insulin is a hormone produced by the beta cells of the pancreas. Its
primary function is to regulate blood glucose levels. Insulin allows the
body’s cells to absorb glucose from the blood and use it as energy. In
addition, it supports the storage of glucose in the liver as glycogen and
inhibits the breakdown of fats. Insulin deficiency, or the body’s
improper response to this hormone, leads to diabetes [149,150].

The deoxycholic acid-insulin derivative (109) (Fig. 32) was syn-
thesised using the succinimide deoxycholate ester. In contrast, conju-
gation with the same amino group of the Lys residue®® insulin through
the succinimide bisdeoxycholyl-1-lysine ester (108) (Fig. 33) has given a
link (109). Lee et al. found that the attachment of a large molecule of
steroid acid did not affect insulin structure and the persistence of
binding to insulin receptors on HepG2 cells. The results indicated that
steroidal insulin conjugates are characterised by prolonged interaction
with the body. Moreover, they were more active longer and did not
break down faster than native insulin. The report shows that for the
conjugate (109), the insulin receptor ICsy was 3.37 * 107° M, for con-
jugate (110) (Fig. 33) was 2.24 * 107° M, and for native insulin 1.28 *
107° M [151]. Bile acid derivatives may act as potential therapeutic
agents during abnormal insulin secretion.

10. Sarsasapogenin conjugates in the treatment of
neurodegenerative diseases

Alzheimer’s disease is a chronic and progressive neurodegenerative
disease. It manifests as a gradual loss of cognitive functions such as
memory, thinking, orientation, and the ability to perform daily activities
independently. It is the most common cause of dementia among the
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Fig. 31. Heparin steroid conjugates (102-104) as potential anticoagulants.
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Fig. 32. 1la-progesterone derivatives (105-107) inhibiting 11fHSD2 dehydrogenase.
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Fig. 33. Insulin steroid conjugates (108-110).

elderly. Characteristic symptoms are memory disorders, speech prob-
lems, confusion, and changes in personality and behaviour. In the brain
of people with Alzheimer’s, there is a build-up of amyloid plaques and
neurofibrillary plexuses. As a result, nerve cells become damaged and
die. The causes of the disease are not fully understood. Treatment fo-
cuses mainly on alleviating symptoms and slowing their progression
[152]. Natural steroid conjugates have greatly improved the treatment
of this disease (see Table 4) [153].

Table 4
Potential biological properties of steroid-based conjugates.
Type of steroid’s Number of Bioactivity References
conjugate bioactive
compounds
Steroid-ibuprofen 98 anti-inflammatory, [121]
Dexamethasone 929 inhibition of swelling [123]
derivative
Liposaccharide- 100 cute lung injury-ALI [125,126]
steroid (reduced cytokine
production, MIC = 0.22
mg/ml)
Steroid-fullerene 101 Antioxidative [131]
DOCA-heparin 102 anticoagulant [135-138]
103 (86 j.m./mg)
104 anticoagulant [140]
(109.8 j.m./mg)
Progesterone inhibitors of 11pHSD2 [148]
derivatives 105 2.41 pM
106 2.69 pM
107 6.76 uM
Bile acid-insulin 109 insulin receptor [151]
(3.37 *10°° M)
110 insulin receptor
(2.24 %1077 M)
Sarsasapogenin- 111 neuroprotective activity [47]
amino acid 112 against the SH-SHY5Y
113 (Alzheimer’s disease)
114
115
Bile acid-amino 116 inhibitor NAFLD [158]

acid
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Sarsasapogenin isolates neurons that are vulnerable to damage from
hydrogen peroxide. Studies on an animal model have also shown that it
can minimise memory loss [154]. In combination with 3-carbamate, it
has a neuroprotective effect [155].

The conjugates of sarsasapogenin (11) (Fig. 2) with the C-26 amino
acid methyl ester (111-115) (Fig. 34) were synthesised to determine
their neuroprotective activity against the SH-SHY5Y cell line. Derivative
(115) conjugated to phenylalanine at position C-26 had almost 4 times
stronger neuroprotective properties than sarsasapogenin (102.2 % and
27.3 %, respectively). As a result of such significant neuroprotective
activity of the conjugate (115) was found to minimise peroxide-induced
neuronal apoptosis by inhibiting the activity of cleaved poly(ADP-
ribose) polymerase (PARP for short) and cleaved caspase-3. In addi-
tion, such an effect also increases the expression of neurotrophic brain
factor (BDNF), as well as its receptor tyrosine kinase B (TrkB). Com-
pounds with the methoxyl group at the C-3 position showed the highest
neuroprotective potential. Wang et al. suggest that the resulting sarsa-
sapogenin conjugates may be of breakthrough importance for patients
with Alzheimer’s disease [47].

11. Steroid conjugates for the treatment of liver damage

Fatty liver, or non-alcoholic steatohepatitis (NASH), is an incurable
type of non-alcoholic fatty liver disease (NAFLD). It is known that the
main effects of NAFLD are hepatocellular carcinoma (HCC), cirrhosis of
the liver, and end-stage liver disease [156]. Due to the coupling between

o
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Fig. 34. Conjugates of sarsasapogenin and amino acids (111-115) with
promising activity in treating Alzheimer’s disease.
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bile acid receptor G (TGR5) and farnesoid X receptor (FXR) ligands, bile
acids have great potential in the treatment of NAFLD [157].

Chenodeoxycholic acid 1-arginine ethyl ester bioconjugate (CDCArg)
(116) (Fig. 35) was tested in a mouse model to determine its cytotoxicity
as well as its effect on cholesterol accumulation in the liver [158].
Voloshin et al. suggest that adding the CDCArg compound to the diet of
high-fat mice does not cause excess cholesterol in the liver and its
destruction. It has also been observed that the conjugate (116) protects
the liver and prevents weight gain. Steroidal amino acid conjugates can
be precursors as therapeutic agents in inhibiting NAFLD.

12. Steroid conjugates as organic gels

Organogels are gels in which an organic solvent is used as a
dispersing medium for the three-dimensional lattice formed by gelling
molecules. These are soft materials that have both liquid and solid
properties. Steroid amino acids can be crucial in the formation of
organogels. Due to their unique structural and chemical properties,
steroid amino acids can act as effective gelling molecules. They can
stabilise the structure of organogels through intermolecular interactions
such as hydrogen bonding, van der Waal’s, or hydrophobic interactions.
Biocompatible steroid amino acids have a vast potential due to the
ability to customise the gel structure to meet specific needs.

Conjugates of bile acid methyl esters and r-methionine (117-119)
(Fig. 36) were evaluated for gelling properties in several organic sol-
vents. It was concluded that the compound (117) was highly susceptible
to gelation. On the other hand, the association (119) formed strong and
colourless gels. In addition, X-ray powder diffraction tests have shown
that temperature reduction to —-150 °C affects reversible conformational
changes in the solid state of the conjugate (117) [159].

Svobodova et al. synthesised stigmasterol derivatives with amino
acids (120-122) (Fig. 37) [160]. Amino acids (glycine, i-leucine, 1-
phenylalanine) were adequately secured at the N-terminus of Fmoc,
which was then removed using piperidine. Then, after conjugation with
stigmasterol, hydrochloride salts (123-125) were formed to investigate
their gelling potential against derivatives of other amines compared to
inert phytosterols. Tests showed that stigmasterol amino acid conjugates
exhibited significant gelling properties. It was also observed that there
were gel-forming salts only under polar alcoholic conditions (such as
stigmasterol hydrochloride with glycine and 1-taurine) and those with
the ability to form gels only under non-polar aromatic conditions
(stigmasterol hydrochloride with 1-phenylalanine).

In the literature, bile and amino acids conjugates with gelling ac-
tivity are also known [161]. Phenylalanine conformers conjugated urea
compounds to bile acids. The most minor crystal structure was shown by
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Fig. 35. CDCArg (116) as a potential drug to inhibit NAFLD.
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acid and 1-methionine conjugates (117-119) with gel-

the cholic acid conjugate (128) (Fig. 38). Based on the results of the
analyses (DSC, powder XRD, or 13C NMR from the solid phase), it was
found that the polymorphism of cholic acid derivatives (128) and (129)
(Fig. 38) affects their broad organogelling potential. In addition, all
derivatives of lithocholic, deoxycholic, and cholic acids showed better-
gelling properties in 1,2-disubstituted aromatic solvents (e.g., 1,2-dime-
thylbenzene) compared to solvents substituted in position 1,3 or 1,4.
Based on the good gelling properties of bile acid amino acids, Maitra
et al. designed further derivatives of a-amino acids [162]. Conjugate
hydrochlorides (130-137) (Fig. 39) were synthesised using ethyl
chloroformate. It was determined that the obtained structures showed
good hydrogelling properties at pH within the range of 7-8 as molecules
with low mass and appropriate hydrophilic-hydrophobic balance. This
rigid structure has been used to synthesise gold and ZnO nanoparticles.
Finally, the Maitra research group published a report on the behav-
iour of bile acid-based gelling agents with glycine and phenylalanine
(138-139) (Fig. 40) depending on the pH [163,164]. Interestingly,
deoxycholic and cholic acid derivatives did not form gels, probably due
to the presence of additional hydroxyl groups. A hydrogel matrix of a
derivative of lithocholic acid was used to synthesise silver and gold
nanoparticles. A photoreduction analysis was performed to document
the immobilisation of these nanoparticles on gels, compounds (138),
and (139). A silver-doped conjugate (138) is resistant to colour change
caused by exposure to solar radiation. On the other hand, after adding
NaBH3CN and after one minute, the silver-doped compound (139)
turned pink, and after 1 h, it turned dark pink and finally yellow.

13. Conclusions

Due to their structure and multidirectional biological profile, steroid
compounds have long attracted interest in bioorganic chemistry. Con-
jugates of steroids with diverse groups, such as polyamines, amino acids,
carbohydrates, bioactive heterocycles and bis-conjugates, show signifi-
cant pharmacological potential. This review discusses numerous con-
jugates of these compounds with bioactive molecules and diverse
biological activity. The derivatives are primarily focused on combating
cancers, pathogens and microorganisms. There are also examples in the
literature of bioconjugates acting on metabolic disorders and performing
antioxidant or antithrombotic functions. These compounds are excellent
materials for designing new molecules with improved bioavailability.
They can act as drug carriers or be used as hydrogels. Future studies
should focus on further exploration of new conjugation techniques. They
will allow us to overcome the current limitations related to bioavail-
ability and selectivity of action. Furthermore, additional research could
focus on therapeutic applications in treating metabolic diseases. The
development of multi-target conjugates is also crucial. This could
significantly increase the effectiveness and safety of therapy for many
serious diseases.
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11pHSD2)

13¢ NMR Carbon-13 Nuclear Magnetic Resonance

17p-HSD1 17p-Hydroxysteroid dehydrogenase 1
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Fig. 37. Conjugates of stigmasterol with amino acids (120-122) and their salts (123-125) as potential gels.
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Fig. 38. Bile acids combined with amino acids (126-129) as organogelators.
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GABA y-Aminobutyric Acid
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HIV Human Immunodeficiency Virus
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NAFLD Non-Alcoholic Fatty Liver Disease
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Fig. 40. Bile acid derivatives with phenylalanine and glycine (135-136) were used to synthesise gold and silver nanoparticles.
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ABSTRACT: Molecules originating from natural sources are
physicochemically and biologically diverse. The conjugation of
two active biomolecules has become the foundation for medical
and pharmaceutical sciences. An effective synthesis of 11 new
steroid-pyrimidine conjugates containing 1,2,3-triazole rings was
carried out. The group of 3a—OH bile acids (lithocholic,
deoxycholic, cholic) and 38—OH sterols (cholesterol, cholestanol)
were respectively modified to azidoacetates. 2-thiouracil was
converted into N(1)S and N(3)S dipropargyl derivatives. Azide—
alkyne cycloaddition in the presence of copper(I) of the obtained
compounds led to the preparation of 1,2,3-triazole derivatives.
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Based on a series of spectroscopic (‘H NMR, *C NMR, Fourier-transform infrared (FT-IR)), spectrometric analyses (Electrospray
ionization-mass spectrometry (ESI-MS), electron impact-mass spectrometry (EI-MS)), and semiempirical calculations, the
structures of all compounds were confirmed. In silico biological tests and molecular docking (for domain 1KZN, 2H94, SVSZ, 1EZF,
2Q85) were performed for selected compounds. The tests performed indicate the theoretical antimicrobial potential of the obtained

ligands.

1. INTRODUCTION

Two highly significant classes of natural compounds, pyrimidine
bases and steroids, are pivotal in numerous biological processes.
Among these, thio derivatives of pyrimidine bases such as 2-
thiouracil emerge as noteworthy constituents of t-RNA."”
Beyond their role in biological systems, these compounds have
made substantial contributions to the realms of pharmacology,
medicine, and medicinal chemistry. Their S-, N-, or S, N-
disubstituted analogues have displayed notable therapeutic
potential, mainly exhibiting antiviral, antithyroid, and antitumor
activities.” ® They have also been identified as valuable in
biosensing applications and radioprotectors.”® Nucleobases
have been found to have broad applications as precursors
capable of forming strong hydrogen bonds in the design of new
biomaterials or complex nanostructures.”"’

The prototropic tautomerism exhibited by thio derivatives of
pyrimidine bases has garnered significant interest (Scheme 1).
The equilibrium between tautomeric forms, particularly in the
case of 2-thiouracil, plays a pivotal role in dictating its
chemoselectivity and regioselectivity. Moreover, this equili-
brium is intricately influenced by factors such as temperature
and the physical state of the compound, whether in solution or
the solid phase."'

Steroids are essential for medicinal chemistry because they
involve all metabolic pathways. The rigid skeleton of cyclo-
pentaneperhydrophenanthrene provides steroid conjugates with

© 2024 The Authors. Published by
American Chemical Society

v ACS Publications 37995

the proper arrangement of other molecules and several
physicochemical properties.'” Bile acids act as an emulsifier,
helping with the digestion and absorption of fats, while sterols
such as cholesterol are essential for cell structure and the
biosynthesis of steroid hormones.'”'* Modifications of func-
tional groups such as 3a—OH, 7a—OH, 12a—OH or 3—OH
and amphiphilic properties resulted in their wide use in
bioorganic synthesis.15 Their 1,2,3—triazole derivatives with
anticancer properties are particularly important.'®'” These
compounds can inhibit the growth of cancer cells through
various mechanisms, such as induction of apozptosis, blocking
DNA synthesis, or inhibiting angiogenesis."* " Some studies
suggest that bile acid derivatives with 1,2,3-triazole systems may
have antiviral activity. They may inhibit viral replication or
penetration into host cells.””** Moreover, they have been used
as potential drugs in treating cholestasis and research tools for
studying the mechanisms of drug action, especially in the
context of interactions with cell receptors and signaling
pathways.”*~*°
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Scheme 1. Selected Forms of 2-Thiouracil Tautomerization
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Scheme 3. Synthesis of Substituted Derivatives of Methyl Esters of Bile Acids (9—11) and Sterols (14—15)
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The main route for the synthesis of 1,2,3—triazole derivatives
is the “click” chemistry reaction. This technique involves the
rapid, eflicient, and specific formation of new chemical bonds
between two reactants.>’ Typically, 1,3—dipolar reactions are
used, such as the reactions of azides with alkynes in the presence
of copper(I) ions, which lead to triazole linkers.”” This method
is beneficial in supramolecular chemistry, biochemistry, and
nanotechnology, as well as in creating materials with advanced
properties. Its advantages are ease and versatility, high reaction
efficiency, and minor byproducts.”**’

The combination of steroids with pyrimidines can lead to the
creation of compounds with unique biological activity.’’
Conjugation of a carrier molecule with a biologically active
substance brings many benefits, such as nontoxicity, minimizin$
side effects, and overcoming drug resistance of the target cell.?
These compounds may have therapeutic, anticancer, antiviral,
anti-inflammatory, or neuroprotective effects.””™*° Steroid-
pyrimidine conjugates may be more stable compared to
uncombined components. Bile acid and uracil conjugates are

being investigated for their potential anticancer effects. Research
suggests that these compounds may have antiproliferative and
apoptotic activity against cancer cells, which opens the
possibility of their use in anticancer therapy.”* " Bile acid
and uracil conjugates can be carriers in gene therapy. Thanks to
their ability to bind to deoxyribonucleic acid (DNA), they can
deliver genetic material to target cells, which opens the
possibility of using them to treat genetic and cancer diseases.
These are promising compounds with potential therapeutic
applications in oncology, hepatology, virology, and gene
therapy.*” ™"

2. RESULTS AND DISCUSSION

2.1. Synthesis. The studies describe efficient syntheses of
obtaining new steroid-pyridine bioconjugates linked by 1,2,3—
triazole rings. Bile acids (lithocholic, deoxycholic, cholic),
sterols (cholesterol, cholestanol) with appropriately modified
3a— or 3—0OCOCH,N; groups, such as uracil and 2-thiouracil
dipropargyl were used as a reactant. According to the literature,
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Scheme 4. Synthesis of Steroids—pyrimidine Conjugates (16—26)
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the synthesis of two propargyl derivatives of 2-thiouracil (N(1)S
and N(3)S), as well as 11 new bile/sterol—pyrimidine
conjugates containing 1,2,3-triazole systems, has not been
described so far. The created compounds align with the modern
trend of synthesis of macrocyclic systems, which are the
foundation in the search for new structures with biological
activity.

The structures of two propargyl disubstituted derivatives of 2-
thiouracil (4) and (§), as well as all synthesized conjugates (16—
26), were determined based on their 'H and '*C NMR, Fourier-
transform infrared (FT-IR), electrospray ionization-mass
spectrometry (ESI-MS), and electron impact-mass spectrome-
try (EI-MS) spectra. Moreover, the PMS calculation method
was performed for all compounds. The syntheses of substrates
(3-5), (9—11), (14—15), and conjugates (16—26) are shown
in Schemes 2, 3, and 4, respectively.

2.2. Spectroscopic Characteristics. The structural char-
acterization of all synthesized compounds was accomplished by
analyzing their 'H and '*C NMR, FT-IR, ESI-MS, and EI-MS
spectra. In addition, PMS calculations were conducted for each
compound further to explore their properties and character-
istics. ™%

The six substrates: methyl 3a-azidoacetoxy-Sp-cholan-24-
oate (9), methyl 3a-azidoacetoxy-12a-acetoxy-Sf-cholan-24-
oate (10), methyl 3a-azidoacetoxy-7a,12a-diacetoxy-SS-chol-
an-24-oate (11), cholester-3f-yl 2-azidoacetate (14), Sa-
cholestan-3a-yl azidoethanoate (15) and N1, N3-bis(prop-2-
yne-1-yl)uracil (3) have been described and characterized in the
literature.**~

In the '"H NMR spectrum of dipropargyl derivatives of 2-
thiouracil (4, §), characteristic doublets were observed at 8.30
and 7.77 ppm from CH-6 protons and at 6.50 and 6.26 from
CH-$ (Figure 1). Signals from CH,—N(1) protons appear as
double singlets at 5.03 and 4.85 ppm, similar to CH,—S protons
at4.02 and 3.91 ppm. In the 2.53—2.19 ppm range, characteristic
triplets originating from C=CH protons were observed.

Diagnostic signals from protons from 1,2,3-triazole rings were
observed for all conjugates (16—26) as singlets in the 7.90—7.70
ppm range (Figure 2). Characteristic doublets from protons at
CH-6 and CH-$ were observed at 8.26—8.25 and 6.4S ppm (for
compounds 22-24), 7.77—7.75 and 6.22—6.20 ppm (for
compounds 19-21), 7.46—7.45 and 5.75-5.74 ppm (for
compounds 16—18, 25, 26). Protons present in the methylene
groups N—CH,—triazole ring and S-CH,—triazole ring give
singlets with values of 5.54—5.52, respectively (N(3)), 5.34—
5.33 (N(1)) and 4.56—4.50 ppm. Signals appeared in the 'H
NMR spectra of steroid—uracil conjugates (16—18, 25—26) at
5.25-5.23 and 5.13—5.11 ppm from protons of the CH,
methylene groups connecting the steroid skeleton with the
triazole ring. For compounds (19—24), similar singlets were
observed at 5.15—5.08 ppm. In the '"H NMR spectra of all
compounds (16—26), there are characteristic multiplets in the
4.86—4.61 ppm belonging to 3'a-H and 3’f-H. Additionally, in
the case of conjugates (17—18), (20—21), (23—24), a singlet
appears from the 12'8-H proton at 5.11—5.09, while for (18),
(21), (24) multiplets originating with the 7’-H proton at 4.93—
4.91 ppm. A cholesterol derivative (26) diagnostic is a broad
singlet for C6’-H at 5.38 ppm. The proton spectra of all bile

https://doi.org/10.1021/acsomega.4c04800
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Figure 1. Spectra "H NMR of new compounds (4) and (5).

ppm

acid—pyrimidine compounds are characterized by a singlet at
3.67—3.65 ppm coming from protons from the ester group CH,-
25’. Moreover, for derivatives of deoxycholic and cholic acids,
characteristic singlets from hydrogens present in the 7'a—
OCOCH; and 12’a—OCOCHS; groups can be observed at 2.15
and 2.11-2.09 ppm, respectively. In the "H NMR spectra of all
compounds (16—26), signals coming at the hydrogens from the

methyl groups CH;-18’, CH;-19’, and CH;3-21" were observed
at 0.73—0.65, 1.04—0.90, and 0.93—0.91 ppm, respectively.
Moreover, for sterol derivatives (25—26), doublets appear in the
range of 0.86—0.85 ppm, characteristic of the CH;-26" and CH;-
27’ groups.

The “C NMR spectra of compounds (4) and (5) show
signals from carbons C(4)=0, C(2)-S, C(6)=(CS), at 169.8—
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Figure 2. Diagnostic signals in spectra 'H NMR conjugates (18, 20, 22).
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Scheme S. Fragmentation of Compounds (4) (a) and (5) (b) during EI-MS
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160.7, 167.5—160.7, 157.8—151.9 and 110.8—104.1 ppm,
respectively. Signals from C=C atoms were observed in the
79.7—70.5 ppm range, while signals from carbons from
methylene groups CH, were observed in the 54.1—19.4 ppm
range.

In the *C NMR spectra of all conjugates (16—26), signals
from carbons from methyl groups C-18’, C-21’, and C-19’ were
observed about 12.4—11.8, 18.7—17.5, 23.0—20.8 ppm, and
additionally for compounds (25, 26) at 21.2—19.2 ppm from
atoms C-26" and C-27'. However, carbon atoms in the carbonyl
group in positions 3’ (or 3’)-OC=0 resonate in the 165.7—
165.4 ppm range. The carbon atoms of the 12'a-OC=0 steroid
skeleton gave signals in the range of 170.5—-170.4 ppm.
However, the carbon of the 7'a-OC=0 gave a signal at
170.5—170.2 ppm. The signals of C(24')=0, C(4)=0, and
C(2)-S appeared in the range of 174.7—174.5, 170.4—162.0, and
168.1—151.1 ppm, respectively. Moreover, unsaturated carbon
atoms at the C(5)=C(6) bond can be seen at 111.0—102.0 and
157.6—142.4 ppm. However, the diagnostic carbon atoms from
the triazole ring, such as C=CH, give signals at 145.7—138.8
and 125.4—123.3 ppm, respectively. On the other hand, the
methylene carbon atom of the steroid skeleton-CH,—triazole
ring was observed at 51.2—51.0 ppm.

2.3. Infrared Spectroscopy. The most characteristic
feature of the FT-IR spectra of compound (4, ) is the band
at 3287—3228 cm™! assigned to the v(=C—CH) group. The
steroid skeleton is a saturated hydrocarbon, so it does not
provide many useful IR features. Stretching solid vibrations of
C—H bonds are identified at 2972 and 2927 cm™". Additionally,
for synthesis, the new compounds of thiouracil are requisite and
analytical bands at 2122 cm™, which are specific attributes of
v(C=C) group. Moreover, for all products (16—26) are also
observed two characteristic solid bands at 1748—1661 cm™" and
1248—1211 cm™" are assigned respectively to the symmetric
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group v(C=0) and v(C—0). In addition, characteristic
stretching vibrations of C—H bonds are present in 2965—2852
cm™,

2.4. Electron Impact Mass Spectrometry. In the N(1) S
substitution, there are ions with molecular masses of 107 and 97,
which are not present in the N(3)S substitution spectrum. The
presence of the m/z 165 ion in N(3)S with an intensity of 100%
indicates the possibility of its formation in two ways mass
fragmentation (Scheme $).

2.5. Electrospray lonization. The ESI-MS spectra were
acquired using methanol as the solvent. In all instances, the
molecular ion [M]* is detected, indicating the presence of a
positively charged ion with a proton, alkali metals, or halides in
positive ion mode (ES*) as well as negative ion mode (ES™).

Figure 3 displays the ESI-MS spectra of conjugates (16), (19),
and (20). In this spectrum, ion peaks are observed at m/z at
1174 (20%) [CeyHoNgOyo + K]* and 1158 (100%)
[CesHouNgOyo + Na]* (compound 16), 1189 [CeHe,NgOyS

K]* (10%) and 1174 (100%) [CeHeyNgOoS + Nal*
(compound 19), 1306 [CgHggNgO3S + K]* and 1290
(100%) [CesHggNgO15S + Na]* (compound 20).

2.6. PM5 Calculations. The PMS semiempirical calcu-
lations were performed using the WinMopac 2003 program. The
final heat of formation (HOF) of compounds (3, 4, 5) and
conjugates (16—26) is presented in Table 1, and Figure 4 shows
their molecular models. Theoretical values of calculations are
very often used in comparing crystallographic structures or in
determining molecular docking.

The obtained HOF values indicate that the most stable are
triazole systems of cholic acid with uracil or thiouracil (18, 21,
24). This results from blocked hydroxyl groups in the steroid
skeleton at the C-7" and C-12 atoms. Acetate groups (7'a-OAc
and 12'a-OAc) predispose to the formation of intramolecular
interactions, such as hydrogen bonds or electrostatic inter-
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Figure 3. ESI-MS spectra of bioconjugates (16), (19), and (20).

Table 1. Heat of Formation [kcal/mol] of Compounds (3, 4,
5) and (16—26)

compound heat of formation [kcal/mol]
3 28.9829
4 97.0622
S 90.6298
16 —439.5148
17 —606.8373
18 —784.1348
19 —370.6792
20 —546.0568
21 —712.6079
22 —379.0817
23 —548.2400
24 —712.2926
25 —272.6631
26 —321.9369

actions. Therefore, the obtained compounds can form stable
host—guest complexes. The HOF values in each bile acid
conjugate increase with decreasing OAc groups. The lowest
HOF values are observed for 1,2,3-triazole derivatives of

38001

Figure 4. Molecular models of representative compounds (4) and (5),
as well as (16—26), were calculated by the PMS method.
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Table 2. “Probability to be Active” (PA) Values for the Predicted biological Activity of (4—5), as well as (16, 19, 22, 25, 26)

compound
focal predicted activity (PA > S0%) (4, 5) — substrates; (16, 19, 22, 25, 26) — conjugates 4 S 16 19 22 25 26
electron-transferring-flavoprotein dehydrogenase inhibitor 64 74 - - - - -
mannotetraose 2-a-N-acetylglucosaminyl transferase inhibitor 59 59 - - - - -
chloride peroxidase inhibitor 56 56 - - - - -
proteasome ATPase inhibitor S1 79 - - - - 54
muramoyltetrapeptide carboxypeptidase inhibitor - 74 - - - - -
chenodeoxycholoyltaurine hydrolase inhibitor - 62 - - - - -
formaldehyde transketolase inhibitor - S8 - - - - -
ferredoxin-NAD + reductase inhibitor - S7 - - - - -
naphthalene 1,2-dioxygenase inhibitor - 57 - - - - -
glutathione thiol esterase inhibitor - S8 - - - - -
glyceryl-ether monooxygenase inhibitor - S2 71 69 69 61 73
alkylacetylglycerophosphatase inhibitor - - 68 - S2 - 71
antieczematic - - 69 59 - 64 67
cytoprotectant - - 61 57 60 - -
biliary tract disorder treatment - - 56 - - - 61
dermatologic - - 57 52 S4 59 57
anti-infertility, female - - S3 - - 58 57
prostate disorders treatment - - S3 - - S8 S3
Myc inhibitor - - S2 S0 NU S8 54
antipruritic, allergic - - 52 - - 54 54
CYP17 inhibitor - - - - - 65 -
DELTAL14-sterol reductase inhibitor - - - - - 60 -
Table 3. Search Space of Each of the Protein Domains®
PDB ID/search parameter 1EZF 1KZN 2H94 2Q85 SVsZ
search size 66,60,64 62, 54, 60 62, 62, 56 60, 50, 50 72,70, 50

search center —12.596, 43.347, 32.218 18.320, 30.783, 36.761

“The values are given in «x, y, and z coordinates and the Angstrom unit.

25.643, 43.019, 89.938 13.168,2.780, 2.799  —38.038, — 19.282, 24.569

lithocholic acid (16, 19, 22) and sterols (25, 26). This is due to
the lack of additional groups to create stable interactions.
Moreover, due to the C5'=C6’ double bond, the cholesterol
conjugate (25) has a higher HOF value than the cholestanol
conjugate (26). The positive HOF values for compounds (3, 4,
5) result from two propargyl groups in each molecule. Alkyne
bonds make uracil/thiouracil derivatives the least stable and can
be easily modified.

2.7. Prediction of Activity Spectra for Substances. The
pharmacological activities of the synthesized compounds were
determined using the in silico Prediction of Activity Spectra for
Substances (PASS) program, which is based on computer
analysis of structure—activity relationships. This program uses a
heterogeneous training set containing approximately 250,000
biologically active compounds from various chemical series,
covering approximately 4500 different types of biological
activity. Because PASS only requires the structural formula of
a chemical compound to predict, it can be used in the early
stages of research. Many examples of successful applications of
PASS have led to the development of new pharmacological
agents.”’™” This program is also helpful in studying the
biological activity of secondary metabolites. The present study
focused on the activities predicted with the highest probability
for a potential compound (focal activities).

Biological activity prediction analysis could only be performed
for compounds whose mass does not exceed 1200 g/mol.
Therefore, the potential pharmacotherapeutic properties of two
new propargyl thiouracil derivatives (4 and 5) and conjugates
(16, 19, 22, 25, 26) have been described. Table 2 lists the target

38002

compounds against which the conjugates show the highest
probability of biological activity. According to the research
results, the most frequently predicted types of activity for
compounds (4) and (S) are proteasome ATPase inhibitor,
electron-transferring-flavoprotein dehydrogenase inhibitor,
muramoyltetrapeptide carboxypeptidase inhibitor and chloride
peroxidase inhibitor. However, in silico tests for the new steroid-
pyrimidine conjugates (16, 19, 22, 25, 26) obtained show the
highest activity against glyceryl-ether monooxygenase inhibitor,
alkylacetylglycerophosphatase inhibitor, antieczematic, cytopro-
tectant and CYP17 inhibitor. The obtained triazole derivatives
show different biological activity than thiouracil substrates.
Their predicted effects can be used in the design of hypolipemic,
antispot, cholesterol-lowering and even prostate cancer treat-
ments.

2.8. Molecular Docking. The molecular docking process
started by converting the SMILES> representation of
conjugated chemical structures (new ligands) into three-
dimensional (3D) structures, and the Gasteiger’" charges were
added to each new ligand. It was accomplished through the
application of OpenBabel tool version 3.1.1.°%°° Subsequently,
the protein domains corresponding to the PDB*” IDs 1EZF>*>”
1KZN,"°" 2H94,>%% 2Q85°*° and 5V5Z°“%” were prepared
in accordance with the standard AutoDock tool 1.5.7 scheme.®®
Molecular dockings were then carried out using AutoDock
Vina,” with the specific parameters outlined in Table 3 for each
docking search.

The determination of molecular docking centers was based on
the ligands in the raw PDB files.”” UCSF Chimera software,
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version 1.1670, was employed to visualize the three-dimensional
aspects.

2.9. Selected Protein Domains. Their specific biological
functions guided the selection of protein domains within the
physiological system:

e antifungal activity (PDB IDs: 1EZF, SVSZ)

e antibacterial activity (PDB IDs: 1KZN, 2Q85)

e Both antifungal and antibacterial activity (PDB ID:

2H94)

These proteins belong to different enzyme classes:”"

e transferases (1EZF) - transfer specific functional groups
from one molecule to another

e isomerases (IKZN) - facilitate intramolecular rearrange-
ments within a single molecule

e oxidoreductases (2H94, 2Q85, and SVSZ) - catalyze
oxidation—reduction reactions by transferring electrons
between molecules

The protein domain 1EZF*® corresponds to squalene
synthase, which catalyzes squalene production, a precursor to
ergosterol, an essential component of fungal cell membranes.
Inhibiting squalene synthase disrupts ergosterol biosynthesis,
making it a classic target for antifungal drugs. Understanding the
structure and function of squalene synthase aids in developing
antifungal agents to combat fun§al infections.>”””

The protein domain 1KZN,® known as gyrase, is crucial in
bacterial DNA replication and transcription by catalyzing
negative supercoiling of circular DNA. Targeting DNA gyrase
with antibacterial agents can lead to bacterial death. Compounds
like quinolones, coumarins, and cyclothialidines have been
developed to inhibit gyrase, offering potential avenues for
antibacterial drug discovery.”"”>

The protein domain 2H94%” shows the shape of a human
enzyme called Lysine-Specific Demethylase-1 (LSD1). This
enzyme helps control how genes are turned on or off by
removing certain chemical marks from proteins called histones.
These marks are like little tags on the histone tails. Interestingly,
the products of this enzyme can also have antifungal properties.
Some bacteria and fungi depend on specific chemical reactions
for their survival. By interfering with these reactions, the LSD1
enzyme can slow down the growth of these microbes.”>”*

The protein domain 2Q85°* corresponds to Escherichia coli
MurB, associated with antibacterial activity. MurB is an enzyme
involved in the peptidoglycan biosynthesis pathway of bacteria,
making it a potential target for antibacterial agents. Inhibiting
MurB could disrupt bacterial cell wall formation, leading to
bacterial death.®>”7¢

The protein domain SVSZ® represents the structure of
CYPS1 from the pathogen Candida albicans, known as lanosterol
14a-demethylase (LDM). LDM is the target of azole drugs used
to treat fungal infections, but their efficacy is limited by drug
resistance and suboptimal cure rates, especially in immunocom-
promised patients. Understanding the structure of CYPS1 aids
in developing new antifungal agents to combat drug-resistant
fungal patho_gens and improve treatment outcomes for fungal
infections.”””*”’

2.10. Similarities and Differences between Novel and
Endogenous Ligands. To visualize the differences between
native ligand and new ligands, the molecular some of QED
(Quantitative Estimate of Druglikeness)78 descriptors were
calculated with RDKit python library,”* as shown in Table 4.

Both the native and new ligands exhibit a wide range of
molecular weights. The new ligands have more molecular weight

Table 4. Comparison of Native Ligands and New Ligand
Molecular Descriptors

molecular polar
weight HB HB surface rotatable
name [g/mol]  acceptors donors area A> alogP bonds
1EZF 539 7 3 133.24 1.09 9
1KZN 664 11 4 186.35 2.07 9
2H9%4 763 20 10 363.61 —0.98 13
2Q85 763 20 10 363.31 —0.98 13
SVSZ 667 9 0 104.70 1.73 11
4 204 3 0 34.89 0.60 3
S 204 3 0 34.89 0.60 3
16 1136 14 0 210.62 9.60 18
17 1252 18 0 263.22 8.69 20
18 1368 22 0 315.82 7.78 22
19 1152 15 0 201.51 11.09 19
20 1268 19 0 254.11 10.17 21
21 1384 23 0 306.71 9.25 23
22 1152 15 0 201.51 11.09 19
23 1268 19 0 254.11 10.17 21
24 1384 23 0 306.71 9.25 23
25 1128 10 0 158.02 13.20 20
26 1132 10 0 158.02 13.36 20

than the native ligands. The number of hydrogen bonds
acceptors of new ligands is similar to the number of hydrogen
bonds acceptors in native ligands. In the case of hydrogen bonds
donors, the new ligands do not have any of them. The polar
surface area is generally higher than in the case of new ligands.
The lipophilicity is much different for the new ligands exposed
to higher alogP values.”” It indicates that new ligands are
exhibiting much higher lipophilicity compared to native ligands,
which may lead to low solubility and poor absorption.*’ There is
also variability in the number of rotatable bonds, meaning that
the flexibility of the ligands is different. To conclude, it can be
said that the new ligands are not very similar to native ligands.
Thus, they can be potent ligands that do good activity.

2.11. Molecular Docking. The RMSD (Root-Mean-Square
Deviation) values of atomic positions are provided in Table S.

Table S. Quantitative Assessment of the Structural
Differences between the Endogenous Ligands Raw Pose and
the Endogenous Ligands Predicted Pose through Molecular
Docking

PDB ID 1EZF 1KZN 2H94 2Q85 5VSZ
RMSD (A) 1.30 0.50 0.54 1.54 1.65

RMSD measures the average distance between the atoms of two
superimposed molecules. It is commonly used to quantify the
structural similarity between two molecules in space. In the
context of molecular docking, RMSD describes how far the
predicted pose of a ligand differs from the native pose. Lower
RMSD values indicate higher accuracy in pose prediction.

Table 6 presents the results of molecular docking studies
conducted via AutoDock Vina software.”” The five protein
domains have been studied. Three of them are related to
antibacterial activity (1KZN and 2Q85), one to anticancer
(2H94), and the others (1EZF and 5VSZ) are related to
antifungal activity.

2.12. 1EZF Protein Domain. Regarding antifungal activity,
protein domain 1EZF reveals that the newly discovered ligands
have affinities comparable to the native ligand’s binding energy.

https://doi.org/10.1021/acsomega.4c04800
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Table 6. Results— Binding Energies (Affinities) are Given in
[kcal/mol] Unit

protein domain ID/ligand

name 1EZF  1KZN 2H9%4 2Q8S SVSZ
native -11.9 -9.1 —14.6 —-10.9 —-10.5
4 -5.7 =57 —6.2 -59 =59
R —6.2 —-5.2 -5.6 —=5.7 -5.6
16 —11.4 -7.1 -9.5 —-11.3 —11.3
17 —11.4 —-8.3 -9.9 —-12.7 —10.8
18 —11.1 —6.4 -9.6 -9.7 —-10.6
19 —10.8 —-8.0 -10.7 —-11.3 —-11.2
20 —-10.9 -7.1 -9.9 -10.7 —10.6
21 —10.2 —-8.0 -9.3 -11.6 -9.7
22 —-11.3 —8.8 —10.2 -11.2 -11.9
23 —-10.9 -7.6 —-10.2 -9.5 —10.8
24 —10.4 —-8.2 -9.3 —10.1 —10.1
25 —11.4 —-8.7 —-10.3 —-11.6 —12.1
26 -11.6 -7.4 —10.0 —10.8 -11.3

Only in a few cases do the binding energies of new ligands
deviate by more than 1 kcal/mol. Nevertheless, their affinities
fall within the same range as the native ligand. The RMSD for
the native ligand, in this case, is 1.30 A (Table 5).%" Figure S
shows how a protein and a molecule called a 26 ligand might
bond together. They could form up to 11 hydrogen bonds, like
tiny bridges holding them together. However, some of these
bonds compete with each other, meaning only about six can
form at the same time.

The 26 ligand can form hydrogen bonds with several specific
amino acids in the 1EZF protein domain. These hydrogen bonds
help hold the ligand and protein together. The shorter the
distance between the atoms involved in a hydrogen bond, the
stronger the bond. These hydrogen bonds involve the following
atoms and distances:

e Ligand’s keto-ester oxygen atom (acceptor) to LYS 117 A
amine (donor): 2.15 A

e Ligand’s keto-ester oxygen atom (acceptor) to ARG 52 A
amine (donor): 2.91 A

e Ligand’s 1,2,3-triazole nitrogen (acceptor) to ARG 77 A
amine (donor): 1.97 A (more likely) or 2.95 A

e Ligand’s other ester oxygen atom (acceptor) to ASN 215
A amine (donor): 2.71 or 2.78 A

e Ligand’s keto-ester oxygen atom (acceptor) to THR 214
A amine (donor): 2.94 A

e Ligand’s other 1,2,3-triazole nitrogen (acceptor) to ARG
218 A amine (donor): 2.15 or 2.43 A

e Ligand’s other 1,2,3-triazole nitrogen (acceptor) to THR
299 A amine (donor): 2.50 or 2.84 A

2.13. 1KZN Protein Domain. These ligands exhibit similar
or lower binding energies than the native ligand for the 1KZN
protein domain. Specifically, ligands such as 17, 22, 24, and 25
demonstrate similar affinities (within +1 kcal/mol) to the native
ligand, while others (4, 5, 16, 18, 19, 20, 21, 23 and 26) exhibit
lower affinities. The reduced affinities of these ligands can be
attributed to their larger sizes compared to the native ligand.
Notably, the root-mean-square deviation (RMSD) between the
initial pose of the native ligand and its reduced pose is 0.50 A
(Table 5), indicating an accurate recreation of the native ligand’s
binding conﬁguration.81 Figure 6 shows how a protein and a
molecule called a 25 ligand might bond together. They could
form up to six hydrogen bonds, like tiny bridges holding them
together. However, some of these bonds compete with each
other, meaning only about four can form at the same time.

The 25 ligand can form hydrogen bonds with specific amino
acids in the 1KZN protein domain. These hydrogen bonds
involve the following atoms and distances:

e Ligand’s keto-ester oxygen atom (acceptor) to ASN 46 A
amine (donor): 2.83 A

e Ligand’s 1,2,3-triazole nitrogen (acceptor) to ARG 76 A
amine (donor): 2.43 and 2.61 A

e Ligand’s ester oxygen atom (acceptor) to ARG 76 A
amine (donor): 2.25, 2.26, and 2.45 A

LYS 117.A

A

\ ,
<
~

S 2TA

) 2154 ¢
~
ARG 218.,

|

Figure S. Potential hydrogen bonds between 26 ligand and the 1EZF protein domain.
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1

Figure 7. Potential hydrogen bonds between ligand 19 and the 2H94 protein domain.

2.14. 2H94 Protein Domain. For protein domain 2H94,
the newly discovered ligands consistently exhibit significantly
lower affinities than the native ligand. Despite this, their affinities
are still noteworthy, suggesting potential anticancer activity. In
this case, the RMSD for the initial pose recreation is 0.54 A
(Table S), demonstrating faithful reproduction of the native
ligand’s pose.”’ Figure 7 shows how a protein and a molecule
called a 19 ligand might bond together. They could form up to
six hydrogen bonds, like tiny bridges holding them together.

However, some of these bonds compete with each other,
meaning only about five can form at the same time.

The 19 ligand can form hydrogen bonds with specific amino
acids in the 2H94 protein domain. These hydrogen bonds
involve the following atoms and distances:

e Ligand’s keto-ester oxygen atom (acceptor) to ASN 535 A
amine (donor): 2.74 A

e Ligand’s 1,2,3-triazole nitrogen (acceptor) to ASN 540 A
amine (donor): 2.84 A
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Figure 9. Illustration of the fitting of the 17 ligand into the binding site of the 2Q8S protein domain.

o Ligand’s keto-ester oxygen atom (acceptor) to HIS 564 A
amine (donor): 2.65 A
e Ligand’s keto-ester oxygen atom (acceptor) to VAL 811 A
amine (donor): 1.84 A
e Ligand’s keto-ester oxygen atom (acceptor) to THR 335
A amine (donor): 2.21 A
o Ligand’s keto-ester oxygen atom (acceptor) to HIS 812 A
amine (donor): 2.57 A
2.15.2Q85 Protein Domain. In the case of protein domain
2Q85, some new ligands exhibit affinities similar to or even
better than the initial ligand. Notably, the 17 ligand shows
significantly higher affinity. However, most other ligands have
lower affinities than the native ligand, indicating antibacterial
activity. The RMSD for this domain is 1.54 A (Table 3),
indicating reasonable pose reproduction.®’ Figure 8 shows how
a protein and a molecule called a 17 ligand might bond together.
They could form up to six hydrogen bonds, like tiny bridges

holding them together. However, some of these bonds compete
with each other, meaning only about five can form at the same
time. Figure 9 shows the same ligand bound to the 2Q8S protein
domain similarly. The protein is shown as a surface instead of a
ribbon, but the interactions remain the same.

The 17 ligand can form hydrogen bonds with specific amino
acids in the 2Q85 protein domain. These hydrogen bonds
involve the following atoms and distances:

e Ligand’s keto-ester oxygen atom (acceptor) to ASN 233 A
amine (donor): 2.26 A

o Ligand’s ether oxygen atom (acceptor) to LYS 262 A
amine (donor): 2.23 A

e Ligand’s keto-ester oxygen atom (acceptor) to GLY 266 A
amine (donor): 2.12 A

e Ligand’s uracil oxygen atom (acceptor) to ARG 214 A
amine (donor): 2.08 and 2.39 A
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Figure 11. Potential hydrogen bonds between ligand 22 and the SVSZ protein domain are shown in the figure. One hydrogen bond will likely be
formed between the ligand’s keto-ester oxygen atom (an acceptor) and the GLN 66 A residue of the domain. The length of this hydrogen bond is 2.56
A

e Ligand’s uracil oxygen atom (acceptor) to SER 229 A keto-ester oxygen and GLY 266 A are likely the strongest

hydroxyl group (donor): 2.60 A because they have the shortest distances.

In this case, the hydrogen bonds between the ligand’s keto- Figure 10 shows all the different ligands docked into the 2Q85
ester oxygen and ASN 233 A, ether oxygen and LYS 262 A, and protein domain. The docked ligands are shown as wireframe

38007 https://doi.org/10.1021/acsomega.4c04800
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Figure 13. Native ligand, redocked ligand (sticks), and all new ligands at once are wired representations within the SVSZ protein domain’s active site.

models, while the native ligand (the ligand that the protein
naturally binds to) and the redocked ligand (a ligand that was
docked back into the binding site) are shown as solid models.

The low RMSD (Root Mean Square Deviation) value
indicates that the docked ligands occupy the same binding site
as the native ligand. RMSD is a measure of how closely two
structures match up. A lower RMSD value means that the
structures are more similar.

In this case, the low RMSD value means that the docked
ligands bind to the protein, similarly to the native ligand. This
suggests that the docking procedure found the ligands’ correct
binding site.

2.16. 5V5Z Protein Domain. Finally, for protein domain
SVSZ, the new ligands exhibit similar or higher aflinities than the
native ligand, suggesting genuine antifungal activity. Notably,
the energy-favorable pose (out of the top 10 poses) has been

chosen based on the lowest root-mean-square error (RMSE),
which equals 1.65 A (Table 5).*'

Figure 11 shows the potential hydrogen bonds between the
protein domain and the 22 ligand. There is the possibility of
formation of at least one hydrogen bond. Figure 12 shows the
same ligand in the binding site of the SVSZ protein domain but
with the protein surface instead of the ribbon.

Figure 13 shows all the docked ligands (represented as
wireframes) and the native and redocked ligands. The low value
of RMSD (root-mean-square deviation) can be explained by the
fact that all the ligands occupy the same binding site of the SVSZ
protein domain.

All the ligands occupying the same binding site suggest
competing for the same binding site. This could have
implications for drug design, as it could be possible to design
ligands that are more selective for the binding site and, therefore,
have a higher affinity for the protein.
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3. EXPERIMENTAL SECTION

3.1. Synthesis. 3.1.1. General Procedure for the Synthesis
of Compounds (3—5). Uracil (1) or 2-thiouracil (2) (11.9
mmol) was dissolved in § mL of anhydrous DMF, then K,CO,
was added and left for 30 min. The mixture was cooled to 0 °C,
and propargyl bromide (26.2 mmol) was added. After 24 h of
stirring, the reaction was stopped. DMF was evaporated, and the
crude product obtained was dissolved in 10 mL of ethyl acetate.
The organic layer was washed with brine (2 X 15 mL) and dried
over anhydrous Na,SO,. As an eluent, the crude compound was
purified by column chromatography on silica gel using ethyl
acetate/hexane (1.5:1). Two new compounds were isolated: 4
(323 mg, 26%) and S (443 mg, 34%).

3.1.2. General Procedure for the Synthesis of Compounds
(16—26). The synthesis of azidoacetyl-substituted bile acids (9—
11) or sterols (14—15) derivatives has been described
previously.*®

An azidoacetate derivative of lithocholic acid (9) (201 mg,
0.426 mmol) or sterol (14) was dissolved in a tert-butanol/
methanol mixture (5:1, 6 mL). A propargyl derivative of uracil
(3) or 2-thiouracil (4/5) (40 mg, 0.213 mmol) was added at 65
°C (in a water bath). CuSO,-SH,0 (3 mg, 3 mol %) and sodium
ascorbate (9 mg, 20 mol %) in water (0.3 mL) were then added
to the dissolved mixture. The mixture was heated to 60—65 °C
in a water bath for 1 h. The resulting mixture was extracted with
chloroform (10 mL), washed with brine (15 mL), and dried
using anhydrous Na,SO,. After evaporating the solvent and
purifying the residue over silica gel (CHCL/EtOAc, 20:1), a
total of 162 mg (72%) of the product (16) and 155 mg (65%) of
the product (25) were obtained.

3.1.2.1. N(1),N(3)-Di(prop-2-yne-1-yl) Uracil (3). White solid
(1120 mg, 63%). "H NMR (400 MHz, CDCL,): 5 ppm 7.49 (d, ]
= 8.0 Hz, 1H, CH-3), 5.86 (d, ] = 8.0 Hz, 1H, CH-6), 4.72 (ds, |
= 2.5 Hz, 2H, N(3)CH,—7'), 462 (ds, ] = 2.6 Hz, 2H,
N(1)CH,—=7), 2.52 (d, ] = 2.6 Hz, 1H, CH-9), 2.19 (d, ] = 2.5
Hz, 1H, CH-9'); *C {'H} NMR (101 MHz, CDCl,) 6 161.6
(C-4),150.3 (C-2), 140.7 (C-6), 102.2 (C-5), 77.8 (C-8), 75.9
(C-8'),75.8 (C9),70.4 (C-9'),37.4 (C-7),30.4 (C-7); FT-IR
(KBr, cm™) v,,,.: 3303, 2306, 1717, 1676, 1275.

3.1.2.2. N(1)-(Prop-2-yne-1-yl)-S(2)-(prop-2-yn-1-yl) Thio-
uracil (4). White solid (323 mg, 26%). '"H NMR (400 MHz,
CDCL,): 5 ppm 7.77 (d, ] = 6.5 Hz, 1H, CH-6), 6.26 (d, ] = 6.5
Hz, 1H, CH-5), 4.85 (ds, J = 2.5 Hz, 2H, N(3)CH,), 4.02 (ds, ]
=2.7Hz,2H, SCH,), 2.32 (t, ] = 2.5 Hz, 1H, CH-9'),2.27 (t, ] =
2.7 Hz, 1H, CH-9); C {"H} NMR (101 MHz, CDCl,) 6 160.8
(C-4),160.7 (C-2), 152.0 (C-6), 110.8 (C-5), 77.7 (C-8'), 75.8
(C-8),73.1(C-9),72.0 (C-9), 33.1 (C-7),21.1 (C-7’); FT-IR
(KBr, cm™) v, 3281, 3228, 3174, 2973, 2927, 2122, 1691,
1560, 1495; EI-MS (m/z, % int.): 203 (M*, 100), 107 (10), 78
(29).

3.1.2.3. N(3)-(Prop-2-yne-1-yl)-S(2)-(prop-2-yn-1-yl) Thio-
uracil (5). White solid (443 mg, 34%). '"H NMR (400 MHz,
CDCly): 5 ppm 8.30 (d, ] = 5.7 Hz, 1H, CH-6), 6.50 (d, ] = 5.7
Hz, 1H, CH-5), 5.03 (ds, J = 2.5 Hz, 2H, N(3)CH,), 3.91 (ds, J
=2.6 Hz, 2H, SCH,), 2.53 (t, ] = 2.4 Hz, 1H, CH-9'),2.19 (t, ] =
2.6 Hz, 1H, CH-9); *C {'H} NMR (101 MHz, CDCl,) 6 169.8
(C-4),167.5 (C-2), 157.8 (C-6), 104.1 (C-5), 79.7 (C-8'), 77.8
(C-8),75.3(C-9),70.5 (C-9), 54.1 (C-7), 19.4 (C-7'); FT-IR
(KBr, cm™) v, 3287, 3173, 2972, 2927, 2122, 1560, 1435,
1344, 1306, 1013; EL-MS (m/z, % int.): 204 (25), 164 (100), 69
(23).

3.1.2.4. N(1),N(3)-Di[2-(methyl 5f- cholan-24-oate)-2-
oxoethyl-1H-1,2,3-triazole-1-(3-carboxylate)] Uracil (16).
Oil (224 mg, 72%). '"H NMR (400 MHz, CDCL): 5 ppm
7.84 (s, 1H, CH-triazole ring), 7.74 (s, 1H, CH-triazole ring),
745 (d, J = 7.9 Hz, 1H, CH-6), 5.74 (d, ] = 7.9 Hz, 1H, CH-5),
5.25 (s, 2H, CH,—27'), 5.12 (s, 2H, CH,—27") 5.08 (s, 2H,
N(3)—CH,—triazole ring), 5.03 (s, 2H, N(1)—CH,—triazole
ring), 4.86—4.81 (m, 2H, 3/f-H and 3"f-H), 3.66 (s, 6H,
OCH,-25" and OCH;-25"), 0.93 (d, J = 6.4 Hz, 6H, CH;-21’
and CH;-21"),0.92 (s, 6H, CH;-19’ and CH;-19"), 0.65 (s, 6H,
CH;-18’ and CH,-18"); *C {'"H} NMR (101 MHz, CDCl,) §
174.7 (C-24'/24"), 165.7 (3'a—0OCO), 165.6 (3"a—0CO),
162.4 (C-4), 151.1 (C-2), 143.3 (C-6), 142.4 (C-triazole ring),
142.2 (C-triazole ring), 125.3 (CH-triazole ring), 125.0 (CH-
triazole ring), 102.0 (C-5), 76.7 (C-3'/C-3"), 56.4, 56.3, 56.0,
55.9,51.5(C-25"/25"),51.0 (C-27'/27"), 50.9, 44.3, 42.7, 41.8,
40.4, 40.4, 40.0, 37.8, 36.0 (N(1)—CH,), 35.7, 35.3, 34.8, 34.5,
32.0, 31.0, 30.9, 30.4 (N(3)—CH,), 28.1, 26.9, 26.4, 26.2, 24.1,
23.2 (C-19'/19"), 20.8, 18.2 (C-21'/21"), 12.0 (C-18'/18");
FT-IR (KBr, cm™) v, : 2941, 2867, 1741, 1667, 1451, 1217;
ESI-MS (m/z): 1174 [CHg4NgO ;o + K], 1171 [Cg,HosNgO1
+ Cl]7, 1158 [CgHoyNgO + Nal™.

3.1.2.5. N(1),N(3)-Di[2-(methyl 12a-acetoxy-5p-cholan-24-
oate)-2-oxoethyl-1H-1,2,3-triazole-1-(3-carboxylate)] Uracil
(17). Oil (188 mg, 63%). "H NMR (400 MHz, CDCl,): § ppm
7.85 (s, 1H, CH-triazole ring), 7.75 (s, 1H, CH-triazole ring),
7.46 (d, ] = 7.9 Hz, 1H, CH-6), 5.74 (d, ] = 7.9 Hz, 1H, CH-5),
5.24 (s, 2H, CH,—27’), 5.12 (s, 2H, CH,—27") 5.09 (d, 2H,
12'f-H and 12”$-H), 5.08 (s, 2H, N(3)—CH,—triazole ring),
5.02 (s, 2H, N(1)—CH,—triazole ring), 4.80—4.78 (m, 2H, 3’ -
Hand 3"f-H), 3.67 (s, 6H, OCH;-25’" and OCH;-25"), 2.11 (s,
6H, 12'a-OAc and 12"a-OAc), 0.91 (s, 6H, CH;-19’ and CHj;-
19”), 0.83 (d, ] = 6.4 Hz, 6H, CH,-21’ CH,-21"), 0.73 (s, 6H,
CH;-18" and CH;-18"); *C {"H} NMR (101 MHz, CDCl;) 6
174.6 (C-24'/24"), 1704 (12'/12"a—0CO), 165.7 (3'a—
0C0),165.5 (3"a—0CO), 162.4 (C-4),151.1 (C-2),143.3 (C-
6), 142.4 (C-triazole ring), 142.2 (C-triazole ring), 125.2 (CH-
triazole ring), 125.0 (CH- triazole ring), 102.0 (C-S), 75.82 (C-
12'/12"), 75.79 (C-3'/3"), 51.5 (C-25'/25"), 51.0 (C-27'/
27"), 50.1, 49.4, 49.3, 47.5, 45.0, 44.2, 41.8, 36.0 (N(1)—CH,),
35.6,34.7, 34.5, 34.4, 34.0, 32.0, 31.0, 30.8 (N(3)—CH,), 27.3,
25.8,25.6,23.4,23.0 (C-19'/19"), 21.4 (C-29'/29"), 17.5 (C-
21'/21"), 12.4 (C-18'/18"); FT-IR (KBr, cm™) v, 2950,
2870, 1736, 1667, 1451, 1246, 1216; ESI-MS (m/z): 1289
[CysHogNgO1,+K]*, 1286 [CesHogNgO,, + Cl]7, 1274
[CesHosN3O,4 + Na]™.

3.1.2.6. N(1),N(3)-Di[2-(methyl 7a,12a-diacetoxy-5f- chol-
an-24-oate)-2-oxoethyl-1H-1,2,3-triazole-1-(3-carboxylate)]
Uracil (18). Oil (140 mg, 78%). 'H NMR (400 MHz, CDCL,): &
ppm 7.86 (s, 1H, CH-triazole ring), 7.76 (s, 1H, CH-triazole
ring), 7.46 (d, ] = 7.9 Hz, 1H, CH-6), 5.75 (d, J = 7.9 Hz, 1H,
CH-S), 5.23 (s, 2H, CH,—27’), 5.13 (ds, 2H, CH,—27") 5.09
(s, 4H, 12'5-H, 12"$-H and s, 2H, N(3)—CH,—triazole ring),
5.01 (s, 2H, N(1)—CH,—triazole ring), 4.93—4.91 (m, 2H, 7'f-
H and 7"$-H), 4.72—4.61 (m, 2H, 3'#-H and 3"$-H), 3.66 (s,
6H, OCH,;-25’ and OCH;-25"), 2.15 (s, 6H, 7'a-OAc and 7" a-
OAc),2.11 (s, 6H, 12’a-OAcand 12”a-OAc), 0.93 (s, 6H, CH;-
19’ and CH,-19”), 0.82 (d, J = 6.3 Hz, 6H, CH;-21’ and CHj;-
21"),0.73 (s, 6H, CH;-18’ and CH,-18"); *C {'"H} NMR (101
MHz, CDCL,;) § 174.5 (C-24'/24"),170.5 (12’a—OCO), 170.4
(12"a—0C0), 170.3 (7'a—0CO), 170.2 (7"a—0CO), 165.6
(3'a—0CO0), 165.5 (3”a—0CO), 162.4 (C-4), 151.1 (C-2),
143.3 (C-6), 142.4 (C-triazole ring), 142.2 (C-triazole ring),
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125.3 (CH-triazole ring), 125.1 (CH-triazole ring), 102.0 (C-S),
76.5(C-12'/12"),75.3(C-3'/3"),70.5 (C-7'/7"),51.5 (C-25"/
25"), 51.0 (C-27'/27"), 47.3, 45.0, 44.2, 43.3, 40.8, 37.7, 35.9
(N(1)-CH,), 34.6, 34.4, 34.2, 31.2, 30.8, 30.7 (N(3)—CH,),
28.8,27.1,26.7,25.5,22.8 (C-19'/19"), 22.4,21.6 (C-29'/29"),
214 (C-31'/31"),17.5 (C-21"/21"),12.2 (C-18'/18"); FT- IR
(KBr, cm™) v,,: 2952, 2872, 1736, 1668, 1452, 1238; ESI-MS
(m/z): 1406 [C,,H,,NgOs + K], 1402 [C,,H,;,NgOpg +
Cl]7, 1390 [C,,H,(,NO ¢ + Na]*.

3.1.2.7. N(1),5(2)-[2-(methyl 55-cholan-24-oate)-2-oxoeth-
yl-1H-1,2,3-triazole-1-(3-carboxylate)] Thiouracil (19). Oil
(76 mg, 34%). '"H NMR (400 MHz, CDCl,): § ppm 7.81 (s,
1H, CH-triazole ring), 7.77 (d, J = 6.4 Hz, 1H, CH-6), 7.70 (s,
1H, CH-triazole ring), 6.21 (d, J = 6.5 Hz, 1H, CH-S), 5.34 (s,
2H, N(1)—CH,—triazole ring), 5.09 (ds, ] = 5.2 Hz, 4H, CH,—
27" and CH,—~27"), 4.84—4.76 (m, 2H, 3'$-H and 3"-H), 4.57
(s, 2H, SCH,—triazole ring), 3.67 (s, 6H, OCH;-25’ and CHj;-
25"),0.93 (d, J = 6.4 Hz, 6H, CH;-21" and CH;-21"), 0.92 (s,
6H, CH;-19' and CH;-19"), 0.65 (s, 6H, CH;-18’ and CHj;-
18”); 3C {"H} NMR (101 MHz, CDCL,) § 174.7 (C-24'/24"),
165.6 (3'a—0CO0), 165.5 (3"a—0CO), 162.0 (C-4), 161.6 (C-
2),151.9 (C-6), 143.8 (C-triazole ring), 141.9 (C-triazole ring),
125.3 (CH-triazole ring), 124.2 (CH-triazole ring), 110.7 (C-5),
75.0 (C-3'/3"), 69.2, 56.4, 56.4, 56.0, 51.4 (C-25'/25"), S1.1
(C-26"/26"), 42.7, 41.9 (N(1)—CH,), 40.5, 40.4, 40.1, 40.0,
35.8,35.3,34.9, 34.5,32.1,32.0,31.1,31.0, 28.1,27.3, 26.9, 26.5,
26.6,26.3,24.2, 232 (SCH,), 20.8 (C-19'/19"), 18.3 (C-21"/
21"), 16.5, 12.0 (C-18'/18"); FT-IR (KBr, cm™) v,,,.: 2940,
2866, 1740, 1684, 1489, 1216; ESI-MS (m/z): 1189
[CesHoNgOoS + K]*, 1186 [CgHgNgO,S + Cl]7, 1174
[CgsHgyNgOyS + Nal*.

3.1.2.8. N(1),5(2)-Di[2-(methyl 12a-acetoxy-5p-cholan-24-
oate)-2-oxoethyl-1H-1,2,3-triazole-1-(3-carboxylate)] Thio-
uracil (20). Oil (88 mg, 47%). "H NMR (400 MHz, CDCl,):
& ppm 7.82 (s, 1H, CH-triazole ring), 7.77 (d, ] = 6.4 Hz, 1H,
CH-6), 7.70 (s, 1H, CH-triazole ring), 6.22 (d, ] = 6.5 Hz, 1H,
CH-S), 5.33 (s, 2H, N(1)—CH,—triazole ring), 5.10 (d, 2H,
12'-H and 12"f-H), 5.08 (s, 4H, CH,—27’ and CH,-27"),
4.83—4.77 (m, 2H, 3'$-H and 3"8-H), 4.56 (s, 2H, SCH,—
triazole ring), 3.67 (s, 6H, OCH;-25" and CH;-25"), 2.11 (ds, |
=2.6 Hz, 6H, 12’a-OAc and 12”a-OAc) 091 (s, 6H, CH;-19’
and CH,-19”), 0.81 (d, ] = 6.4 Hz, 6H, CH;-21" and CH;-21"),
0.73 (s, 6H, CH;-18’ and CH,-18"); *C {*H} NMR (101 MHz,
CDCl,) § 174.5 (C-24'/24"), 1704 (12'a—OCO and 12"a—
0CO0), 165.6 (3'a—0CO), 165.5 (3"a—0CO), 162.1 (C-4),
161.7 (C-2), 151.9 (C-6), 143.7 (C-triazole ring), 142.0 (C-
triazole ring), 125.4 (CH-triazole ring), 124.2 (CH-triazole
ring), 110.7 (C-5),, 75.9 (C-12'/12"), 75.3 (C-3'/3"), 51.5 (C-
25'/25"), S1.1 (C-27'/27"), 494, 47.6, 45.0, 41.8 (N(1)—
CH,), 40.0, 35.7, 34.7, 34.6, 34.5, 34.4, 34.0, 32.1, 31.0, 30.8,
27.3,26.8,26.5,25.8,25.6,23.4 (SCH,), 23.0 (C-19'/19"),21.4
(C-29'/29"), 17.5 (C-21'/21"), 12.4 (C-18'/18"); FT-IR
(KBr, cm™) v, 2950, 2869, 1737, 1683, 1490, 1246, 1241;
ESI-MS (m/z): 1346 [C¢HogNgO3S + Br]™, 1306
[CesHosNgO3S + K]*, 1303 [CegHogNgO153S + Cl]7, 1290
[CesHosNO 138 + Na]™.

3.1.2.9. N(1),5(2)-Di[2-(methyl 7a,12a-diacetoxy-5p-chol-
an-24-oate)-2-oxoethyl-1H-1,2,3-triazole- 1-(3-carboxylate)]
Thiouracil (21). Oil (42 mg, 43%). 'H NMR (400 MHz,
CDCl,): 6 ppm 7.90 (s, 1H, CH-triazole ring), 7.75 (d, ] = 6.4
Hz, 1H, CH-6), 7.80 (s, 1H, CH-triazole ring), 6.20 (d, J = 6.3
Hz, 1H, CH-S), 5.34 (s, 2H, N(1) —CH,—triazole ring), 5.11 (d,
2H, 12/$-H and 12"-H), 5.09 (s, 4H, CH,—27’ and CH,—

27"),4.92 (s, 2H, 7'f-H and 7" -H) 4.69—4.64 (m, 2H, 3'p-H
and 3"f-H), 4.51 (s, 2H, SCH,—triazol ring), 3.66 (s, 6H,
OCHj;-25" and CH;-25"), 2.15 (s, 6H, 7'a-OAc and 7" a-OAc),
2.11 (s, 6H, 12’a-OAc and 12"a-OAc), 0.92 (s, 6H, CH;-19’
and CH;-19”), 0.82 (d, ] = 6.3 Hz, 6H, CH;-21" and CH;-21"),
0.73 (s, 6H, CH;-18’ and CH,-18"); *C {"H} NMR (101 MHz,
CDCly) & 174.5 (C-24'/24"), 170.5 (12’a—0CO), 170.5
(12"a—0CO0), 170.4 (7/a—0CO0O), 170.3 (7"a—0CO), 165.6
(3'a—0CO0), 1654 (3"a—0CO), 164.1 (C-4), 161.4 (C-2),
152.1 (C-6), 143.8 (C-triazole), 141.9 (C-triazole), 125.3 (CH-
triazole), 124.2 (CH-triazole), 111.0 (C-4), 75.3 (C-12'/12"),
75.0 (C-3'/3"),70.5 (C-7'/7"), 60.2, 59.1, 51.52 (C-25'/25"),
51.2 (C-27'/27"), 47.3, 45.0, 43.3, 40.8 (N(1)—CH,), 37.7,
34.6,34.4,34.2,31.2,30.9,30.7,29.7,28.8,27.1,26.7,25.5,22.8
(SCH,), 22.5 (C-19'/19"), 21.7 (C-29'/29"), 21.4 (C-31'/
31"),17.5 (C-21'/21"),12.2 (C-19'/19"); FT-IR (KBr, cm™")
Upaxt 2965, 2875, 1741, 1675, 1485, 1241, 1232; ESI-MS (m/z):
1290 [C4gHggNgO;5S + Na]™.

3.1.2.10. N(3),5(2)-[2-(methyl 5p-cholan-24-oate)-2-0x-
oethyl-1H-1,2,3-triazole-1-(3-carboxylate)] Thiouracil (22).
0il (135 mg, 60%). 'H NMR (400 MHz, CDCL): § ppm
8.25 (d, J = 5.7 Hz, 1H, CH-6), 7.83 (s, 1H, CH-triazole ring),
7.70 (s, 1H, CH-triazole ring), 6.45 (d, J = 5.7 Hz, 1H, CH-S),
5.54 (s, 2H, N(3)—CH,—triazole ring), 5.13 (s, 2H, CH,—27'),
5.08 (s, 2H, CH,—27"), 4.85—4.78 (m, 2H, 3’$-H and 3"-H),
4.52 (s, 2H, SCH,—triazole ring), 3.67 (s, 6H, OCH;-25’ and
CH,-25"),0.93 (s, 6H, CH;-19" and CH,-19"),0.91 (d, ] = 6.4
Hz, 6H, CH;-21" and CH;-21"), 0.65 (s, 6H, CH;-18’ and CH,-
18”); '*C {"H} NMR (101 MHz, CDCL,) 6 174.7 (C-24'/24"),
170.4 (C-4), 168.1 (C-2), 165.7 (3'a—0CO), 165.6 (3"a—
0CO), 157.6 (C-6), 145.7 (C-triazole ring), 143.1 (C-triazole
ring), 125.2 (CH-triazole ring), 123.7 (CH-triazole ring), 104.5
(C-5),76.7 (C-3'/3"), 59.4, 56.4, 56.0, 51.4 (C-25'/25"), 51.1
(C-27'/27"), 42.7, 41.9 (N(3)—CH,), 40.5, 40.1, 35.8, 35.3,
34.9,34.6,32.1,31.1,31.0,28.1,27.0, 26.5,26.3,25.7,24.2,23.2
(SCH,), 20.8 (C-19'/19"), 18.3 (C-21'/21"), 12.0 (C-18'/
18”"); FT-IR (KBr, cm™) v,,,: 2935, 2852, 1741, 1666, 1472,
1211; ESI-MS (m/z): 1188 [CgHgNgOoS + KJ]¥, 1186
[CsHoyNgOyS + Cl]7, 1174 [C,HyyNzO,yS + Nal*.

3.1.2.11. N(3),5(2)-Di[2-(methyl 12a-acetoxy-5p-cholan-
24-oate)-2-oxoethyl-1H-1,2,3-triazole-1-(3-carboxylate)]
Thiouracil (23). Oil (169 mg, 78%). 'H NMR (400 MHz,
CDCl,): 6 ppm 8.25 (d, ] = 5.7 Hz, 1H, CH-6), 7.83 (s, 1H, CH-
triazole ring), 7.71 (s, 1H, CH-triazole ring), 6.45 (d, J = 5.7 Hz,
1H, CH-S), 5.53 (s, 2H, N(3)—CH,—triazole ring), 5.14 (s, 2H,
CH,—27’),5.09 (s, 4H, 12'5-H, 12" f-H and CH,—27"), 4.83—
4.76 (m, 2H, 3'f-H and 3"$-H), 4.51 (s, 2H, SCH,—triazole
ring), 3.67 (s, 6H, OCH;-25" and CH;-25"), 2.11 (6H, 12'a-
OAc and 12" a-OAc), 0.91 (s, 6H, CH;-19' and CH;-19"), 0.81
(d,] = 6.2 Hz, 6H, CH;-21" and CH,-21"), 0.72 (s, 6H, CH;-18’
and CH,-18"); *C {'"H} NMR (101 MHz, CDCl;) 6 174.6 (C-
24'/24"),170.4 (12'a—0CO, 12"a—0CO and C-4), 168.1 (C-
2), 165.7 (3'a—0CO0), 165.6 (3"a—0CO), 157.6 (C-6), 145.7
(C-triazole ring), 143.2 (C-triazole ring), 125.2 (CH-triazole
ring), 123.7 (CH-triazole ring), 104.5 (C-5), 75.9 (C-12'/12"),
75.8 (C-3'/3"),59.4,51.5 (C-25"/25"),51.1 (C-27'/27"), 49.4,
47.6,45.0, 41.8 (N(3)—CH,), 35.6, 34.7, 34.6, 34.4, 34.0, 32.1,
31.0, 30.8, 27.3, 26.8, 26.5, 25.8, 25.7, 25.6, 23.5 (SCH,), 23.0
(C-19'/19"), 21.4 (C-29'/29"), 17.5 (C-21'/21"), 12.4 (C-
18'/18"); FT-IR (KBr, cm™) v, 2951, 2872, 1735, 1563,
1377, 1248; ESI-MS (m/z): 1406 [C,,H,0,NO,,S + Na]*.

3.1.2.12. N(3),5(2)-Di[2-(methyl 7a, 1 2a-diacetoxy-5p-chol-
an-24-oate)-2-oxoethyl-1H-1,2,3-triazole-1-(3-carboxylate)]
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Thiouracil (24). Oil (124 mg, 67%). 'H NMR (400 MHz,
CDCl,): 6 ppm 8.26 (d, J= 5.8 Hz, 1H, CH-6), 7.83 (s, 1H, CH-
triazole ring), 7.71 (s, 1H, CH-triazole ring), 6.45 (d, J = 5.7 Hz,
1H, CH-5), 5.52 (s, 2H, N(3)—CH,—triazole ring), 5.15 (s, 2H,
CH,-27’), 5.10 (s, 2H, 12’4-H and 12"$-H), 5.08 (s, 2H,
CH,-27"),4.91 (s, 2H, 7/-H and 7" 3-H), 4.72—4.62 (m, 2H,
3'f-H and 3"$-H), 4.50 (s, 2H, SCH,—triazole ring), 3.66 (s,
6H, OCH;-25" and CH;-25"), 2.15 (s, 6H, 7'a-OAc and 7"a-
0OAc),2.09 (s, 6H, 12'a-OAc and 12" a-OAc), 0.92 (s, 6H, CH;-
19’ and CH;-19”), 0.82 (d, ] = 6.3 Hz, 6H, CH;-21’ and CH,-
21"),0.73 (s, 6H, CH;-18’ and CH,-18"); *C {'"H} NMR (101
MHz, CDCl,) 6 174.5 (C-24'/24"), 170.5 (12’a—0OCO and
12"a—0CO), 170.3 (7'a—0CO, 7"a—0CO and C-4), 168.1
(C-2), 165.7 (3'a—0CO), 165.6 (3"a—0CO), 157.6 (C-6),
145.6 (C-triazole ring), 143.2 (C-triazole ring), 125.2 (CH-
triazole ring), 123.7 (CH-triazole ring), 104.5 (C-S), 75.3 (C-
12'/12"),75.0 (C-3'/3"), 70.5 (C-7'/7"), 60.4, 59.4, 51.5 (C-
25'/25"),51.1 (C-27'/27"), 47.3, 45., 43.3, 40.8 (N(3)—CH,),
37.7,34.6,34.4,34.2,31.2,30.9,30.7,28.8,27.2,26.7,25.6,25.5,
22.8 (SCH,), 22.5 (C-19'/19"), 21.6 (C-31'/31"), 21.4 (C-
29'/29"), 21,0, 19.1, 17.5 (C-21'/21"), 16.5, 142, 13.7, 12.2
(C-18'/18"); FT-IR (KBr, cm™) v,,,.: 2949, 2869, 1736, 1563,
1439, 1246, 1214; ESI-MS (m/z): 1290 [ CgsHogNgO 35S + Na]*.

3.1.2.13. N(1),N(3)-Di[2-(methyl cholest-5-ene)-2-oxoeth-
yl-1H-1,2,3-triazole-1-(3-carboxylate)] Uracil (25). Oil (115
mg, 65%). "H NMR (400 MHz, CDCL,): § ppm 7.84 (s, 1H,
CH-triazole ring), 7.74 (s, 1H, CH-triazole ring), 7.45 (d, ] = 7.9
Hz, 1H, CH-6), 5.75 (d, ] = 7.8 Hz, 1H, CH-5), 5.38 (bs, 2H,
CH-6' and CH-6"), 5.25 (s, 2H, CH,—29"), 5.12 (s, 2H, CH,—
29”), 5.08 (s, 2H, N(3)—CH,—triazole ring), 5.02 (s, 2H,
N(1)—CH,—triazole ring), 4.69—4.64 (m, 2H, 3’a-H and 3"a-
H), 1.04 (s, 6H, CH;-19" and CH;-19"),0.91 (d, J = 6.4 Hz, 6H,
CH,;-21" and CH;-21"), 0.86 (dd, J, = 6.6 Hz, ], = 1.8 Hz, 12H,
CH;-26'/26" and CH;-27'/27"), 0.68 (s, 6H, CH;-18' and
CH,-18"); C {"H} NMR (101 MHz, CDCL,) 6 165.6 (3'8—
0CO0), 165.5 (3"—0CO), 162.4 (C-4), 151.1 (C-2), 142.4
(C-6 and C-5'/5"), 138.9 (C-triazole ring), 138.8 (C-triazole
ring), 123.4 (CH-triazole ring), 123.3 (CH-triazole ring and C-
6'/6"), 102.0 (C-5), 76.4 (C-3'/3"), 56.6, 56.1, 51.0 (C-29'/
29"),49.9, 44.3, 42.3, 39.7, 39.5, 37.8, 36.8, 36.5 (N(1)—CH,),
36.1, 36.0, 35.8, 31.8, 31.8, 29.7, 28.2, 28.0 (N(3)—CH,), 27.6,
24.2,23.8,22.8,22.5 (C-19'/19"),21.0 (C-26'/26" and C-27/
27"), 19.2, 18.7 (C-21'/21"), 14.2, 11.8 (C-18'/18"); FT-IR
(KBr, cm™") v,,,: 3447, 2947, 1748, 1706, 1661, 1222; ESI-MS
(m/z): 1151 [CgH,g,NgOg + Na]*.

3.1.2.14. N(1),N(3)-Di[2-(methyl 5-cholestan)-2-oxoethyl-
1H-1,2,3-triazole-1-(3-carboxylate)] Uracil (26). Oil (75%).
"H NMR (400 MHz, CDCl,): 6 ppm 7.84 (s, 1H, CH-triazole
ring), 7.73 (s, 1H, CH-triazole ring), 7.45 (d, ] = 7.9 Hz, 1H,
CH-6), 5.74 (d, ] = 7.9 Hz, 1H, CH-5), 5.25 (s, 2H, CH,—29'),
5.11 (s, 2H, CH,—29") 5.07 (s, 2H, N(3)—CH,—triazole ring),
5.02 (s, 2H, N(1)—CH,—triazole ring), 4.83—4.72 (m, 2H, 3'a-
Hand 3"a-H), 0.90 (d, ] = 6.4 Hz, 6H, CH;-21" and CH;-21"),
0.86 (dd, ], = 6.4 Hz, ], = 2.4 Hz, 12H, CH,-26' /26" and CH;-
27'/27"), 0.82 (s, 6H, CH;-19’ and CH;-19”), 0.65 (s, 6H,
CH;-18 and CH;-18"); *C {"H} NMR (101 MHz, CDCL,) §
165.7 (3/f)—0CO), 165.6 (3" f—OCO), 162.4 (C-4), 151.1 (C-
2),143.3 (C-6), 142.4 (C-triazole ring), 142.2 (C-triazole ring),
125.3 (CH-triazole ring), 125.1 (CH-triazole ring), 102.0 (C-S),
76.5 (C-3"), 76.3 (C-3"), 56.3, 56.2, 56.2, 54.1, 51.1 (C-29'),
50.9, 44.6, 44.3, 42.5, 39.9, 39.5, 36.5 (N(1)—CH,), 36.1, 35.9,
35.8,35.4,33.8,31.9,28.5,28.20,28.0 (N(3)—CH,), 27.3, 24.1,
23.8,22.8,22.5(C-19'/19"),21.2 (C-26"/26" and C-27'/27"),
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18.6 (C-21'/21"), 12.2 (C-18"), 12.0 (C-18'); FT-IR (KBr,
cm™) v, 3440, 2935, 1740, 1620, 1215; ESI-MS (m/z): 1171
[CesH106NzOg + K],

4. CONCLUSIONS

An effective synthesis, comprehensive spectroscopic character-
ization, and theoretical studies of the biological properties of 11
new steroid-pyrimidine bioconjugates connected with 1,2,3-
triazole rings were carried out. The synthesis involved the
strategic incorporation of triazole rings that linked steroid and
pyrimidine units, which could offer synergistic effects in
biological activity. Detailed spectroscopic and spectrometric
analyses provided detailed structural information, confirming
the successful formation of the bioconjugates. Additionally, the
potential biological activities of the synthesized compounds
were investigated in theoretical studies, such as molecular
docking simulations. Computational methods provided insight
into the molecular interactions between bioconjugates and
target biological receptors. The combined experimental and
theoretical approach confirmed the structural integrity of the
synthesized compounds. It also provided valuable information
about their potential biological activities, opening a promising
avenue for further pharmaceutical development. Molecular
docking studies predicted that the new ligands may have
potential antibacterial and antifungal activities. Affinity energy
for selected ligands is lower than the affinity energy of the native
ligand toward E. coli MurB and against C. albicans fungi. This is a
promising path for the development of new drugs, especially in
the fight against infections resistant to currently available
therapies. However, further experimental studies are required to
confirm these predicted activities. In particular, in vitro and in
vivo studies can provide valuable information on their efficacy
and safety profile, enabling more informed decisions regarding
drug development.
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Introduction

In recent years, there has been a significant increase in interest in technologies
for isolating, synthesizing, and modifying steroid conjugates. Compounds of
natural origin have a broad spectrum of physicochemical, biological, and
pharmacotherapeutic properties. Progress in the design of steroid derivatives
with polyamines, polyalcohols, alkaloids, or nucleobases opens the way to
obtaining highly effective drugs, carriers of biomolecules, organogelators, or
complex compounds. Steroid structures are becoming increasingly important
in pharmacology, biomimetics, supramolecular chemistry, and medicine [1,2].

Among all natural products, steroids form a large group of compounds
showing significant and diverse biological activity [3]. Sterols (e.g., choles-
terol, ergosterol, and stigmasterol) are part of the cell membrane of pro-
karyotes and eukaryotes (Fig. 8.1) [4]. Bile acids (e.g., lithocholic,
deoxycholic, and cholic) as surfactants reduce surface tension and emulsify
fats. In addition, they significantly affect the solubility of cholesterol contained
in bile (Fig. 8.1) [5]. Hormones (e.g., estrogens, androgens, and gestagens) are
responsible for gene expression, normal protein synthesis, and the basic reg-
ulatory and modification activities of target tissues (Fig. 8.1). In contrast,
brassinosteroids (brassinolide) and withanolides (e.g., vitaferin A) are hor-
mones of plant origin (Fig. 8.1). Their primary tasks include the proper course
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FIGURE 8.1 Structures of selected steroids [3].

of the photosynthesis process, good plant growth, or the action of other phy-
tohormones [6,7]. Withanolides also have immunosuppressive, anticancer,
antiviral, and antibacterial properties [8]. In turn, vitamin D (ergocalciferol
and cholecalciferol) are responsible for the proper calcium-phosphate meta-
bolism and maintaining the functioning and structures of the skeletal system
(Fig. 8.1) [9,10].

The essential structural element of all steroids is the cyclopentano[c]
perhydrophenanthrene skeleton, formed of four condensed rings A, B, C, and
D. The spatial arrangement of the rings, the type of substituents, the side
chains of different lengths, and the degree of unsaturation determine the
diversity of steroids. The connection of the condensed A/B rings in the
skeleton of 1,2-cyclopentanoperhydrophenanthrene picks the allo series (as
in trans-decaline) or normal steroids (as in cis-decaline) (Fig. 8.2). All
natural steroids usually have trans stereochemistry of the B/C and C/D rings
[11,12].

A significant group of steroids are bile acids. Their natural biosynthesis
occurs in the liver, forming products of cholesterol metabolism (among others,
oxidation of cholesterol by cytochrome P450) (Scheme 8.1). Then steroid
acids combine with amino acids (glycine and taurine) and are stored as salts in
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FIGURE 8.2 Atomic numbering and stereochemistry in steroid skeleton [11].
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SCHEME 8.1 The part of multistep biosynthesis of bile acids [13].

the gallbladder. The resulting “primary bile acids” (glycocholic acid, taur-
ocholic acid) undergo further modifications. Under intestinal bacteria’s influ-
ence, the amino acid molecule and hydroxyl group are detached at the 7«
carbon atom. This consequently leads to the preparation of deoxycholic and
lithocholic acids [13,14].

All steroid acids are derived from 5B-cholan-24-oic acid [15]. Compounds
of this type are characterized by the presence of hydroxyl groups (3a; 3a,7a;
3a,120 or 3a,70,1200) and a side chain with a carboxyl group at the C-17 atom
[15,16]. Due to the rigid arrangement of alicyclic rings, curved skeleton,
different reactivity of hydroxyl groups, and amphipathic properties, bile acids
(lithocholic, deoxycholic, and cholic) have been used in the design of new
macrocyclic compounds [17—19]. The biological activity of bile acids is
mainly related to their spatial structure. Therefore, they are a precursor to
preparing new substances with pharmacotherapeutic properties, used as drugs
in treating liver and gastrointestinal tract disease [20—25]. In addition, their
derivatives are known as receptors that detect molecules in solutions (e.g.,
biomarkers detecting organic anions or polypeptides) and can form inclusion
complexes [26,27]. Bile acids play a significant role in supramolecular
chemistry. Their derivatives are the primary material for synthesizing artificial
molecular receptors susceptible to detecting foreign molecules in host cells
[28,29].
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Squalamine as steroid-polyamine conjugate with diverse
biological activities

Control and regulation of life processes in organisms are usually carried out
with the help of biogenic amines. These compounds are the main products of
the decarboxylation of neutral and basic amino acids essential in the biological
system; biogenic amines are often found as conjugates of fundamental
neurohormones.

Squalamine (10) is one of the most essential natural steroid-polyamine
conjugates (Fig. 8.3). It was first isolated from the liver cells of spiny dog-
fish (Squalus acanthias) [31]. This aminosterol antibiotic is a bioconjugate of
spermidine and 7a,24-¢-dihydroxy-5a-cholestane 24-sulfate. It dissolves well
in water thanks to a hydrophobic steroid skeleton, a polar hydroxyl group, and
hydrophilic amino groups [31,32]. The specific stereochemistry and charge of
squalamine allow it to penetrate the cell membrane. Thanks to this, it is
possible to transport proteins associated with electrostatic interactions with the
inner part of the cytoplasmic membrane. Squalamine prevents the develop-
ment of Parkinson’s disease by inhibiting the early aggregation of a-synuclein.
It exhibits competitive effects against toxic proteins, separating a-synuclein
from the membranes of synaptic vesicles responsible for the transport of
neurotransmitters. Consequently, no harmful aggregates are formed, while
previously formed sums become less toxic [33—36]. This compound has high
biocidal activity against gram-positive, gram-negative, protozoa, fungi, and
viruses (including HIV) [37—39]. In addition, squalamine slows the devel-
opment of brain tumors by suppressing the growth of new blood vessels. Most

part of polyamine
(spermidine) - -4
! 0OSO3H
H H
H N/\/\/N\/\/N \
2 ' B
| OH

L-

~ part of sterol
10

FIGURE 8.3 Squalamine and its molecular model [30].
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importantly, squalamine intensifies the antitumor properties of cytotoxic
agents against lung, breast, ovarian, and prostate cancers [40—46].

The antimicrobial activity of squalamine was compared with several nat-
ural peptide antibiotics, such as Magainin-lI, CPF, and ampicillin. Table 8.1
presents the results of antimicrobial activity studies on squalamine conducted
by Moore et al. [31] The activity of squalamine in inhibiting the development
of candidiasis is two orders lower than for other compounds studied. The MIC
value of this compound on Candida albicans (C. albicans ) was 4—8 pg/mL.
Most importantly, the antibiotic’s action does not cause erythrocyte hemolysis
[47].

Steroid-amino conjugates

Steroid-amino conjugates, often referred to as steroid-amino acid conjugates,
are a class of molecules that combine a steroid skeleton with an amino acid
moiety. These conjugates are a unique hybrid molecule that merges the bio-
logical activities of steroids and amino acids. The conjugation of steroids with
amino acids can alter their properties, such as solubility and bioavailability,
and may lead to distinct biological activities. Steroid-amino conjugates have
been of interest in medicinal chemistry and drug development due to their
potential to enhance the therapeutic effects or targeting of steroids while
minimizing their side effects. These conjugates can also serve as valuable
research tools to study the interactions between steroids and amino acids in
biological systems.

Consequently, there are many reports in the chemical literature concerning
the synthesis of squalamine and its derivatives [48—55]. The main criterion for
the synthesis of biologically active steroid-polyamine conjugates is based on a
rigid hydrophobic “tail” and an adjustable hydrophilic chain with a polar
hydroxyl group constituting the “head” [56]. In turn, hydroxyl or carboxylate
groups can easily remove or replace the current sulfate groups. However, only
the steroid part is susceptible to modification [56].

Kim et al. synthesized an analog of squalamine from bisnoralcohol (11)
(Scheme 8.2). The compound (13) showed significant activity against M.
luteus 9341, Staphylococcus aureus (S. aureus) 6538P, K. pneumoniae 10031,
S. equi 6580C, and B. subtilis 6633. However, it was inactive against
Escherichia coli (E. coli) 25922, P. aeruginosa 27853, P. mirabilis 25933,
S. marcescens 27117, and S. typhimurium 14028. It should be emphasized that
the antibacterial activity of the compound (13) is lower than that of squalamine
[57].

Shu et al. obtained squalamine derivatives with a side chain modified with
an amino (14) or hydroxyl (15) group [58]. In contrast, stereoselective syn-
thesis of new squalamine derivatives with transformations in the B ring led to
compounds (16) and (17) [59]. It is worth noting that the above conjugates
manifested similar biocidal properties to squalamine (Fig. 8.4).



TABLE 8.1 Antimicrobial activity of squalamine and other selected biologically active compounds [31].

Compound

Squalamine

CHAPS (detergent)
Taurolithocholic acid 3-sulfate
Spermidine

Melittin (disambiguation)
Magainin-Il amide
Amide-CPF

Conessine

Holothurin

Ampicillin

(¢))
1-2
>500
>500
>500
8—16
31-62
8—16
>500
>500
2-4

@)
4-8
>500
>500
>500
16-31
31-62
831
>500
>500
62—125

3)
1—2
>500
>500
>500
8—16
>250
8—16
>500
>500

<1

“)

1-2
250—500
>500
250—500
4-16
>250
31-62
>500
>250
<125

®)
4-8
>500
>500
>500
16-31
125-250
62—125
>500
>500
8-16

Antimicrobial activity (MIC), ug/mL

(6)

>125
>500
>500
>500
>250
>250
>125
>500
>500
4—62

@)
4-8
>500
>500
>500
1631
125250
62—125
31-62
>500
>125

®)

4-8
>260
>260
>260
2-4
33-65
4-8
16-33
130—260

>65

(1) Escherichia coli; (2) Pseudomonas aeruginosa; (3) Staphylococcus aureus; (4) Streptococcus faecalis; (5) Proteus vulgaris; (6) Serratia marcescens; (7) Candida albicans;

(8) Paramecium caudatum.
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14 R" = H, R? = NH,
15R" = OH, R? = OH 16 17

FIGURE 8.4 Synthetic derivatives of squalamine (14—17) [58,59].

The synthesis of many new squalamine derivatives distinguished by sig-
nificant biological activity was developed by Kim et al. Their study included
the effect of stereochemistry at the C(3)/C(5) position of the steroid ring on the
lethality of pathogens. The type of polyamine attached to the steroid A ring’s
C(3) position was also important. The obtained conjugates showed antiseptic
solid activity. All 3o (or )-aminosteroids were characterized by considerable
in vitro activity against gram-positive bacteria. Notably, compound (25) with a
configuration of 3B, 5B and a polyamine chain containing four ammonium
groups at the C(3) position of the steroid A ring showed the most muscular
toxicity against S. aureus ATCC25923P, M. luteus ATCC9341, and B. subtilis
ATCC6633. The highest biocidal activity against S. aureus ATCC25923P was
demonstrated by the compound (18) among the 3o, 5o configurations. Con-
jugates (20, 24) with a 3a, 5B configuration had less antibacterial activity
(Fig. 8.5) [60].

Several new synthetic derivatives of squalamine were presented by Brunel
and Letourneux [61,62]. Similarly, the biological activity of conjugates is
determined by the stereochemistry of sterols and the chain length of the
attached polyamine (spermine or spermidine) to the C(3) position of the ste-
roid skeleton. A stereoisomer with a 3 configuration exhibits much better
biocidal properties than a 3o compound (Fig. 8.6).
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FIGURE 8.5 Synthetic steroid-polyamine conjugates (18—28) [60].
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FIGURE 8.6 Analogs of squalamine (29—34) [61,62].

Rao et al. described novel squalamine derivatives isolated from dogfish
liver cells (Fig. 8.7) [63]. Their content in liver cells was much lower
(20—100 mg) than the concentration of squalamine (400—800 mg). Still, their
antibacterial activity was equally interesting. The structure of all conjugates
(35—41) was determined using spectral methods (2D NMR, HR FAB-MS).

Table 8.2 presents the activity of isolated aminosterols and squalamine
against selected microbial species. The lowest aseptic activity was shown by
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FIGURE 8.7 Natural analogs of squalamine (35—41) [63].

TABLE 8.2 MIC of squalamine and selected aminosterols [63].

MIC pg/mL
Compound S. aureus E. coli P. aeruginosa C. albicans
35 4-8 128 32 16
36 8—16 16 16 32
37 2 8 16 32
38 1 4 16 16
39 8—16 256 256 128
40 8 128 128 32
41 2 16 16 2
Squalamine 1 4 16 16

conjugate (39). The compounds (35, 40) showed weak activity against E. coli
and P. aeruginosa.

A series of analogs (43—52) of the MSI-1436 conjugate has been char-
acterized by Shu et al. [58]. The multistep (9—13 steps) and compelling
synthesis of compounds confirmed the critical influence of stereochemistry at
the C(3) and C(7) positions on their biological activity. Notably, the change in
stereochemistry at the carbon atom C(24) of the side chain had a negligible
effect on bioactivity (Fig. 8.8).

Conjugates of steroid-polyamine with antimicrobial
activities

Innovative methods enable the efficient synthesis of steroid conjugates with
different pharmacological activities. The conjugation reaction of cholesteryl



256 Studies in Natural Products Chemistry

0SO4H

C(24) mixed isomers

43 R' = a-spermine, R?= NHy, R® = H
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C(24) stereoisomer

49 R' = a-spermine, R?= (R)OH, R® = OH
50 R'=p-spermine, R?>= (R)OH, R® = OH
51 R'! = g-spermine, R?= (R)OSO3H, R® = OH
52 R' = B-spermine, R?= (R)OSO3H, R® = OH

47 R' = a-spermine, R?= OH, R® = OH
48 R' = p-spermine, R?= OH, R® = OH

FIGURE 8.8 Structure of MSI-1436 (42) and its analogs (43—52) [58].

ester (53) and 5'-azido-5’-deoxythymidine (54) using “click” chemistry allows
obtaining compounds that enhance the uptake of oligonucleotides by the cell
(Scheme 8.3). In addition, as carriers, they transmit them inside the cell.
Instead, conjugates (55, 56) effectively inhibit hepatitis C [64,65].

It is worth noting that steroid-polyamine conjugates are also used in other
fields of medicine than combating microorganisms. In vitro and in vivo studies
have shown that Genzyme GL-67 (57) and bis(guanidine)tren-cholesterol (58)
are highly effective in gene transfection (Fig. 8.9) [66,67].

Gotebiewski et al. described using cosalane (59) as a highly effective agent
against HIV-1 and HIV-2 [68—70]. Cell membranes can be chemically altered
to facilitate the uptake of macromolecules. Peterson’s research group obtained
a conjugate (60), allowing antibody uptake and forming protein complexes
bound in mammalian cells [70]. They also effectively synthesized

53 54

. AC— :
5 20Me-ONs 3

55 LONC"!: 3.CGGCUCAUCACAACCCAT crol.5!
56 LONC"!: 3'F*-CGGCUCAUCACAACCCAT ¢hol.5'
F*: fluorescent element

SCHEME 8.3 Synthesis of conjugates (55) and (56) inhibiting the development of HCV [64,65].
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FIGURE 8.9 Spermidine and guanidine-cholesterol conjugates [66,67].
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FIGURE 8.10 Steroid conjugates with different biological activity [68].

7a-substituted, cholesterol-modified derivatives of B-estradiol (61) and (62)
(Fig. 8.10). These compounds showed a significant affinity for estrogen re-
ceptors [71,72].

Degteva et al. designed the synthesis of p-[N,N-bis-(2-chloroethyl)amino]
phenylacetate 3B-hydroxy-5-cholestane (63), which was characterized by
vigorous antitumor activity [73]. In turn, the compound (64) described by Ji
et al. selectively delivers boron atoms to cancer cells [74]. Wall et al. syn-
thesized a conjugate (65) that showed high activity against various tumors and
leukemia (Fig. 8.11) [75].

Synthesis of steroid’s organogels

Conjugate (66) was also effectively obtained, the structure of which is similar
to cationic surfactants commonly used in the polycondensation reaction
(Fig. 8.12). This compound exhibited significant gelling properties [76].

In turn, Ono, Jung, et al. designed the synthesis of a gelator (67) made of
cholesterol structure and corona ether moiety [77—79]. This compound
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FIGURE 8.11 Biologically active steroid conjugates [73—75].
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FIGURE 8.12 Steroid conjugate with gelling properties [76].

showed good selectivity toward the binding of potassium ions. It did not form
complexes with lithium, sodium, rubidium, or cesium ions. Another conjugate
(68) containing corona ether aza was used as a template for the poly-
condensation reaction sol-gel (Fig. 8.13). Importantly, it formed only in the
presence of metals, and in their absence, it assumed a granular structure [80].

Studies on the structure and biological properties of squalamine and its
analogs provided data on the formation of new compounds with pharmaco-
logical potential. Compounds of this type should be characterized by a giant,
rigid hydrophobic skeleton that is easily modified and a polar hydrophilic
chain. The structure of polyamine is not essential. In contrast, the sulfone
group can be easily replaced by another group (carboxyl or hydroxyl) or
removed. The stereochemistry of the polyamine chain at the C(3), C(5), and
C(7) positions of the steroid has a crucial influence on biological activity
(Fig. 8.14). Many literature papers have analyzed the strong biocidal proper-
ties of squalamine and its derivatives [56,81,82].
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FIGURE 8.13 Steroid conjugates exhibit selective reactivity to cations [77—80].

FIGURE 8.14 Selected structures with group modification.

Bile acid conjugates by the “click” chemistry method

The “click” chemistry is a relatively new and desirable method of modern
organic synthesis. The products of this reaction are stable in solvents of
different polarities (e.g., in water) and resistant to oxidation, reduction, or
metabolic degradation. In addition, 1,2,3-triazole rings are very often involved
in forming hydrogen bonds. As a consequence, the durability of the tested
system increases. Crucial is the method using catalytic amounts of Cu(I) in
1,3-dipolar cycloaddition, also called the Huisgen reaction (Scheme 8.4). This
straightforward way of synthesizing 1,2,3-triazole rings uses terminal alkynes
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SCHEME 8.4 The reaction of formation of 1,4- and/or 1,5-disubstituted 1,2,3-triazole [87].

and azides as reactants [83,84]. The Huisgen reaction’s use in forming
macromolecular bile acid derivatives is exceptionally functional [85,86].

A rigid skeleton, high activity of polar hydroxyl and carboxyl groups, and
amphipathic characteristics distinguish bile acids. Several valuable properties
determine their massive impact on the pharmaceutical industry. Steroid acids
are an excellent biological material used to synthesize macrocyclic compounds
(e.g., molecular pincers), elements of the structure of organisms, or flucona-
zole derivatives [88—91].

Fluconazole (69) is a potent medicinal substance with antifungal and
antimicrobial properties (Fig. 8.15). It consists of a triazole ring bound to
fluoridated benzene and contains a hydroxide group. Due to the increasing
drug resistance of bacteria and the decrease in its effectiveness, it was
necessary to modify the structure of fluconazole. The synthesis of new flu-
conazole derivatives was performed using the amphiphilic properties of bile
acids. A conjugate of deoxycholic acid (71,73) and cholic acid (72,74) was
obtained, connected with a 1,2,3-triazole ring to a drug molecule (Fig. 8.16).
According to the assumption, the bile acid unit acts as a carrier of the drug
substance. At the same time, fluconazole is an inhibitor of the enzymes of the
relevant bacterial strains. The new structure has gained many benefits from the
possibility of hydrogen bond formation. However, from a biological
perspective, exceptional resistance to metabolic degradation was an additional

FIGURE 8.15 Fluconazole (69) and its AR

N
alkyne derivative (70) [88]. N\\__,\i N
F F
OH OH
N N
F Nl F N
N QN
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FIGURE 8.16 Bile acid and fluconazole conjugate with antifungal properties [90—92].

attribute. Most importantly, the biocidal compounds obtained showed almost
100% lethality against microorganisms belonging to Candida strains, such as
C. parapsilosis, C. albicans, and Sporothrix schenckii [90—92]. The novel
bioconjugates (71—74) exhibited antifungal activity in the MIC range of
3.12—6.25 mg/mL [90]. In contrast, a molecule of imidazole/benzimidazole
(75/76) or triazole/benzotriazole (77/78) attached in the C-24 position of bile
acid showed slight antifungal activity (Fig. 8.16).

Bile acids-purine with antiparasitic activity

Corrales et al. obtained new cholic acid and 6-thiopurine derivatives linked by
a 1,2,3-triazole system [93]. Based on in vivo studies, compounds with higher
antimalarial activity than chloroquine were evaluated (79—82). In vitro eval-
uation confirmed the excellent training of the compound (83) against Leish-
man’s parasite (Fig. 8.17). Notably, the synthesized derivatives are nontoxic to
the mammal’s cells. The lack of cytotoxicity was most likely due to intra-
cellular biochemical or metabolic differences in parasite-host cells [94]. From
an anatomical perspective, mammalian cells are enriched with drug outflow
pumps, thanks to which it is possible to transport lipophilic nucleoside analogs
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FIGURE 8.17  Steroid-thiopurine conjugates with antiparasitic activity [93—95].

outside the cell. That is why thiopurine-steroid conjugates are distinguished by
considerable activity against malaria or antileishmanial. In turn, derivatives of
1,2,3-triazoles (79, 81, 82) were also obtained by 1,3-dipolar cycloaddition of
final alkynes to the azide group in a molecule of acetic acid or cholic acid in
the presence of Cu(I) and DMSO [95]. The condensation compound (83)
showed antimalarial activity similar to chloroquine at the same dose on days 7
and 9. In contrast, after 12 days, all the new bioconjugates showed more
excellent biocidal activity than chloroquine [96].

Antinarelli et al. obtained amino choline-steroid conjugates with consid-
erable activity against the Leishman parasite and Mycobacterium tuberculosis
(M. tuberculosis) than similar intermediate alkyne structures. An excellent
percentage of inhibition against M. tuberculosis (MIC = 8.8 uM) was obtained
for the compound (84), which can be compared with the activity of popular
antituberculosis drugs. In addition, all new conjugates (85—87) exhibited
potent toxicity to promastigote and amastigota L. major, leishmanicidal, and
antituberculosis effects, indicating the great potential of steroids as drug car-
riers (Scheme 8.5) [97].

Synthesis of bile acids-nucleosides derivatives with
1,2,3-triazole rings

Efficient synthesis of new bile acid conjugates and nucleosides connected by a
1,2,3-triazole ring was also carried out (Scheme 8.6). Based on in vitro
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SCHEME 8.5 Synthesis of amino choline and cholic acid conjugates [97].
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SCHEME 8.6 Synthesis of steroid-uridine triazole derivatives [98].

metabolism, their antitumor activity against three cancer cell lines, PC-3,
MCF-7, and IMR-32, and antimycobacterial activity against M. tuberculosis
H37Rv (ATCC strain 27294) were estimated.

The highest activity against MCF-7 and IMR-32 (ICP = 8.084 and
8.71 uM, respectively) was shown by the compounds cholic acid-uridine-
triazole (91) and cholic acid-uridine-triazole linked by the phenylalanine
moiety (89). In contrast, the conjugate deoxycholic acid-adenosine triazole
(92) was distinguished by the best antituberculosis properties
(MIC = 4.09 uM). The new products (88—95) showed no toxicity to the
average human embryonic kidney cell line (HEK 293 T) (Fig. 8.18). In vitro
evaluation confirmed their significant antitumor and antituberculous potential
[98].
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FIGURE 8.18 Conjugates bile acid-nucleoside containing 1,2,3-triazole rings [98].

Synthesis of macrocycles with 1,2,3-triazole rings

Steroids are made of rigid chiral tetras of the acyclic core. Due to curved
structures, amphiphilicity, and unequal polarity, hydrophilic and hydrophobic
ends can form self-assembling micelles (Fig. 8.19). Modifying hydroxyl or
carboxyl groups through esterification, etherification, oxidation, or reduction
strives to design new structures with a wide range of applications. Pharma-
cological conjugates, chemical sensors, biosensors, drug precursors, and mo-
lecular carriers are particularly important [99].

Chemoselective 1,3-dipolar azide-alkyne cycloaddition (CuAAC) is an
attractive building block for joining to synthesize macrocyclic structures such
as clusters, dendrimers, polymers, or polypeptides. In addition, the chemical
inertness of the triazole ring significantly affects their physicochemical
properties, such as blocking parts of the molecule, polarity, or susceptibility to
interaction with the “guest.”

Khaligh et al. synthesized menthol conjugation with bile acids using
“click” chemistry. Methylated menthol was reacted with sodium azide in
DMEF, while efficient esterification of bile acid with propargyl bromide in the
presence of potassium carbonate gave a second reactant to form 1,2,3-triazole.
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FIGURE 8.19 Bile acids form micelles.

The conjugates obtained by the “click” reaction (96—98) were evaluated for
biological activity (Scheme 8.7). In vitro studies have shown that their anti-
bacterial activity against Enterococcus faecium is higher (MIC < 10 uM) than
for menthol (MIC = 410 uM), free bile acids (MIC = 10, 20, 157, 410 uM),
and even the strong antibiotic cefixime (MIC = 35410 pum) [100].

The “click” chemistry method was also used to obtain dimers of deoxy-
cholic acid derivatives (Scheme 8.8) [101]. The introduction of the azide group
took place successively by securing hydroxyl groups (99), reducing the
carboxyl group, and reacting nucleophilic SN2 with sodium azide (100). In
contrast, the propargyl ester (101) was formed under the Mitsunobu reaction
conditions. The steroid dimer (102) was subjected to calculations (PM3,
CaChe Fujitsu). It was found that the conformer in orientation was more en-
ergy stable than the anticonformer in direction.

Anandkumar et al. synthesized steroidal “molecular pocket” type den-
drimers with excellent anticancer activity (Scheme 8.9) [102]. First-
generation chlorodendrimers were formed by a “click” reaction from
1,3,5-tris(aminomethyl)arene and 3,1 equivalent to 1,3-bis(chloromethyl)-5-
(propargyl oxy)-benzene. Subsequently, it was converted into suitable
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SCHEME 8.8 Synthesis of steroid dimer (102) [101].

azidodendrimers, and during the next “click” reaction, second-generation
azidodendrimers were obtained. In contrast, the corresponding bile acids
(cholic/deoxycholic) were modified by reaction with propargyl bromide and
p-TsOH and acylated to safeguard the alkyne group. The design performance
of the steroid platforms was best for zero-generation dendrimers and lowest
for second-generation dendrimers. The MTT assessment of activity against
C6 glioma cancer cells confirmed the highest efficacy for second-generation
compounds (107, 108), with an IC50 value of 10.48 uM.

Conjugates bile acids-triazole as ligands

Another type of macrocyclic compound susceptible to anion binding is chol-
ophanes (Scheme 8.10). The 3a-OH group of the deoxycholic acid derivative was
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SCHEME 8.10 Synthesis of cholophane (111, 112) and exemplary interaction with chloride
anion (113) [103,104].

modified in the presence of propargyl bromide, NaH in THF, and then acylated
with bromoacetyl bromide with the addition of potassium carbonate in chloro-
form. The resulting monoester (109) was then converted to an azide derivative
(110), after which a cholophane (111) was formed in a “click” reaction with good
efficiency. Due to the more efficient formation of hydrogen bonds by alkyl-
1,2,3-triazole (112), methylation with methyl iodide and the exchange of anions
were performed. To analyze the donor properties of cholophane, titration with
BuyN"X™ salts in CDCl3 was carried out and controlled by NMR. On the spec-
trum, a change in the shift of signals from protons in the triazole ring and ace-
tylmethylene was observed, which resulted from interaction with the anion. In
addition, association constants were estimated according to the order
Cl™ > H,SO; >F > Br > CH3;CO0™ >Hy,PO; . A higher affinity for
chloride ion binding (K, = 3700 ") may result from the most stable binding to
hydrogen [103,104].

Li et al. synthesized a steroid dimer with a similar structure [105,106]. The
side chain of bile acid was coupled to the hydroxyl group at the C-3 a position
(Scheme 8.11). The spectroscopic analysis of 'H NMR excluded the partici-
pation of protons from hydroxyl groups in anion binding. In contrast, the new
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SCHEME 8.11 Synthesis of a head-to-tail steroid dimer [105,106].

conjugate steroid-triazole (115a, 115b) was the most highly selective for
fluoride ions. The calculated constants of K; and K, were 560 (48) and 18
(£3) M~ respectively. TBAF appendix (2 eq.) caused the signal loss from the
aliphatic proton while strengthening two hydrogen bonds in the dimer struc-
ture (116a, 116b).

Nayal et al. have described cholapods containing units with colorimetric
properties [107]. The highly efficient reaction under click chemistry
(efficiency > 80%) allowed for the effective binding of selected anions
(Scheme 8.12). For compound (120a), after adding BuyN"H,PO; (in CHCl3),
its color changed to yellow, while the UV absorption band at 360 nm was
reduced and shifted to 400 nm. The second compound (120b) showed a similar
decrease at 380 nm and an increase at 600 nm while turning blue in the
presence of TBAF, BUNCH3CO, (in BuyN*"H,POy). Cholapods (120a, 120b)
were characterized by increased selectivity for H,POy ions (121a, 121b) than
for ClI” ions. This is a significant difference compared to macrocyclic
compounds.

The “click” chemistry allowed the design of new functionalized hybrids of
bile acids and calixarene [108]. The synthesis of these triazole conjugates
consisted again of the conjugation of a steroid triazide (118) and calixarene,
previously enriched with a propargyl group (123) (Scheme 8.13). The resulting
compound (124) showed two absorption peaks derived from the triazole and
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SCHEME 8.13 Synthesis of bile acid-calixarene hybrids (124) [108].
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calixarene rings at 284 and 289 nm, respectively. The peaks were suppressed
in the presence of selected metal perchlorates in CH3CN. Two isometric points
were observed at wavelengths of 276 and 302 nm. The hybrid receptor’s
binding analysis showed the highest mercury affinity (K, = 1.2 * 10*M ™).
The critical power of other metal ions was as follows:
Hg>" > Cd*" > Zn*" > Pb*>" > Li" > Mn®*" > Cu?".

Synthesis of other derivatives of bile acids with
1,2,3-triazole rings

Another compound type is bile acid-sterol dimers (135—140) connected by
a 1,2,3-triazole ring (Scheme 8.14). Corresponding azido acetoxy
substituted bile acid derivatives and propionyl sterol derivatives were
reacted by adding Cu(I) ions. The newly obtained products were confirmed
by spectroscopic analysis and mass spectrometry. In silico studies con-
ducted by the PASS method indicated their outstanding biological activity
(Table 8.3) [109].
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SCHEME 8.14 Synthesis of new steroid conjugates (125—140) [109].



TABLE 8.3 Values obtained during PASS analysis [109].

Focal predicted activity (PA > 0.70)
Acylcarnitine hydrolase inhibitor

Alkenyl glycerophosphocholine hydrolase inhibitor
Alkylacetylglycerophosphatase inhibitor
Dextranase inhibitor

Glyceryl-ether monooxygenase inhibitor
Peptidoglycan glycosyltransferase inhibitor
Cholesterol antagonist

Protein-disulfide reductase (glutathione) inhibitor
Adenomatous polyposis treatment
Cytoprotectant

Hypolipemic

Antihypercholesterolemic

Pancreatic disorders treatment

131

0.96
0.93
0.93
0.89
0.82
0.81
0.79
0.80
0.79
0.74

132

0.96
0.90
0.90
0.83
0.85
0.75
0.76
0.72
0.80
0.76
0.71

133

0.95
0.89
0.90
0.85
0.80
0.80

0.76

0.76

0.73

0.73

134
0.95
0.83
0.86
0.75
0.83
0.73

0.78
0.75
0.74
0.79

135

0.76
0.73

0.83

136

0.78

0.80

137

0.75

0.76

0.85
0.75

0.79

138

0.72

0.71

0.90

139

0.86

140

0.78

0.84

Ansiway)) $)oNpoid [ednyeN ul salpns 7T



From squalamine to triazole ring derivatives Chapter | 8 273

FIGURE 8.20 Polymers of bile acid-triazole
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FIGURE 8.21 Conjugate cholic acid B-lactam [111].
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Another example of using bile acid molecules in combination with a
1,2,3-triazole ring is a model leading to the formation of polymers (Fig. 8.20).
These products make it possible to maintain the stabilization of silver nano-
particles, which have been used in a modern approach to the selective
recognition of iodide anions by colorimetric methods [110].

S. Vatmurge et al. designed the synthesis of steroid conjugates with -
lactams linked to 1,2,3-triazole rings (Fig. 8.21) [111]. This was due to the
newly emerging strains of pathogens showing high drug resistance to medic-
inal substances containing B-lactam groups. In the era of the development of
pharmaceuticals and medicine and the appearance of yet-unidentified patho-
genic microorganisms, there is a great need to synthesize effective compounds
with antimicrobial properties. The conjugates obtained by Vatmurge were
characterized by high pharmacotherapeutic potential against the following
strains: C. albicans, Cryptococcus neoformans, Yarrowia lipolytica, Fusarium
oxysporum, Benjaminiellapoitrasii, and bacteria of the following types: E. coli
and S. aureus.

The new quasi-podands containing 1,2,3-triazole rings were synthesized by
Pospieszny et al. (Scheme 8.15). A “click” reaction between the corresponding
propargylic esters of bile derivatives (145—147) and 1,3,5-tris(azidomethyl)
benzene resulted in conjugates (148—150) having a rigid benzyl platform with
high efficiency (>85%) [87]. The structure with an aromatic ring promotes the
formation of conformers that can interact with the surface of biopolymers as
anchors.
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Based on excellent physicochemical properties, the synthesis of three new
bile acid dimers connected by 1,2,3-triazole rings (151—153) and two dimers
substituted in the C-3 position with bromoacetoxy groups (154,155) was
designed (Fig. 8.22) [112]. Complete spectroscopic analysis (lH NMR,

o O 151R'=R?=R%=H
152 R'= H, R?= OH, R3= H
153 R'=R?=OH, R®=H
154 R'= R? = H, R®= COCH,Br
155 R'= H, R?= OH, R® = COCH,Br

//R2 R2
:,,/R1 R1\‘

“IOR® R3O
FIGURE 8.22 Synthesis of bile acid dimers containing 1,2,3-triazole systems [112].
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3¢ NMR) and mass spectrometry (ESI-MS, MALDI) confirmed their struc-
ture, and their molecular models were determined using the semiempirical
PM5 method.

Subsequently, the obtained conjugates were used as ligands to synthe-
size adducts with phthalic, terephthalic, and 4-aminobenzoic acid (PABA,
vitamin Bjg). Studies have shown that adducts are formed due to the for-
mation of hydrogen bonds between the hydroxyl groups of the steroid
skeleton and the carboxyl groups of added aromatic acids. Fig. 8.23 shows
the spectrum of 'H NMR of the conjugate (153) and its adducts with
phthalic, terephthalic, and 4-aminobenzoic acids. A characteristic feature
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FIGURE 8.23 'H NMR in 4.5—3.0 ppm region of dimers (153) and its adducts with phthalic
acid, terephthalic and PABA in DMSO-dg [112].
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appearing in the 'H NMR spectra of the corresponding adducts is the
presence of extended 3B-H and 12B-H proton signals and expanded and
flattened signals coming from protons of 3a-OH and 12a-OH groups. In
the 'H NMR spectrum of the dimer adduct (153) with phthalic acid, it can
be seen that the signals coming from the protons of the 7a-OH and 12a-OH
groups have been significantly flattened, and the signal coming from the
proton of the 3a-OH group disappears. This is related to these groups’
participation in forming intermolecular hydrogen bonds, which is also
facilitated by the location of carboxyl groups in the phthalic acid molecule
in the ortho position. The presence of blocking groups at the C(3) position
of the steroid skeleton in conjugates (154) and (155) prevents the formation
of hydrogen bonds between conjugates and aromatic acids and the
construction of adducts. It follows that only hydroxyl groups participate
in forming hydrogen bonds, while nitrogen atoms of the triazole ring do
not.

Conclusions

The synthesis of new steroid conjugates and the application of click
chemistry are essential for developing science for several vital reasons.
Firstly, by creating novel steroid conjugates, scientists can fine-tune the
properties of steroids, making them more effective for therapeutic purposes.
This can lead to the development of new and improved drugs with enhanced
efficacy and reduced side effects. Secondly, steroid conjugates can be used to
investigate the complex interactions between steroids and other bio-
molecules in biological systems. This helps researchers gain a deeper un-
derstanding of physiological processes and disease pathways. Whereas
“click” chemistry, a highly efficient and selective chemical reaction, facili-
tates the precise conjugation of molecules. Its use in steroid conjugate
synthesis enables the creation of complex molecules with high precision,
offering new possibilities for drug design and biomaterial development.
Steroid conjugates can target specific tissues or cells, allowing for more
targeted therapies. This can reduce off-target effects and improve treatments’
overall safety and efficacy. The versatility of steroid conjugates and click
chemistry extends beyond drug development to materials science, di-
agnostics, and biotechnology. This broadens the impact of these research
areas across various scientific disciplines. The synthesis of new steroid
conjugates and the application of click chemistry are pivotal in advancing
scientific knowledge and innovation. They contribute to the development of
better drugs, an improved understanding of biological processes, and the
creation of innovative materials and technologies, ultimately benefiting both
scientific research and society.
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ABSTRACT: An innovative approach to producing derivatives of bile acids has been devised,
utilizing the principles of “click” chemistry. By employing intermolecular [3 + 2] cycloaddition
between the newly developed acyl propiolic esters of bile acids and the azide groups of 1,3,5-
tris(azidomethyl)benzene, a novel class of quasi-podands featuring 1,2,3-triazole rings has been
synthesized. Identifying and characterizing these six compounds involved comprehensive analysis
through spectral techniques ("H NMR, °C NMR, and FT-IR), mass spectrometry, and the PMS
semiempirical method. The synthesized compounds’ pharmacotherapeutic potential has been
evaluated, employing the Prediction of Activity Spectra for Substances (PASS) methodology.
Additionally, molecular docking was performed for all molecules.

1. INTRODUCTION Compounds of natural origin affect the proper functioning of
all cells in living organisms. Bile acids as representatives of
steroids are responsible for the digestion and absorption of lipids
in the small intestine, the right amount of cholesterol, glucose
metabolism, or the composition of the intestinal microbiota.
Their biosynthesis begins in liver cells by the oxidation of
cholesterol by cytochrome P450, and the final products are
stored in the form of conjugated bile salts with the amino acids
glycine and taurine. Bile acids (lithocholic acid, deoxycholic
acid, and cholic acid) are distinguished by a large, curved steroid
skeleton, A/B rings in cis geometry, enantiomeric purity, a long

“Click” chemistry is one of the most modern paths of design and
synthesis of new compounds that can be used in medicine,
pharmacology, biotechnology, or supramolecular chemistry.
Sharpless optimized this innovative method’s conditions for
synthesizing new compounds used primarily as drugs."”
Obtaining new conjugates by “click” chemistry covers a broad
spectrum of reactions leading to forming a carbon-heteroatom
bond. Most importantly, it is characterized by extraordinary
efficiency, selectivity, simple reaction conditions, and easy

product isolation. Moregver, the product is stable in many chain attached to the C(17) atom with a carboxyl group,

solvents (e.g, in water).”™ amphipathic and polar hydroxyl groups with different chemical
[3 + 2] Cycloaddition catalyzed by copper(I) is a reactivity (3a—OH > 7a—OH > 12a—OH)."*™"® Their

representative example of a reaction based on “click” chemistry derivatives are valuable and essential for synthesizing macro-

conditions (Scheme 1). The Huisgen reaction between azides cyclic compounds, steroid dimers, cholophanes, and drug-

and terminal alkynes is considered the primary method for transporting molecules. Also, they can be used in designing

synthesizing 1,2,3-triazoles, characterized by antimicrobial and molecular receptors capable of guest recognition in guest—host

antitumor properties. In biological systems, these compounds chemistry. Steroid conjugates have been used in medicine,

show high resistance to hydrolysis, oxidation, reduction, or pharmacology, supramolecular chemistry, biotechnology, and

metabolic degradation reactions. In addition, they can interact biomimetics. ">

with biological molecules by forming hydrogen bonds or The growing interest in macromolecular derivatives of bile

dipole—dipole interactions. Moreover, the bonds that are acids led to the gggglopment of thgs _SZ;ltheSis and use of

formed are resistant to cleavage even by proteases. The result molecular pockets and umbrellas. These compounds

may be triazole systems peptide bond analogues.”” Literature

data show that these are 1,2,3-triazole compounds characterized Received: January 23, 2024

by unique pharmacotherapeutic effects, especially antihyperten- Revised:  April 23, 2024

sive, antimalarial, antioxidant, antidepressant, antimicrobial, Accepted: May 7, 2024

anti-inflammatory, and anticancer effects.””'> The “click” Published: May 14, 2024

method was used to obtain new steroid conjugates containing

1,2,3-triazole rings.

© 2024 The Authors. Published b
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Scheme 1. Visual Representation Showing the Different Possible Reaction Routes During a “Click” Reaction
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Scheme 2. Synthesis of Propionyl Esters of Bile Acids (4—6) and 1,3,5-Tris(azidomethyl)benzene (8)
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2. RESULTS AND DISCUSSION

comprise at least two amphiphilic parts connected by a labile

chain to the central atom. On the other hand, quasi-podands 2.1. Synthesis. This study presents the synthesis and

characterization of novel quasi-podands that are connected with
a 1,2,3-triazole ring derived from propiolic esters of bile acids
and 1,3,5-tris(azidomethyl)benzene. The propionyl esters of
bile acids and 1,3,5-tris(azidomethyl)benzene were synthesized
using previously established methods as described in Scheme 2.

The synthetic procedures for compounds 9—12 are presented
in Scheme 3. Our experiments yielded trisubstituted products
10—12 as well as one disubstituted product 9, which were
isolated and characterized. Unlike molecular pocket or umbrella
structures, these conjugates possess a rigid benzyl platform. This
structural feature facilitates the formation of conformers with
favorable geometries. The flat aromatic ring enables effective
interactions with various surfaces, including biopolymers,
making it function as a specific anchor. Previous research by
Ghosh et al. has described similar connections achieved using
cholesterol derivatives. Interestingly, these compounds exhibit

have a rigid benzene “platform” that allows them to obtain a
conformer with appropriate geometry. Also, it can be crucial
during interaction with the surface of biopolymers or acting as an
“anchor” in biological systems.””** Such systems have found
application as carriers of biological molecules, hydrogelators,
organogelators, or artificial receptors.”'

The combination of beneficial physicochemical properties of
bile acids, triazole systems, and the aromatic ring may lead to the
preparation of new quasi-podands with great application
potential. It is worth noting that podands are simple analogues
of crown ethers and cryptands; thus, they can be valuable ligands
in forming stable complexes with monovalent cations.”*”” In
addition, synthetic podands are easy to synthesize (as opposed
to biological ones), and the spectrum of modification of their

structures is endless.

7562 https://doi.org/10.1021/acs.joc.4c00195
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Scheme 3. “Click” Synthesis of Quasi-Podands of Bile Acids Derivatives Linked by 1,2,3-Triazole Ring (9—12)
(4-6) +(8)

CuS0,4*5H,0,
sodium ascorbate,
t-BuOH/MeOH (5:1)
60-65°

N3

COOMe

(9)R'=R*=H

(10)R'=R?=H

anl

COOMe
MeOOC

MeOOC

(11) R'=H, R?>= OAc
(12) R'=R%=0Ac

disting gelling properties and detected ions Cu**, Ag’, and
Hg*".

g2.2. Spectroscopic Characteristic. The structural charac-
terization of all synthesized compounds was accomplished
through analysis of their 'H and *C NMR, FT-IR, and ESI-MS
spectra. In addition, PMS calculations were conducted for each
compound to further explore their properties and character-
istics.*' ™%

The 'H NMR spectra of compounds 9 and 10—12 exhibit
distinctive patterns of signals. Notably, in the range of 5.07—4.81
ppm, characteristic multiplets are observed, which can be
attributed to the C3p-H protons of the steroid skeleton.
Additionally, two hydrogen singlets appear in the ranges of
0.73—0.64 and 0.95—0.94 ppm, accompanied by characteristic
doublets at 0.92—0.81 ppm, assigned to CH;-18, CH;-19, and
CHj;-21, respectively. In the spectra of compounds 11 and 12,
there are characteristic broad singlets observed in the range of
5.09—5.07 ppm, corresponding to the CI12f-H protons.
Furthermore, singlet in the range of 4.94—4.81 ppm is observed
for the C7f-H protons in compound 12. A distinctive signal at
4.37 ppm is observed in the 'H NMR spectra of compound 9,
which can be attributed to the protons of the —CH,—N; group.
This signal serves as a diagnostic marker and is absent in the
spectra of compounds 10—12. The singlet at 5.55 ppm
represents the signal for the two methylene protons of the
Ph—CH,—triazole ring group (refer to Figure 1).

Additionally, in the "H NMR spectrum of compound 9, there
is a distinctive and diagnostically significant singlet observed at
8.06 ppm, which can be attributed to the two protons of the
triazole rings. Conversely, in the spectra of compounds 11—12,
three protons of the triazole rings are observed in the range of
8.10—8.06 ppm. Moreover, the 'H NMR spectra of compounds
9—12 exhibit characteristic signals for the aromatic protons of
the 1,3,5-trisubstituted benzene. These signals appear as singlets
at 7.22—7.19 ppm for compound 9 and at 7.21—-7.19 ppm for
compounds 10—12. These signals serve as prominent markers in
the spectra of these compounds.

7563

The "*C NMR spectra of compounds 9—12 exhibit distinct
peaks at the following chemical shifts: 12.4—12.0, 23.4—22.8,
and 18.2—17.4 ppm, which correspond to CH;-18, CH;-19, and
CH;-21, respectively. However, the carbon atoms located in the
3a positions of the formyloxy groups exhibit resonance at
160.1—160.0 ppm. The carbon atoms within the C(12)=0
steroid skeleton generate signals at 170.7 ppm, whereas the
carbon atoms of C(7)=O are detected at 170.8 ppm.
Alternatively, the carbon atoms of the C(24)=0 group produce
signals in the range of 174.8—174.5 ppm. The diagnostic signal
for carbon atoms in the 1,2,3-triazole rings of compounds 9—12
is observed between 143.3—141.4 and 128.0—127.5 ppm,
respectively. The carbon atoms within the CO,—CH,—triazole
ring unit resonate within the range of $3.8—53.4 ppm (CH,). In
the *C NMR spectrum of compound 9, the signal arising from
the CH, group in the N3;—CH,—Ph moiety is observed at 53.7
ppm. The spectra of compounds 10—12 display signals
associated with the CH, atoms in the triazole ring-CH,—Ph
structure.

The FT-IR spectra of compounds 5 and 6 exhibit notable
features. These include bands at 3251, 3292, and 3286 cm™,
which are attributed to the stretching vibrations of the v(=C—
H) group. The stretching vibrations of C—H bonds, forming a
conjugate structure, merge into a broad band ranging from 2952
to 2869 cm™". Another significant observation is the presence of
important analytical bands at 1737—1734 cm™’, indicating the
symmetric carbonyl group’s v(C=0) stretching vibration in the
FT-IR spectrum. Additionally, strong characteristic bands in the
region 1247—1246 cm™! can be observed, which are assigned to
the v(C—0) vibration.

The FT-IR spectra of all synthesized compounds 9—12
exhibit a prominent feature characterized by bands at 2951—
2866 cm™!, which are assigned to the stretching vibrations of the
v(C—H) groups. Additionally, two strong characteristic bands
appear in the regions of 1736—1733 and 1246—1228 cm™’,
which are attributed to the stretching vibrations of v(C=0)
and v(C—O0), respectively. Moreover, in the case of compound 9

https://doi.org/10.1021/acs.joc.4c00195
J. Org. Chem. 2024, 89, 7561-7572
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Figure 1. '"H NMR spectra in the region (8.10—4.35 ppm) of the most characteristic signals of compounds (9—12).

a very strong band at 2099 cm™!

is observed, indicating the
presence of (N = N* = N7) groups (Figure 2).

The ESI-MS spectra were acquired using methanol as the
solvent. In all instances, the molecular ion [M]" is detected,
indicating the presence of a positively charged ion with a proton,

alkali metals, or halides in positive-ion mode (ES*) as well as

7564

negative-ion mode (EST). Figure 3 displays the ESI-MS
spectrum of conjugates 11 and 12. In this spectrum, ion peaks
are observed at m/z 1820 (20%) [CyoH 4 NoO,s+2K+H]*, m/z
1768 (95%) [CgoH,41NyOg+Na]* (for compound 11), m/z
1942.2 (20%) [C,osH147NgO,4+Na]*, and m/z 982.6 (100%)
[Cy0sH 147Ns0,,+2Na]** (for compound 12). Furthermore, for

https://doi.org/10.1021/acs.joc.4c00195
J. Org. Chem. 2024, 89, 7561-7572
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Figure 2. FT-IR spectra of 9 (blue) and 10 (red) in the region (3700—
400 cm™).

these compounds, the ESI-MS spectrum in negative-ion mode
exhibits the molecular ion at m/z 1801 (55%)
[CooH14;NgO g+Hac—H]~ (for 11), m/z 2016.2 (100%)
[CiosH,4sNoO,,+HSO,]™, m/z 1954.2 (25%)
[CiosH147NyO,,+Cl]7, and m/z 2030.2 (55%)
[C1osH14NyO,4+TFA—H] ™ (for 12) (Figure 3).

2.3. PM5 Calculations. The PMS semiempirical calcu-
lations were performed using the WinMopac 2003 program. The
final heat of formation (HOF) of compounds $ and 6 as well as
quasi-podands 9—13 are presented in Table 1.

The molecular models of compounds 4—6 as well as 9—12 are
shown in Figure 4. For the substrates 4—6, the lowest values of
HOF are observed for cholic acid derivatives 6, where an
increasing number of acetoxy groups facilitate the formation of
intramolecular hydrogen bonds. It is noteworthy that mono-
substituted derivatives of bile acids-linked 1,2,3-triazole ring
(with two Nj; groups) are not formed because the heat of
formation is very high. Also, disubstituted derivatives are
occasionally observed. Only lithocholic acid derivatives could
be obtained, and their stability was still low (higher HOF than
substrate §).

In all quasi-podands, we observed z—x stacking sandwich-
type interactions between two triazole rings were observed. The
calculated interplanar separation is about 5.8 A. These distances
are greater by about 1.7 A in comparison to the classical 7—x
stacking interactions because the triazole ring is attached to
directly a rigid aromatic ring which imposes an increasing
distance. Furthermore, this spatial arrangement of bile acids and
1,2,3-triazole rings can facilitate the formation of stable host—
guest complexes.

2.4. In Silico Biological Activity Studies. The pharmaco-
logical activity of the synthesized compounds §, 6, and 9—12 has
been assessed using computer-aided drug discovery methods,
specifically employing the Prediction of Activity Spectra for
Substances (PASSs) program. This program utilizes a
comprehensive analysis of structure—activity relationships
within a diverse training set containing approximately 60,000
biologically active compounds from various chemical series,
encompassing around 4500 types of biological activity. By
simply providing the structural formula of a chemical
compound, the PASS prediction can be obtained, making it a
valuable tool for initial investigations. Numerous instances exist
where the implementation of the PASS approach has resulted in
the identification of novel pharmacological agents."*~*’

Furthermore, the analysis of the biological activity spectra for
the newly two synthesized esters presented in this study serves as
a notable illustration of in silico investigations on chemical
compounds. The PASS program was employed to predict the
biological activity spectra for two substrates S and 6 and one
specific compound, namely, compound 9. Focusing on the
potential compound with the highest probability (referred to as
focal activities) (see Table 2), we identified several frequently
predicted types of biological activity, including acylcarnitine
hydrolase inhibitor, alkenylglycerophosphocholine hydrolase
inhibitor, alkylacetylglycerophosphatase inhibitor, dextranase
inhibitor, and CYP2C and CYP2B6 substrates for § and 6. On
the other hand, for the quasi-podands, an activity of more than
60% but less than 70% was observed. The following can be
mentioned here: glyceryl-ether monooxygenase inhibitor,
antifertility (female), antienzematic, cholesterol antagonist, as
well as cytoprotectant. However, due to their molecular weight
exceeding 1200 g/mol, the potential biological properties of
compounds 10—12 could not be determined in this analysis.

2.5. Molecular Docking Studies. The macromolecular
structure investigated in this study was identified by the PDB ID
1HWS. Below are the potential interactions observed between
the analyzed structures and the protein domain. The graphical
depictions illustrate the optimal ligand pose, determined by the
binding site of the original ligands found within the raw PDB file
1HWS. These representations showcase the poses with the
lowest binding energy observed inside the binding site. Figures
5—8 depict the interactions between the best poses of structures
9,10, 11, and 12, respectively, and the protein domain of IHWS.

For compound 9 (Figure S), there exist three potential
hydrogen bonds that could form between the ligand and the
protein domain. The shortest among these potential interactions
is identified between the ligand’s keto ester oxygen and the
hydrogen of residue SER 565 D, spanning a length of 2.07 A.
The second possible hydrogen bond measures 2.20 A and
involves the azide group’s interaction with the hydrogen of
residue ASP 690 C. The last interaction, furthest in distance,
may occur between the ligand’s nitrogen within the 1,2,3-
triazole group and the SER 661 C residue of the protein.

For compound 10 (Figure 6), the potential number of
hydrogen bonds is two. The shorter interaction, measuring 2.10
A, occurs between the ligand’s keto carboxyl oxygen and the
hydrogen of residue ASN 810 D within the macromolecule.

According to the molecular docking studies, compound 11
(Figure 7) has the potential to form a total of four hydrogen
bonds. These interactions are ranked in descending order of

length:

e Another interaction involves the ligand’s ester oxygen
forming a bond (2.42 A) with the hydrogen of ASN 755
C, which competes with the hydrogen bond formation
between the same ligand’s keto ester oxygen and the
hydrogen of LYS 691 D residue (2.08 A). The latter
interaction is more favorable due to its shorter length.

e Additionally, another hydrogen bond is possible between
another ligand’s keto ester oxygen and the hydrogen of
ARG 627 D, measuring 2.41 A.

e The shortest hydrogen bond for compound 11 spans a
length of 1.78 A and can be established between yet
another ligand’s keto ester oxygen and the hydrogen of
residue GLY 656 D.

The final compound investigated, ligand 12 (Figure 8), has
the potential to form a total of five hydrogen bonds. However,
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four of these interactions compete with each other, resulting in
the effective formation of three hydrogen bonds. The longest
possible hydrogen bond exists between the ligand’s ester oxygen
atom and the hydrogen of residue ASN 658 D.

Another competitive interaction involves the hydrogen of
residue GLN 815 D forming a bond (2.40 A) with the ketone
oxygen of one of the ester groups. Additionally, an interaction
occurs between the ether’s oxygen within the ligand’s ester
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group and the same hydrogen of the protein domain, measuring
225 A. These interactions possess similar probabilities of

formation due to their closely matching lengths.
The remaining two hydrogen bonds can be established

between the ligand’s ester keto oxygen and the hydrogen of
residue ARG 590 D (2.20 A in length), as well as between the

same oxygen atom of the ligand and a different residue, namely,
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Table 1. Heat of Formation (HOF) [kcal/mol] of
Compounds$, 6, and 9—-13

compound heat of formation[kcal/mol]
4 —212.7209
S —298.6465
6 —383.8356
9 —286.8410
10 —550.9153
11 —809.8199
12 —1063.6189

SER 661 D. These interactions similarly exhibit very close
probabilities of formation.

The docked molecules exhibit a higher affinity toward the
1HWS8 protein domain compared to the cocrystallized ligand,
which demonstrated a binding energy of —7.5 kcal/mol, with an
average binding energy of —6.2 kcal/mol. Similarly, they display
a higher affinity compared to mevastatin, showing a binding
energy of —6.9 kcal/mol, with an average binding energy of —6.8
kcal/mol. This suggests that these molecules have the potential
to serve as effective inhibitors. However, it is essential to note
that the sizes of ligands 9 through 12 are notably larger than
those of the known activity inhibitors used for comparison,

potentially influencing the sensitivity of this comparison. Figures
5—8 display binding energies, denoted in kcal/mol units
(specified in the figures’ descriptions).

3. CONCLUSIONS

In summary, an efficient synthesis of two new propiolic
derivatives and four innovative bile acid bioconjugates with
1,2,3-triazole rings (compounds 9—12) was designed using the
“click” chemistry method. The reaction of propiolic or acyl
propionic bile acid derivatives with 1,3,5-tris(azidomethyl)-
benzene in a mixture of fert-butanol/methanol with the addition
of sodium ascorbate and CuSO,*5 H,O at 60—65 °C yielded
macrocyclic compounds containing rings 1,2,3-triazoles. The
newly synthesized compounds were thoroughly characterized
using spectroscopic techniques and molecular structure analysis.
Additionally, the performed molecular docking indicates the
potential inhibitory properties of the obtained structures. The
Nobel Prize in Chemistry awarded for the study of “click”
chemistry serves as conclusive evidence of the significance of this
approach in organic synthesis. The growing interest in utilizing
“click” chemistry for the synthesis of novel bioconjugates
involving bile acids and sterols has a profound impact on the
advancement of supramolecular chemistry, pharmacology, and

(10)

(1)

Figure 4. Molecular models of representative compounds $ and 6 as well as 9—12 calculated by the PMS method.
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Table 2. PA (Probability “to be Active”) Values for the
Predicted Biological Activity of Substrates$ and 6 and
Compounds9

focal predicted activity (PA > 80%) for S and 6 compound
focal predicted activity (PA > 60%) for 9 S 6 9
glyceryl-ether monooxygenase inhibitor 66
antiinfertility (female) 62
antienzematic 67
cholesterol antagonist 60
cytoprotectant 60
acylcarnitine hydrolase inhibitor 96 96
alkenylglycerophosphocholine hydrolase inhibitor 93 90
alkylacetylglycerophosphatase inhibitor 93 90
dextranase inhibitor 89 83
CYP2C substrate 87 83
CYP2B6 substrate 85 83
respiratory analeptic 85
analeptic 84
protein-disulfide reductase (glutathione) inhibitor 84
glyceryl-ether monooxygenase inhibitor 82 85
peptidoglycan glycosyltransferase inhibitor 81
CYP3A4 substrate 82 83
CYP2C substrate 83
flavin-containing monooxygenase inhibitor 82
dextranase inhibitor 83
hypolipemic 81
adenomatous polyposis treatment 80
CYP3A substrate 81

medicine. The design and preparation of compounds incorpo-
rating the 1,2,3-triazole ring offer immense biological potential
and a diverse range of physicochemical properties, enabling their
application as artificial receptors, organogels, and novel
complexing and drug delivery agents.

4. EXPERIMENTAL SECTION

4.1. Synthesis. 4.1.1. General Procedure for the Synthesis of
Compounds 4—6. The methyl esters of bile acids were prepared
according to a previously described procedure. In the case of
compounds 4, §, or 6, the bile acids (1 equiv) were dissolved in 15
mL of dichloromethane. Subsequently, p-TsOH and propiolic acid (3
equiv) were added to the solution, and the reaction was allowed to
proceed for 24 h at room temperature. After completion of the reaction,
the mixture was subjected to a series of purification steps. It was first
washed with cool water, followed by extraction with chloroform (20
mL). The chloroform layer was then washed with water and brine, and
dried using Na,SO,. Finally, the solvent was removed under reduced
pressure, yielding the following product yields: (45%) for 4, (57%) for
5, and (30%) for 6.

4.1.2. General Procedure for the Synthesis of Compounds 9—10.
1,3,5-Tris(azidomethyl)benzene (30 mg, 0.123 mmol) was dissolved in
a mixture of tert-butanol and methanol (12 mL, S:1). Propiolic
lithocholic ester (163 mg, 0.369 mmol) was then added, and the
resulting mixture was heated at 60—65 °C (in a water bath) for 30 min.
Next, to the homogeneous solution, CuSO,*SH,0 (3 mg, 3 mol %)
and sodium ascorbate (9 mg, 20 mol %) in water (0.3 mL) were added.
The mixture was further heated to 60—65 °C (in a water bath) for 4 h.
The resulting mixture was extracted with chloroform (10 mL), washed
with brine (15 mL), and dried using anhydrous Na,SO,. After
evaporating the solvent and purifying the residue over silica gel
(CHCIL;/EtOAc, 25:1), 20.3 mg (11%) of product 9 and 169.7 mg
(88%) of product 10 were obtained.

Methyl 3a-Propynoyloxy-12a-acetoxy-5f-cholan-24-oate (5). Oil
(130 mg, 57%). "H NMR (400 MHz, CDCL): 5 ppm 5.08 (s, 1H, 12-
H), 4.88—4.80 (m, 1H, 3$-H), 3.66 (s, 3H, —OCH,), 2.89 (s, 1H, —
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C=CH), 2.11 (s, 3H, 12a-0Ac), 0.91 (s, 3H, CH,-19), 0.80 (d, J = 6.3
Hz, 3H, CH;-21), 0.72 (s, 3H, CH,-18). *C {'"H} NMR (101 MHz,
CDCl,) 6 174.6 (C-24), 170.5 (CO-12a), 152.1 (C-26), 75.8 (C-12),
75.8 (=CH), 75.0 (C-3), 74.2 (—=C=), 51.5 (C-25), 49.3, 47.5, 45.0,
41.8,35.6, 34.6, 34.6, 34.4, 34.0, 31.9, 30.9, 30.8, 27.2, 26.8, 26.3, 25.8,
25.6,23.4,23.0 (C-19),21.4 (OAc-12a), 17.5 (C-21), 12.4 (C-18). FT-
IR (KBr, cm ™) v, 3445, 3251, 2938, 2869, 2112, 1734, 1701, 1377,
1246, 1194. ESI-MS m/z: 523 [M + Na]*, 539 [M + K]*.

Methyl 3a-Propynoyloxy-7a,12a-diacetoxy-5p-cholan-24-oate
(6). Oil (153 mg, 30%), '"H NMR (400 MHz, CDCly): § ppm 5.09
(s, 1H, 123-H), 4.92—491 (d, ] = 3.1 Hz, 1H, 78-H), 4.76—4.68 (m,
1H, 34-H), 3.66 (s, 3H, —OCH,;), 2.91 (s, 1H, -C=CH), 2.15 (s, 1H,
7a-OAc), 2.09 (s, 1H, 12a-OAc), 0.92 (s, 3H, CH,-19),0.81 (d, ] = 6.4
Hz, 3H, CH;-21), 0.73 (s, 3H, CH;-18). *C {"H} NMR (101 MHg,
CDCl;) 6 174.5 (C-24), 170.5 (CO-12a), 170.4 (CO-7a), 152.0 (C-
26), 75.3 (C-12), 75.3 (=CH), 75.0 (C-3), 74.4 (—C=), 70.5 (C-7),
51.2 (C-25), 47.3, 45.0, 43.4, 40.9, 37.7, 34.6, 34.5, 34.3, 34.2, 31.2,
30.8, 30.7, 29.7, 28.9, 27.1, 26.5, 25.6, 22.8, 22.4 (C-19), 21.6 (OAc-
7a), 21.5 (OAc-12a), 17.5 (C-21), 12.2 (C-18). FT-IR (KBr, cm™")
Upat 3247, 2952, 2873, 2116, 1737, 1439, 1378, 1247. ESI-MS m/z:
581 [M + Na]*, 597 [M + K]*, 594 [M + CI]".

1-Azidomethylene-3,5-di[2-(methyl 5p-cholan-24-oate)-2-ox-
oethyl-1H-1,2,3-triazole- 4-(3-carboxylate)]benzene (9). Oil (34
mg, 11%). "H NMR (400 MHz, CDCL;): & ppm 8.06 (s, 2H, triazole
ring), 7.22 and 7.19 (s, 3H, Ar—H), 5.59 (s, 4H, Ph—CH,—triazole
ring), 5.07—4.99 (m, 2H, 34-H), 4.37 (s, 2H, CH,—N,), 3.67 (s, 6H, —
OCH,;) 0.95 (s, 6H, CH;-19),0.92 (d, J = 6.5 Hz, 6H, CH;-21), 0.64 (s,
6H, CH;-18). '*C {"H} NMR (101 MHz, CDCl;) § 174.8 (C-24),
160.0 (C-26), 141.3 (C-27), 138.3 (Ar—CCH,—triazole ring), 136.0
(Ar—CCH,N;), 127.9 (C-28), 127.5 (C—Ar), 127.2 (C—Ar), 75.7 (C-
3), 56.4,56.0, 53.8 (C-29), 53.7 (C-29°), 51.5 (C-25), 42.7, 41.9, 40.4,
40.1, 35.8, 35.3, 35.0, 34.6, 32.1, 31.0, 28.2, 27.0, 26.5, 26.4, 26.3, 24.2,
23.2 (C-19), 20.8, 18.2 (C-21), 12.0 (C-18). FT-IR (KBr, cm™") v/
2933, 2866, 2099, 1733, 1228, 1203, 1043. ESI-MS (m/z): 1225
[CesHy3NyOg+HSO,]™, 393 [CesHg3sNyOg+H+2Nal3*, 413
[CsHosNoOg+3K]**, 565 [CysHogNoOg+2H]>.

1,3,5-Tris[2-(methyl 5(-cholan-24-oate)-2-oxoethyl-1H-1,2,3-tri-
azole-4-(3-carboxylate)] benzene (10). Crystal (170 mg, 88%), mp
130—133 °C. '"H NMR (400 MHz, CDCL,): & ppm 8.06 (s, 3H, triazole
ring), 7.20 (s, 3H, Ar—H), 5.55 (s, 6H, Ph—CH,—triazole ring), 5.07—
4.99 (m, 3H, 34-H), 3.67 (s, 9H, OCH,), 0.95 (s, 9H, CH;-19),0.92 (d,
J = 6.5 Hz, 9H, CH;-21), 0.65 (s, 9H, CH,-18). '*C {"H} NMR (101
MHz, CDCly) 6§ 174.7 (C-24), 160.0 (C-26), 141.4 (C-27), 136.6 (Ar—
C), 127.8 (CH-Ar), 127.5 (C-28), 75.8 (C-3), 56.4, 56.0, 53.4 (C-29),
51.5 (C-25), 42.7, 41.9, 40.3, 40.1, 35.8, 35.3, 35.0, 34.6, 32.1, 31.0,
31.0,28.1, 27.0, 26.5, 26.3, 24.2, 23.2 (C-19), 21.0, 18.2 (C-21), 14.2,
12.0 (C-18). FT-IR (KBr, cm™) v, 2939, 2866, 1736, 1228, 1040.
ESI-MS (m/z): 533 [Cy3H;35NyO;,+2H+Na]3*, 810
[CosH 35N, +2Na]*".

1,3,5-Tris[2-(methyl 12a-acetoxy-5p-cholan-24-oate)-2-oxoeth-
ylI-1H-1,2,3-triazole-4-(3-carboxylate)benzene (11). Crystal (138
mg, 77%,), mp 136—139 °C. '"H NMR (400 MHz, CDCL;): § ppm
8.08 (s, 3H, triazole ring), 7.19 (s, 3H, Ar—H), 5.55 (s, 6H, Ph—CH,—
triazole ring), 5.07 (d, 3H, 12-H), 5.05—4.96 (m, 3H, 34-H), 3.67 (s,
9H, OCH,), 2.12 (s, 9H, 12a-OAc), 0.94 (s, 9H, CH,-19), 0.80 (d, ] =
6.3 Hz,9H, CH;-21),0.73 (s, 9H, CH;-18). *C {"H} NMR (101 MHz,
CDCl;) § 174.6 (C-24), 170.7 (C-31), 160.0 (C-26), 141.4 (C-27),
136.5 (Ar—C), 127.8 (Ar—CH), 127.7 (C-28), 75.8 (C-3 and C-12),
53.4 (C-29), 51.5 (C-25), 49.3, 47.5, 45.0, 42.0, 36.5, 34.2, 32.2, 30.9,
30.8,27.3,27.0,26.6,25.7,23.4 (C-19), 23.1,21.5 (OAc-12a), 17.5 (C-
21), 12.4 (C-18). FT-IR (KBr, cm™) v, 2950, 2869, 1736, 1672,
1245, 1195, 1041, 1020. ESI-MS (m/z): 1801 [CgoH,4;NgO;g+Hac—
H]", 1768 [CgoH, 4 NoO g+ Na]*. 1820 [CyoH, 4 NoO,g+2K+H]".

1,3,5-Tris[2-(methyl 7a,12a-diacetoxy-5p-cholan-24-oate)-2-ox-
oethyl]-1H-1,2,3-triazole-4-(3-carboxylate)benzene (12). Crystal
(176 mg, 57% vyield), mp 136—139 °C. 'H NMR (400 MHz,
CDCl,): 6 ppm 8.10 (s, 3H, triazole ring), 7.21 (s, 3H, Ar—H), 5.55
(s, 6H, Ph—CH,—triazole ring), 5.09 (d, 3H, 12-H), 4.94—4.81 (m,
6H, 34-H i 74-H), 3.67 (s, 9H, OCHj,), 2.20 (s, 9H, 7a-OAc) 2.08 (s,
9H, 12a-OAc), 0.95 (s, 9H, CH;-19), 0.81 (d, ] = 6.2 Hz, 9H, CH;-21),
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Figure 5. Ligand 9 possible hydrogen bonds between 1IHWS protein domain binding site. The binding energy equals —8.7 kcal/mol, with the average
binding energy of —8.4 kcal/mol.

Figure 6. Ligand 10 possible hydrogen bonds between IHWS protein domain binding site. The binding energy equals —9.8 kcal/mol, with the average
binding energy of —9.8 kcal/mol.
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Figure 7. Ligand 11 possible hydrogen bonds between IHWS protein domain binding site. The binding energy equals —8.9 kcal/mol, with the average

binding energy of —9.0 kcal/mol.

Figure 8. Ligand 12 possible hydrogen bonds between IHWS protein domain binding site. The binding energy equals —9.2 kcal/mol, with the average

binding energy of —9.1 kcal/mol.

0.73 (s, 9H, CH,-18). 3C {'"H} NMR (101 MHz, CDCl;) § 174.5 (C-
24), 170.8 (C-33), 170.6 (C-31), 160.1 (C-26), 141.4 (C-27), 136.5
(C—Ar), 128.0 (C-28 i CH-Ar), 75.7 (C-12), 75.3 (C-3), 70.5 (C-7),
53.4 (C-29), 51.5 (C-25), 47.3, 45.1, 43.4, 41.0, 37.7, 34.6, 31.3, 31.8,
30.7, 29.0, 27.1, 26.7, 25.7, 22.8 (C-19), 22.5 (OAc-7a), 21.7 (OAc-
12a), 17.4 (C-21), 12.2 (C-18). FT-IR (KBr, cm™) v,,: 2951, 2872,
1735, 1378, 1246, 1022. ESI-MS (m/z): 2016.2
[CrosH147 N3O+ HSO,]7, 1954.2 [C1osH 4 NgO,4+Cl]7, 1942.2
[CiosH147NyO,,+Nal]*, 982.6 [M+2Na]?*, 2030.2
[CiosH147NoO,+ TFA-H] ™.
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4.2. Molecular Docking Studies. The molecular docking process
utilized the OpenBabel software™*’ to generate three-dimensional
(3D) structures from SMILES representations of compounds. These
structures were initially saved in *pdb format and subsequently
converted to the required *.pdbqt format for compatibility with the
AutoDock Vina algorithm.*® The receptor, represented by 1THWS8
(PDB ID, HMG-CoA reductase), was prepared using AutoDock Tools
1.5.7.°%%* The molecular docking methodology employed the
AutoDock Vina algorithm utilizing the multiple CPU technique.*’
Visualizations of the best poses of the docked ligands and potential

https://doi.org/10.1021/acs.joc.4c00195
J. Org. Chem. 2024, 89, 7561-7572


https://pubs.acs.org/doi/10.1021/acs.joc.4c00195?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.4c00195?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.4c00195?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.4c00195?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.4c00195?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.4c00195?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.4c00195?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.4c00195?fig=fig8&ref=pdf
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.4c00195?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Organic Chemistry

pubs.acs.org/joc

hydrogen bond formations were performed using the Chimera tool
(version 1.16).>*

In this study, the receptor IHW8 (PDB ID, HMG-CoA reductase)
was selected for docking structures 9, 10, 11, and 12 (refer to Figure 8),
acquired from the Protein Data Bank (PDB).>*™>® This enzyme is
pivotal in cholesterol production within the liver. Inhibiting the HMG-
CoA reductase activity can potentially reduce cholesterol production,
subsequently lowering its concentration in the bloodstream.*®

The docked structures were targeted to the active site of the protein
domain, analogous to the cocrystallized ligands. The search parameters
utilized for IHW8 were set as follows: center (x, y, z): 22.145, 21.402,
29.764, and size (x, y, z) (80 X 80 X 80) A"3.
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ABSTRACT

New six steroid conjugates have been prepared from bile acids (tail part)and sterol (head part) deriva-
tives using click chemistry method. The azide-alkyne Huisgen cycloaddition (intermolecular 1,3-dipolar
cycloaddition) of the azide derivatives of lithocholic, deoxycholic, cholic acid and propiolate ester of
cholesterol and cholestanol gave a new bile acid-sterol conjugates linked with a 1,2,3-triazole ring. Pre-
viously, bile acids were converted into bromoacetyl substituted derivatives by the reaction of propargyl
esters of lithocholic, deoxycholic, cholic with bromoacetic acid bromide in toluene with TEBA and sodium
hydride. Additionally, five of the reagents: bromoacetyl and azidoacetyl substituted derivatives of propar-
gyl esters of deoxycholic and cholic acids as well as 5a¢-cholestan-3-yl-propynoatewere also obtained and
characterized for the first time. All conjugates were obtained in good yields using an efficient synthe-
sis method. The structures of all conjugates as well as four substrates were confirmed by spectral ('H-
and 3C NMR, and FT-IR) analysis, mass spectrometry (ESI-MS), as well as PM5 semiempirical methods.
Also B3LYP calculations have been carried out. The screening constants for *C and 'H atoms have been
calculated by the GIAO/B3LYP/6-311G(d,p) approach and analyzed. Theoretical vibrational parameters are
compared with obtained experimental parameters. Estimation of the pharmacotherapeutic potential has
been accomplished for the synthesized compounds on the basis of Prediction of Activity Spectra for Sub-

stances (PASS). Additionally molecular docking was performed for the selected conjugate.

© 2022 The Author(s). Published by Elsevier B.V.
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1. Introduction

The properties of compounds of natural origin represent impor-
tant benefits for organic chemistry. Steroids deserve special men-
tion. They are chemical compounds that perform several functions
ensuring the proper functioning of living organisms, such as partic-
ipation in metabolic changes, components of plant and animal cell
membranes, and a precursor to the production of many vitamins
[1-7]. Transformation of the cholesterol structure under the influ-
ence of UV radiation leads to obtaining 1«,25-dihydroxycalciferol
(vitamin D3) [8-10]. In addition, special attention is drawn to bile
acids, plant sterols (ergosterol), sex hormones (estrogens, testos-
terone, progesterone), plant hormones (brassinosteroids) [11-13].
Organic syntheses, in which different functional groups attached
to the core of all steroid compounds of the cyclopentanoperhy-
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drophenanthrene skeleton are modified, lead to the production of
derivatives with significantly higher biological activity [14-20].

Bile acids were isolated in 1828 by L. Gmelin from whale bile.
The starting compound for their receipt in the liver is cholesterol.
After biosynthesis, they form derivatives with the amino acids tau-
rine and glycine and are stored in the form of salts in the gallblad-
der [21-24]. Bile acids are distinguished by a large curved skeleton,
A/B rings adopting cis geometry, enantiomeric purity, chirality, and
the presence of hydroxyl groups in a different position at carbon
atoms (3«; 3a, 7«; 30, 70,12c) [25-27]. Polarity, amphiphilic prop-
erties and high reactivity of hydroxide groups, varying respectively
in the order of 3a>7a>12, make these compounds have enor-
mous potential as a precursor to the synthesis of organic macro-
cyclic steroid conjugates with high pharmacotherapeutic activity
[28-34].

The possibility of modifying the 3a¢-OH group contributed to
the increase in interest in bile acid and sterol derivatives, espe-
cially in the synthesis of dimers, molecular pliers, artificial recep-
tors, cholophans or quasi-podands [35-42].
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“Click chemistry” is an innovative and modern method of syn-
thesizing new steroid conjugates gaining importance in the phar-
maceutical industry and medicine. The copper-alkyne azido-alkyne
addition (CuAAC) described by K.B. Sharpless involves the forma-
tion of a new carbon-heteroatom bond in the ring [43-47]. Ob-
taining new conjugates by the “click” method is primarily a highly
efficient, selective and effective synthesis. In addition, the result-
ing products are easy to isolate, stable in many solvents, includ-
ing water, and resistant to metabolic degradation [44,48]. The 1.3-
dipolar cycloaddition is crucial. The Huisgen reaction occurs in
the presence of Cu(l) between terminal alkyne and azide. It is an
extremely valuable method of synthesis of compounds contain-
ing 1,2,3-triazole rings [48-52]. The use of an appropriate cata-
lyst and increased temperature determine the regioselectivity of
the reaction, leading to the formation of 1,4- or 1,5-disubstituted
1,2,3-triazoles [53-57]. Conjugates containing 1,2,3-triazole rings in
the structure have several important properties, especially they are
distinguished by high resistance to oxidation reactions, reduction
and hydrolysis of biological systems, invulnerability to metabolic
degradation, anti-cancer activity and the possibility of forming hy-
drogen bonds [31,34,43,58-60].

2. Experimental
2.1. Instrumentation and chemicals

All of the synthesis reagents lithocholic, deoxycholic and cholic
acids, cholesterol, cholestanol, acetic anhydride, pyridine, propi-
olic acid, sodium azide, sodium ascorbate were purchased from
Sigma-Aldrich Corporation. Solvents chloroform, dichloromethane,
toluene, hexane, t-butanol, methanol were obtained from common
commercial sources (Merck, Fisher) and used with-out purification.
General. IR Spectra: FT/IR-4600 type A in solid state or oil; v in
cm~!. TH and 3C NMR spectra: Varian Mercury 300 MHz spec-
trometer (Oxford, UK), operating at 300.07 and 75.4614 for 'H and
13C, resp.; 8 in ppm rel. to Me,4Si as internal standard, J in Hz. Typ-
ical conditions for the H-atom spectra: pulse width 32°, acquisition
time 5 s, FT size 32 K and digital resolution 0.3 Hz per point; and
for the C-atom spectra: pulse width 60°, FT size 60 K and digi-
tal resolution 0.6 Hz per point, the number of scans varied from
1200 to 10.000 per spectrum. ESI-MS: Waters/Micromass (Manch-
ester, UK) ZQ mass spectrometer equipped with a Harvard Appa-
ratus (Saint Laurent, Canada), syringe pump; in m/z. The sample
solns. were prepared in MeOH at the concentration of ca. 107 M.
The standard ESI-MS mass spectra were recorded at the cone volt-
age 90 V.

2.2. Synthesis

Procedure for methyl esters of bile acids as well as their ace-
toxy derivatives (4-6) was described earlier. Procedure for 3-
bromoacetoxy derivatives of bile acids (7-9): methyl 58-cholan-
24-oate (4), metyl 12a-acetoxy-58-cholan-24-oate (5) or metyl
7a,12-diacetoxy-5-cholan-24-oate (6) was dissolved in 5 mL of
anhydrous dichloromethane, and then subsequently, bromoacetic
acid bromide was added drop wise and the reaction mixture was
kept at room temperature for 24 h. Then the mixture was washed
with NaHCO5 (5%, 20 mL), brine (200 mL) and finally dried over
Na,CO3. The solvent was evaporated under reduced pressure to
give the crude product. Products were purified by chromatogra-
phy on silica gel (Merck, type 60, 70-230 mesh) with chloro-
form/hexane as eluent and to give the products 50% of (7), 92%
(8) and 70% of (9). Procedure for 3-azidoacetoxy derivatives of
bile acids (10-12): 3-bromoacetoxy derivatives of bile acids (7-
9) were dissolved in 15 mL of THF. Then, NaN; was added, the
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mixture was heated at 50 °C for 4 h. DMF was evaporated, ex-
tracted with toluene, washed with brine, and dried (Na;SO4) and
to give the products 95% of (10), 88.6% (11) and 78% of (12). The
sterols (cholesterol 13 or cholestanol 14) was dissolved in 15 mL of
dichloromethane, then p-TsOH and propiolic acid was added and
the reaction was carried out for 24 h at room temperature. Next
the mixture washed with cool water, extracted ethyl acetate and
washed with water, brine, and dried (Na,SO4). The solvent was
evaporated under reduced pressure to give the products: (53%) of
(15) and (72%) of (16). Procedure for dimmers of bile acids and
sterols derivatives (17-22): compounds (10-12) was dissolved in a
mixture of t-BuOH/ MeOH (6 mL, 5:1). Then, 5-cholesten-38-ol 3-
propiolate (15) or 5-cholestan-38-ol 3-propiolate (16) was added.
Next, to the homogenous mixture were added CuSO4-5H,0 (3 mg,
3 mol%) and sodium ascorbate (9 mg, 20 mol%) in water (0.3 mL).
The reaction mixture was heated at 60 °C for 8 h and then ex-
tracted with chloroform, washed with brine and dried over anhy-
drous Na,SOy4. The crude compound was purified by column chro-
matography on silica gel using chloroform/ethyl acetate (5:1) as an
eluent.

2.3. Chemical characterization

2.3.1. Methyl 3a-bromoacetoxy-12a-acetoxy-5p-cholan-24-oate (8)
White solid (92.7%), melting point: 119-120 °C. 'H NMR
(400 MHz, CDCl3) §: 5.09 (d, J = 3.0 Hz, 1H, 128-H), 4.81-4.72
(m, 1H, 38-H), 3.81 (s, 2H, CH,-27), 3.66 (s, 3H, CH3-25), 2.10 (s,
3H, 12-0Ac), 0.91 (s, 3H, CH3-19), 0.81 (d, ] = 6.3 Hz, 3H, CH3-21),
0.73 (s, 3H, CH3-18). 3C NMR (101 MHz, CDCl3) §: 174.57 (C-24),
170.45 (12-C0O), 166.71 (C-26), 76.32 (C-12), 75.84 (C-3), 51.49
(C-25), 49.39, 47.54, 44.97, 41.75, 35.60, 34.67, 34.55, 34.35, 33.97,
31.84, 30.94, 30.90, 30.79, 27.30 (C-27), 26.78, 26.34, 26.32, 26.29,
25.79, 25.58, 23.38, 22.97 (C-19), 21.34 (12«-COCH3), 17.47 (C-21),
12.37 (C-18). FT-IR (KBr) vmax, cm~': 2936, 2865, 1733, 1281, 1250.
ESI-MS (MeOH) my/z (%): 591 (100) [M+Na]*, 607 (15) [M + K]*.

2.3.2. Methyl 3a-bromoacetoxy-7c,12a-diacetoxy-5 B-cholan-24-oate
9)

0il (70%). TH NMR (400 MHz, CDCl3) §: 5.09 (t, J = 2.8 Hz, 1H,
128-H), 491 (d, ] = 3.1 Hz, 1H, 78-H), 4.69-4.61 (m, 1H. 38-
H), 3.81 (d, J = 0.6 Hz, 2H, CH,-27), 3.66 (s, 3H, CH3-25), 2.15
(s, 3H, 7-0Ac), 2.09 (s, 3H, 12-0Ac), 0.92 (s, 3H, CH3-19), 0.81 (d,
J = 6.4 Hz, 3H, CH3-21), 0.73 (s, 3H, CH3-18). 13C NMR (101 MHz,
CDCl3) §: 174.50 (C-24), 170.50 (12-C0O), 170.31 (7a—CO), 166.74
(C-26), 76.06 (C-12), 75.32 (C-3), 70.61 (C-7), 51.51 (C-25), 47.33,
45.02, 43.35, 40.80, 37.69, 34.57, 34.43, 34.27, 34.22, 31.13, 30.85,
30.73, 28.86 (C-27), 27.15, 26.51, 26.28, 25.52, 22.76, 22.48 (C-19),
21.58 (12a-COCH3), 21.40 (7a-COCH3), 17.46 (C-21), 12.19 (C-18).
FT-IR (KBr) vmax, cm~1: 1734, 1283, 1248. ESI-MS (MeOH) m/z (%):
651 (100) [M+Na]™.

2.3.3. Methyl 3a-azidoacetoxy-12a-acetoxy-5B-cholan-24-oate (11)

White solid (88.6%), melting point: 129-131 °C. 'H NMR
(400 MHz, CDCl3) é: 5.09 (d, J = 3 Hz, 1H, 128-H), 4.88-4.78 (m,
1H, 38-H), 3.84 (s, 2H, CH,-27), 3.66 (s, 3H, CH3-25), 2.09 (s, 3H,
12-0Ac), 0.92 (s, 3H, CH3-19), 0.81 (dJ = 6.3 Hz, 3H, CH3-21), 0.73
(s, 3H, CH3-18). 13C NMR (101 MHz,CDCl3) §: 174.57 (C-24), 170.43
(12-C0O), 167.70 (C-26), 76.13 (C-12), 75.83 (C-3), 5147 (C-25),
50.54 (C-27), 49.40, 47.55, 44.98, 41.76, 35.60, 34.67, 34.58, 34.35,
33.96, 32.08, 30.95, 30.80, 27.30, 26.77, 26.51, 25.81, 25.57, 23.38,
22.95 (C-19), 21.28 (120-COCH3), 17.47 (C-21), 12.37 (C-18). FT-
IR (KBr) vmax, cm~1: 2106, 1733, 1281, 1256, 1235, 1198. ESI-MS
(MeOH) m/z (%): 554 (100) [M+Na]*, 570 (10) [M + K]*.
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2.3.4. Methyl 3a-azidoacetoxy-7a,12c-diacetoxy-5f3-cholan-24-oate
(12)

0il (78%). TH NMR (400 MHz, CDCl5) §: 5.09 (t, J = 2.8 Hz, 1H,
128-H), 492 (d, | = 3.0 Hz, 1H, 78-H), 4.74-4.66 (m, 1H. 38-
H), 3.85 (d, J = 1.8 Hz, 2H, CH,-27), 3.66 (s, 3H, CH3-25), 2.13 (s,
3H, 12-0Ac), 2.08 (s, s, 3H, 7-OAc), 0.93 (s, 3H, CH3-19), 0.82 (d,
J = 6.4 Hz, 3H, CH3-21), 0.73 (s, 3H, CH3-18).13C NMR (101 MHz,
CDCl3) §: 174.48 (C-24), 170.44 (12«-CO), 170.28 (7a~CO), 167.63
(C=26), 75.90 (C-12), 75.30 (C-3), 70.60 (C-7), 51.48 (C-25), 50.56
(C-27), 47.34, 45.02, 43.32, 40.85, 37.72, 34.58, 34.51, 34.45, 34.25,
31.17, 30.86, 30.74, 28.81, 27.14, 26.75, 25.48, 22.78, 22.44 (C-19),
21.50 (12a—COCH3), 21.30 (7r~COCH3), 17.47 (C-21), 12.18 (C-18).
FT-IR (KBr) Vinax, cm~1: 2111, 1732, 1243, 1202. ESI-MS (MeOH) m/z
(%): 612 (100) [M+Na]+.

2.3.5. 5-cholestan-3-ol 3-propiolate (16)

0il (72%). 'H NMR (300 MHz, CDCl3) §: 4.81-4.73 (m, 1H, 3/~
H), 2.85 (s, 1H, CH-30), 0.90 (d, J = 6.5 Hz, 3H, CH5-21"), 0.86 (dd,
J1 = 6.6, J, =14 Hz, 6H, CH3-26" and CH3-27’), 0.82 (s, 3H, CHs-
19/), 0.64 (s, 3H, CH3-18').13C NMR (CDCl3) 8: 152.29 (C-28), 77.20,
76.37 (C-30), 75.12 (C-29), 74.03 (C-3'), 56.35, 56.21, 54.11, 44.61,
42.55, 39.91, 39.48, 36.63, 36.13, 35.78, 35.40, 33.94, 33.63, 31.92,
28.52, 28.22, 28.00, 27.17, 24.17, 23.81, 22.82 (C-19’), 22.55 (C-27"),
21.17 (C-26'), 18.64 (C-21), 12.17, 12.05 (C-18'). FT-IR (KBr) Vmax,
cm~!: 3284, 2117, 1707, 1236. ESI-MS (MeOH) m/z (%): 463 (100)
[M+Nal*+, 479 (40) [M + K]+, 904 (55) [2M+Na]*.

2.3.6. 3B-hydroxy-5-cholestene 1-[2-(methyl
5B-cholan-24-oate)—2-oxoethyl]—1H-1,2,3-triazole-4-(3-carboxylate)
(17)

0il (79.7%). TH NMR (300 MHz, CDCl3): § 8.23 (s, 1H, CH-28),
5.42 (d, ] = 5.0 Hz, 1H, 6’-H), 5.18 (s, 2H,CH,-27), 4.98-4.89 (m,
1H, 3'a-H), 4.88-4.79 (m, 1H, 38-H), 3.67 (s, 3H,CH;-25), 1.05
(s, 3H, CH3-19), 0.93 (s, 3H, CH3-19), 0.92 (d, ] = 6.6 Hz, 3H,
CH3-21"*), 0.90 (d, ] = 1.8 Hz, 3H, CH3-21%*), 0.87 (dd, J; = 6.6,
J» = 1.8 Hz, 6H, CH3-26’ and CH3-27’), 0.69 (s, 3H, CH3-18), 0.65
(s, 3H, CH3-18/).13C NMR (76 MHz, CDCl3) §: 174.73 (C-24), 165.12
(C-26), 160.03 (C-30), 141.02 (C-29), 139.48 (C-5"), 128.83 (C-28),
122.96 (C-6'), 77.48 (C-3), 77.20, 75.18 (C-3'), 51.47 (C-25), 51.21
(C-27), 50.05, 40.44, 40.05, 39.74,39.52, 32.04, 31.93, 31.87, 31.06,
31.01, 24.29, 24.16, 23.82, 23.23, 22.80 (C-19), 22.55 (C-19'), 21.05
(C-27"), 20.84 (C-26'), 19.23, 18.71 (C-21"), 18.28 (C-21), 12.03 (C-
18), 11.85 (C-18'). FT-IR (KBr) Vmax, C~1: 2946, 2867, 1743, 1467,
1364, 1211. ESI-MS (MeOH) m/z (%): 935 (100) [M+Na]*, 951 (10)
[M + K]*.

2.3.7. 3B-hydroxy-5-cholestene 1-[2-(methyl12-acetoxy-58-cholan-
24-o0ate)—2-oxoethyl]—1H-1,2,3-triazole-4-(3-carboxylate)
(18)

0il (55.7%). 'TH NMR (401 MHz, CDCl3) &: 8.24 (s, 1H, CH-
28), 5.42 (d, 1H, 6/=H), 5.19 (s, 2H, CH,-27), 5.08 (d, 1H, 128-H),
4.98-4.87 (m, 1H, 3’a-H), 4.86-4.77 (m, 1H, 38-H), 3.67 (s, 3H,
CH3-25), 2.10 (s, 3H, 12-0Ac), 1.05 (s, 3H, CH3-19’), 0.92 (s, 3H,
CH3-19), 0.92 (d, ] = 6.8 Hz, 3H, CH3-21’*), 0.87 (dd, J; = 6.6,
J» = 1.8 Hz, 6H, CH3;-26’and CH3-27’), 0.81 (d, ] = 6.3 Hz, 3H,
CH3-21%), 0.73 (s, 3H, CH3-18), 0.69 (s, 3H, CH3-18"). 3C NMR
(101 MHz, CDCl3) §: 174.55 (C-24), 170.40 (12a-CO), 165.11 (C-
26), 159.95 (C-30), 140.98 (C-29), 139.43 (C-5'), 128.74 (C-28),
122.95 (C-6'), 7719 (C-12), 75.81 (C-3'),75.15 (C-3), 56.67, 56.12,
51.48 (C-25), 51.16 (C-27), 50.02, 49.37, 47.56, 44.99, 42.30, 41.76,
39.71, 39.49, 38.05, 36.98, 36.60, 36.16, 35.76, 35.60, 34.68, 34.50,
34.39, 33.94, 32.00, 31.90, 31.84, 30.97, 30.81, 28.20, 27.98, 27.73,
27.30, 26.75, 26.43, 25.77, 25.60, 24.26, 23.80, 23.38, 22.94 (C-
19), 22.79, 22.53 (C-19), 21.53 (12—~COCH3), 21.33 (C-26'), 21.02
(C-27"), 19.29, 18.69 (C-21'), 17.48 (C-21), 12.38 (C-18), 11.83 (C-
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18/). FT-IR (KBr) vmax, cm~1: 2950, 2868, 1739, 1244, 1212. ESI-MS
(MeOH) m/z (%): 993 [M+Na]*.

2.3.8. 3B-hydroxy-5-cholestene 1-[2-(methyl 7«,12c-diacetoxy-58-
cholan-24-oate )—2-oxoethyl|—1H-1,2,3-triazole-4-(3-carboxylate)
(19)

0Oil (60%). "TH NMR (401 MHz, CDCl3) §: 8.24 (s, 1H, CH-28),
542 (d, ] = 49 Hz, 1H, 6'-H), 5.22 (s, 2H, CH,-27), 5.09 (d,
1H, 128-H), 4.98-4.86 (m, 2H, 78-H and 3'«a-H), 4.74-4.64 (m,
1H, 3B-H), 3.66 (s, 3H, CH53-25), 2.14 (s, 3H, 7-OAc), 2.09 (s,
3H, 12-0Ac), 1.05 (s, 3H, CH3-19’), 0.92 (s, 3H, CH3-19), 0.92 (d,
J = 3.2 Hz, 3H, CH3-21"*), 0.87 (dd, J;= 6.6, J = 1.8 Hz, 6H,
CH3-26" and CH3-27’), 0.82 (d, ] = 6.3 Hz, 3H, CH3-21"), 0.73 (s,
3H, CH;-18), 0.69 (s, 3H, CH3-18’). 3C NMR (101 MHz, CDCl3)
8: 174.47 (C-24), 170.43 (12«-CO), 170.22 (7a-CO), 165.08 (C-26),
159.88 (C-30), 140.97 (C-29), 139.39 (C-5"), 128.77 (C-28), 122.97
(C-6"), 76.87 (C-12), 75.26 (C-3'), 75.16 (C-3), 70.52 (C-7), 56.66,
56.10, 51.49 (C-25), 51.18 (C-27), 50.00, 47.34, 45.02, 43.32, 42.28,
40.83, 39.70, 39.48, 38.04, 37.70, 36.96, 36.59, 36.15, 35.75, 34.58,
34.38, 34.22, 31.89, 31.83, 31.14, 30.87, 30.73, 28.82, 28.19, 27.97,
27.72, 2714, 26.68, 25.50, 24.25, 23.79, 22.78 (C-19), 22.53 (C-19'),
22.43 (7a-COCH3), 21.57 (12-COCH3), 21.36 (C-26’), 21.01 (C-
27'), 19.28, 18.68 (C-21'), 17.47 (C-21), 12.19 (C-18), 11.82 (C-18').
FT-IR (KBr) vmax, cm~1: 2950, 2869, 1739, 1237. ESI-MS (MeOH)
m/z (%): 1051 (100) [M+Na]*, 1067 (20) [M + K]*.

2.3.9. 3B-hydroxy-5-cholestane 1-[2-(methyl
5B-cholan-24-oate)—2-oxoethyl]—1H-1,2,3-triazole-4-(3-carboxylate)
(20)

0il (51%). "H NMR (401 MHz, CDCl3) §: 8.22 (s, 1H, CH-28), 5.18
(s, 2H, CH,-27), 5.04-4.98 (m, 1H, 3'«-H), 4.89-4.79 (m, 1H, 38-
H), 3.67 (s, 3H, CH3-25), 0.93 (s, 3H, CH3-19), 0.91 (d, J = 8.8 Hz,
3H, CH3-21*), 0.90 (d, J = 6.8 Hz, 3H, CH3-21'*), 0.86 (dd, J; = 6.4,
J» = 2.4 Hz, 6H, CH3-26' and CH3-27’), 0.85 (s, 3H, CH3-19),
0.66 (s, 3H, CH3-18), 0.65 (s, 3H, CH3-18'). 3C NMR (101 MHz,
CDCl3) &: 174.73 (C-24), 165.14 (C-26), 160.16 (C-30), 141.09 (C-
29), 128.76 (C-28), 77.46 (C-3), 77.20, 75.03 (C-3'), 56.43, 56.39,
56.28, 55.97, 54.24, 51.45 (C-25), 51.19 (C-27), 44.74, 42.73, 42.60,
41.89, 40.44, 40.05, 39.99, 39.51, 36.79, 36.17, 35.79, 35.77, 35.49,
35.35, 34.85, 34.54, 33.99, 32.04, 31.99, 31.06, 31.01, 28.61, 28.23,
28.16, 28.00, 27.46, 26.93, 26.47, 26.25, 24.20, 24.15, 23.83, 23.23,
22.80 (C-19), 22.55 (C-19'), 21.22 (C-27’), 20.84 (C-26'), 18.66 (C-
21'), 18.27 (C-21), 12.25 (C-18), 12.06, 12.03 (C-18’). FT-IR (KBr)
Vmax, cm~1: 2945, 2867, 1742, 1380, 1214. ESI-MS (MeOH) m/z (%):
937 (100) [M+Na]*, 953 (5) [M + K] .

2.3.10. 3B-hydroxy-5-cholestane 1-[2-(methyl 12«-acetoxy-58-
cholan-24-oate )—2-oxoethyl|—1H-1,2,3-triazole-4-(3-carboxylate)
(21

0il (53%). TH NMR (401 MHz, CDCl;) §: 8.22 (s, 1H, CH-28), 5.18
(s, 2H, CH,-27), 5.08 (d, 1H, 128-H), 5.04-4.96 (m, 1H, 3’a-H),
4.86-4.77 (m, 1H, 38-H), 3.66 (s, 3H, CH3-25), 2.10 (s, 3H, 7-0Ac),
0.91 (s, 3H, CH3-19), 0.90 (d, ] = 5.6 Hz, 3H, CH3-21), 0.86 (dd,
J1 = 64, [, = 1.6 Hz, 6H, CH3-26’ and CH3-27’), 0.85 (s, 3H, CH3-
19’), 0.81 (d, J = 6.3 Hz,3H, CH3-21"), 0.73 (s, 3H, CH3-18), 0.65 (s,
3H, CH5-18'). 13C NMR (101 MHz,CDCl3) 8: 174.56 (C-24), 170.42
(12a-C0), 165.12 (C-26), 160.06(C-30), 141.04 (C-29), 128.74 (C-
28), 7716 (C-12), 75.80 (C-3), 74.99 (C-3'), 51.49 (C-25),51.13 (C-
27), 4754, 27.30, 22.93 (C-19), 22.53 (C-19),21.53 (12a-COCH3),
21.34 (C-26'), 21.18 (C-27’), 18.63 (C-21"), 17.47 (C-21), 12.37 (C-
18), 12.03 (C-18'). FT-IR (KBr) vmax, cm~1: 2948, 2867, 1738, 1244,
1212. ESI-MS (MeOH) my/z (%): 994 (100) [M-+Na]*, 1011 (30)
[M + K]*.
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2.3.11. 3B-hydroxy-5-cholestane 1-[2-(methyl 7«,12¢-diacetoxy-5 -
cholan-24-oate)—2-oxoethyl]—1H-1,2,3-triazole-4-(3-carboxylate)
(22)

0il (52%). 'TH NMR (401 MHz, CDCl3) §: 8.22 (s, 1H, CH-28),
517 (s, 2H, CH,-27), 5.09 (d, 1H, 128-H), 5.05-4.95 (m, 1H, 3'«-
H), 492 (s, 1H, 78-H), 4.75-4.64 (m, 1H, 38-H), 3.67 (s, 3H, CH3-
25), 2.14 (s, 3H, 7-0Ac), 2.09 (s, 3H, 12-0Ac), 0.92 (s, 3H, CH3-19),
0.90 (d, J] = 6.5 Hz, 3H, CH3-21), 0.86 (dd, J; = 6.8, J, = 2 Hz, 6H,
CH3-26'and CH3-27’), 0.85 (s, 3H, CH3-19'), 0.82 (d, | = 6.4 Hz,
3H, CH;-21"), 0.73 (s, 3H, CH3-18), 0.65 (s, 3H, CH3-18).13C NMR
(101 MHz, CDCl3) §: 174.50 (C-24), 170.45 (120-C0), 170.25 (7a-
CO), 165.10 (C-26), 160.04 (C-30), 141.13 (C-29), 128.69 (C-28),
76.92 (C-12), 75.30 (C-3), 75.06 (C-3’), 70.55 (C-7), 51.52 (C-
25), 51.20 (C-27), 47.39, 45.06, 44.73, 43.35, 42.60, 40.86, 39.98,
39.51, 37.73, 36.78, 36.17, 35.79, 35.49, 34.62, 34.41, 34.25, 33.99,
31.98, 31.18, 30.91, 30.77, 28.85, 28.61, 28.24, 28.01, 27.47, 27.17,
26.71, 25.53, 24.20, 23.83, 22.80 (C-19), 22.55 (C-19’), 22.46 (7a-
COCH3), 21.60 (120c-COCH3), 21.39 (C-26'), 21.22 (C-27"), 18.66 (C-
21’), 17.51 (C-21), 12.26 (C-18), 12.22, 12.07 (C-18’). FT-IR (KBr)
Vmax, M~ 1: 2948, 2868, 1739, 1237.ESI-MS (MeOH) m/z (%): 1053
(100) [M+Na]*, 1069 (10) [M + K]*.

2.4. Theoretical calculations

The PM5 semiempirical calculations were performed using the
WinMopac 2003 program. The final heat of formation (HOF) for
dimers of bile acids and sterols derivatives (17-22) linked 1,2,3-
triazole ring is presented in Table 5. The molecular models of com-
pounds all compounds are shown in Figs. 3 and 4.The calculations
were performed using the Gaussian 09 program package [61] and
B3LYP [62,63] method in conjunction with 6-311G(d,p) [64] basis
set. The magnetic isotropic shielding tensors were calculated using
the standard GIAO/B3LYP/6-311G(d,p) (Gauge-Independent Atomic
Orbital) approach [65,66].

2.5. Docking experiments

Docking experiments were performed using Flare application
available in Cresset Software [67]. Downloaded target pdb’s from
PDB protein data bank [68] were prepared in protein preparation
module using normal calculating mode. Active site size was set
at 6 A. Ligands were prepared according to automatic settings.
Docking calculations were performed according to very accurate
but slow method. Grid box was centered on co-crystallized ligand.
Number of runs was set at 8 and max poses at 10.

3. Results and discussion

In our previous work we described the synthesis method and
characterization bile acid-sterol conjugates linked with a 1,2,3-
triazole ring of propargyl esters of lithocholic, deoxycholic as well
as cholic acids and ergo ster-38-yl 2-azidoacetate and cholester-
3B-yl 2-azidoacetate [69]. To the best of our knowledge, no
work has been published on the synthesis or the physicochemical
properties of 3-bromoacetoxy (8,9) and 3-azidoacetoxy derivatives
of metyl 12«-acetoxy-5p-cholan-24-oate (11) and metyl 7,120~
diacetoxy-58-cholan-24-oate (12), 5-cholestan-38-ol 3-propiolate
(16) as well as new six conjugates of connected in a head-to-tail
fashion of 3-azidoacetoxy derivatives of bile acids (tail) and propi-
olate esters of sterols (head) linked by a 1,2,3-triazole ring (17-22).
This type of combination is a completely innovative approach to
the preparation and research of a new type of steroid conjugates.

The structures of two bromoacetyl substituted derivatives of
bile acids (8) and (9), azidoacetyl substituted derivatives of bile
acids (11) and (12), 5-cholestan-3 -0l 3-propiolate (16) as well as
all synthesized conjugates (17-22) were determined on the basis of
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their 'H and 3C NMR, FI-IR, and ESI-MS spectra. Moreover, PM5
and B3LYP calculation methods were performed for all compounds.
The syntheses of substrates (8,9), (11,12) and (16), as well as con-
jugates (17-22), are shown in the Schemes 1 and 2, respectively.

3.1. Synthesis

The bile acid methyl esters, steroids bromoacetates and azi-
doacetates derivatives as well as propiolate esters of sterols were
obtained with satisfactory yields. The methyl 3«-bromoacetoxy-
5B-cholan-24-oate (7), methyl 3«-bromoacetoxy-12x-acetoxy-58-
cholan-24-oate (8), methyl 3a-bromoacetoxy-7c«,12c-diacetoxy-
5B-cholan-24-oate (9) was synthesized in the reaction of methyl
esters of bile acids (4-6) with bromoacetic acid bromide in
anhydrous dichloromethane. On the other hand methyl 3w-
azidoacetoxy-58-cholan-24-oate (10), methyl 3c-azidoacetoxy-
12a-acetoxy-58-cholan-24-oate  (11), methyl 3a-azidoacetoxy-
7a,12a-diacetoxy-58-cholan-24-oate (12) was synthesized in the
reaction of bromoacetate derivatives of bile acids via a substitution
reaction with NaN3 in DMF at 50°. This one-pot reaction leads to
azide derivatives in very good yield. The estrification of cholesterol
(13) or cholestanol (14) with propiolic acid in dichloromethane
with p-TsOH presence gave 5-cholesten-38-ol 3-propiolate (15)
and 5-cholestan-38-ol 3-propiolate (16).The azides of derivatives
bile acids (10-12) and propargyl esters of sterols (15-16) were
used as a substrates in the ,click” chemistry reaction in the pres-
ence of CuSO4-5H,0 and sodium ascorbate in t-BuOH/MeOH (5:1).
A mixture of crude products (17-22) were obtained and separated
by column chromatography. This reaction leads to dimers in saris
factory yields.

3.2. Spectroscopic study

3.2.1. Nuclear magnetic resonance spectroscopy

The three substrates methyl 3«-bromoacetoxy-58-cholan-24-
oate (7), methyl 3w-azidoacetoxy-58-cholan-24-oate (10) and 5-
cholesten-38-ol 3-propiolate (15) have been described and charac-
terized in the literature [37,69]. The'H and 3C NMR data of com-
pounds (8), (9), (11), (12) and (17-22) are shown in Tables 1-3 re-
spectively. The TH NMR spectra in the region of 5.45-4.60 ppm for
the most characteristic signals of compounds (17-22) are shown in
Fig. 1.

In the TH NMR spectrum of methyl 3c-bromoacetoxy-12a-
acetoxy-58-cholan-24-oate (8), methyl 3w-bromoacetoxy-7a,12c-
diacetoxy-5p-cholan-24-oate (9), methyl 3«-azidoacetoxy-12c-
acetoxy-583-cholan-24-oate (11) and methyl 3w«-azidoacetoxy-
7o, 12c-diacetoxy-58-cholan-24-oate (12) showed characteristic
two hydrogen singlets in the range 0.73 and 0.93-0.91 ppm and
doublet at 0.82-0.81 ppm assigned to CH;-18, CH3-19, and CH3-
21, respectively. The protons of CH3-25 gave characteristic signal
at 3.66 ppm. The protons of the 7o—-CO,CH3 group gave signals in
the range 2.15-2.13 ppm for compounds (9) and (12), and addition-
ally 12a¢-C0O,CH;3 group gave signals in the range 2.08-2.10 ppm
for compounds (8), (9) and (11) and (12).For all compounds show
characteristic multiplets in the range 4.88-4.61 ppm assigned to
axial positions of the C35-H protons in steroid skeleton. In the
spectrum of compounds (9) and (12) additionally is present po-
sitions of the C75-H proton in the range 4.92-4.91 ppm. However,
in the case of these acetoxy derivatives protons of C128-H appear
at 5.09 ppm. The '"H NMR spectra of these compounds show char-
acteristic singlets at 3.81 ppm for the protons of the 3«¢—~CO,CH,Br
group, whereas for compound (8)and (9). In turn for compounds
(11) and (12) the protons of the 3c-CO,CH,N3 group in the range
3.85-3.84 ppm. The proton of C=CH group in compound (16) gave
signal at 2.85 ppm. Two hydrogen singlets at 0.64, 0.82 as well as
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(a)
CO,H

(i) MeOH, p-Ts OH

(ii) Ac,0, Py for (2) & (3)
(iii) K,CO3 MeOH for (2) & (3) 4
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Oline
I

(4)R?=R%=H
(5) R?=H; R®= OAc
(6)R? = R®=0OAc

(iv) BrCH,COBr, CH,CI, (anhydrous)

(b)

HO L

5 6'

(vi) CH==CCO,H

(13) Cs=Cy
(14) C5-Cg

CH,Cly, p-TsOH

(15) C5=Cg
(16) C5-Ce

Scheme 1. Synthesis of bromoacetyl substituted derivatives of methyl esters of bile acids (7-9) and its azidoacetyl substituted derivatives (10-12) (a) as well as propargyl

esters of cholesterol (15) and cholestanol (16) (b).

Table 1
TH i3C NMR chemical shift (ppm) of compounds (8-9) and (11-12) in CDCls.
8 9 1 12

No. of atoms 1H 13C 1H 13C 14 1BC 14 1BC
3 4.81-4.72 75.84 4.69-4.61 75.32 4.88-4.78 75.83 4.74-4.66 75.30
7 - - 491 70.61 - - 492 70.60
12 5.09 76.32 5.09 76.06 5.09 76.13 5.09 75.90
18 0.73 12.37 0.73 12.19 0.73 12.37 0.73 12.18
19 0.91 2297 0.92 2248 0.92 22.95 0.93 2244
21 0.81 17.47 0.81 17.46 0.81 17.47 0.82 17.47
24 - 174.57 - 174.50 - 174.57 - 174.48
25 3.66 51.49 3.66 51.51 3.66 51.47 3.66 51.48
26 - 166.71 - 166.74 - 167.70 - 167.63
27 3.81 27.30 3.81 28.86 3.84 50.54 3.85 50.56
7a-CO - - - 170.31 - - - 170.28
12a-CO - 170.45 - 170.50 - 170.43 - 170.44
7a-COCH3 - - 2.15 21.40 - - 2.13 21.30
12a-COCH3 2.10 21.34 2.09 21.58 2.09 21.28 2.08 21.50

characteristic doublets at 0.90 ppm are assigned to CH3-18’, CH3-
19/, and CH3-21/, respectively. The doublets of doublets of protons
of CH3-26" and CH3-27' gave signal at 0.86 ppm. The equatorial
proton in positions of the C3a-H proton in cholestanol skeleton
gave signal in the range 4.81-4.75 ppm.

The diagnostics proton signals of the triazole ring C28-H of all
conjugates with 1,2,3-triazole ring (17-22) in CDCl3 arise as a sin-
glet at about 8.24-8.22 ppm. In turns, the protons of the methy-

lene groups C27-H linked directly to the triazole ring give signals
at about 5.22-5.17 ppm. The 'H NMR spectra of (17-22) showed
characteristic multiplets of protons of C3'a-H of sterol skeleton in
the range of 5.04-4.86 ppm. In the same range there are also mul-
tiplets from the protons of C38-H group of bile acid skeleton. In
the spectra of compounds (18), (19)and (21)and (22) characteris-
tic broad singlets in the range 5.09 ppm are observed which are
due to the C128-H protons. 'H NMR spectra of conjugate (19)
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sodium ascorbate

(10) CuSO0, x 5H,0
1) + (19
(12) (16) '‘BUuOH/MeOH (5:1)
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24 25
CO,CH,

(17) R?=R3=H; C5=Cq

(18) RZ = H; R® = OAc; C5=Cq
(19) R2= R3 = OAc; C5=Cq
(20) R2=R3=H; C5-Cq

(21) R2 = H; R® = OAc; C5-Cq
(22) R? = R® = OAc; C5-Cq

Scheme 2. Synthesis of dimers of bile acids and sterols derivatives (17-22) linked by 1,2,3-triazole ring.

Table 2
TH NMR chemical shift (ppm) of compounds (17-22) in CDCls.
Compounds
No. of atoms
17 18 19 20 21 22

38-H 4.88-4.79 4.86-4.77 4.74-4.64 4.89-4.79 4.86-4.77 4.75-4.64
7B-H - - 498-4.86 - - 4,92
12-H - 5.08 5.09 - 5.08 5.09
18 0,69 0.73 0.73 0.66 0.73 0.73
19 0.93 0.92 0.92 0.93 0.91 0.92
21 0.90 0.81 0.82 0.91 0.90 0.90
25 3.67 3.67 3.66 3.67 3.66 3.67
27 5.18 5.19 5.22 5.18 5.18 5.17
28 8.23 8.24 8.24 8.22 8.22 8.22
70—0Ac - - 2.14 - - 2.14
120—-0Ac - 2.10 2.09 - 2.10 2.09
3'a-H 498-4.89 498-487 4.98-4.86 5.04-498 5.04-4.96  5.05-4.95
6'-H 5.42 5.42 5.42 - - -
18 0.65 0.69 0.69 0.65 0.65 0.65
19 1.05 1.05 1.05 0.85 0.85 0.85
21 0.92 0.92 0.92 0.90 0.81 0.82
26’ 0.87 0.87 0.87 0.86 0.86 0.86
27 0.87 0.87 0.87 0.86 0.86 0.86

show multiplets in the range of at 4.98-4.86 ppm but conjugate
(22) gave singlet at 4.92 ppm assigned to the C78-H protons of
the bile acid skeleton. In the bile acids skeleton was observed two
hydrogen singlets ranking from 0.73 to 0.66 and 0.93-0.91 ppm
and characteristic doublet at 0.91-0.81 ppm assigned to CH3-18,
CH3-19 and CH3-21, respectively. On the other hand in the choles-
terol part the characteristic hydrogen singlets in the range 0.69-
0.65 and 1.05-0.85 ppm and doublet at 0.92-0.82 ppm assigned to
CH3-18/, CH3-19’, and CH3-21’, respectively. The 'H-NMR spectra
of (17-22) showed a doublet at 0.87 or 0.86 ppm for the protons
of the CH3-26" and CH3-27' methyl groups. For cholesterol deriva-
tives (17-19) diagnostics is doublet for C6’'-H at 5.42 ppm. Addi-
tionally in the TH NMR spectra of all conjugates show characteris-
tic singlets in the range 2.14 ppm and 2.10-2.09 ppm for the pro-
tons of the 7a-CO,CH3 and 12a-CO,CH3 group, respectively. The

characteristic protons shifts for compounds (15-18) are collected in
Table 3.

The 3C NMR spectra of compounds (8-9) and (11-12) show
characteristic signals at 12.37-12.18, 22.97-22.44 and 17.47-
17.46 ppm which are assigned to CH3-18, CH3-19 and CH3-21,
respectively. On the other hand, carbon atoms in carbonyl group
of bromoacetoxy groups in positions 3« resonate in the range
of 167.70-166.71 ppm. The carbon atoms of the C(12)=0 steroid
skeleton gave signals in the range of 170.50-170.43 ppm. However,
carbon of the C(7)=0 gave signal at 170.31-170.28 ppm. The di-
agnostics signal for CH,Br groups in compounds (8-9) is observed
at 28.86-27.30 ppm. Whereas the characteristic signal for CH,N3
groups in compounds (11-12) is observed at 50.56-50.54 ppm.
Additionally for compound (16) were observed five signals from
methyl groups CH3-18’, CH3-19’ and CH3-21" as well as CH3-26’
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a7)

27-CH:
28-H

Yo-H 3g-H

T

545 540 535 530 525 520 515 510 505 500 495 490 4.85 480 4.7
ppm

27-CH:

12B-H YoH IBH

AN

5.45 5.40 5.35

- - T -~ - -~ v -~ - - -~ - -

5.30 5.25 5.20 5.15 5.10 5.05 5.00 4.95 490 4.85 4.80 4.75 4.70

ppm

(19) 23w

27-CH:

825 8.0 Yo H, 7B H

6-H

|

545 540 535 530 525 520 515 510 505 500 49 490 485 480 475 470 465 A4«
ppm

Fig. 1. '"H NMR Spectra in the region of 5.45-4.65 ppm for the most characteristic signals of compounds (17-19).
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(17)

1919 27' 26' 21" 21 1818’
B e A
23.0 22.0 21.0 20.0 19.0 18.0 17.0 16.0 15.0 14.0 13.0 12.0
ppm

(20)
1919 27" 26' 21" 21 1818
| “ H H !I |
B T
23.0 22.0 21.0 20.0 19.0 18.0 17.0 16.0 15.0 14.0 13.0 12.0
ppm

Fig. 2. Analytical differences of CH; groups of dimmers of lithocholic acid and cholesterol (17) and lithocholic acid and cholestanol (20) linked by 1,2,3-triazole ring in the

corresponding >C NMR spectrum.

Table 3
13C NMR chemical shift (ppm) of compounds (17-22) in CDCl5.
Compounds
No. of atoms
17 18 19 20 21 22

3 77.48 75.15 75.16 77.46 75.80 75.30
7 - - 70.52 - - 70.55
12 - 77.19 76.87 - 77.16 76.92
7a-CO - - 170.22 - - 170.25
120-CO - 170.40 170.43 - 170.42 170.45
70-COCH; - - 2243 - - 22.46
120-COCH3 - 21.53 21.57 - 21.53 21.60
18 12.03 12.38 12.19 12.25 12.37 12.26
19 22.80 22.94 22.78 22.80 22.93 22.80
21 18.28 17.48 17.47 18.27 17.47 17.51
24 174.73 174.55 174.47 174.73 174.56 174.50
25 51.47 51.48 51.49 51.45 51.49 51.52
26 165.12 165.11 165.08 165.14 165.12 165.10
27 51.21 51.16 51.18 51.19 51.13 51.20
28 128.83 128.74 128.77 128.76 128.74 128.69
29 141.02 140.98 140.97 141.09 141.04 141.13
30 160.03 159.95 159.88 160.16 160.06 160.04
3 75.18 75.81 75.26 75.03 74.99 75.06
5 139.48 139.43 139.39 - - -
6 122.96 122.95 122.97 - - -
18 11.85 11.83 11.82 12.03 12.03 12.07
19 22.55 22.53 22.53 22.55 22.53 22.55
21 18.71 18.69 18.68 18.66 18.63 18.66
26' 20.84 21.33 21.36 20.84 21.34 21.39
27’ 21.05 21.02 21.01 21.22 21.18 21.22

and CH3-27" at 12.05 ppm, 22.85 ppm, 18.64 ppm and 27.17 and
22.55, respectively. The carbon atoms of the HC=C-CO, group are
observed in the range 152.29 ppm, and 75.12 ppm as well as at
76.37 ppm are assigned to CO,,C=C-H respectively.

The 3CNMR spectra of dimers linked by 1,2,3-triazole ring
in CDCl3, showed signals at 12.38-12.03 ppm, 22.93-22.78 ppm,
18.28-17.47 ppm, which were assigned to CH3-18, CH3-19 and

CH5-21 of bile acids parts, respectively. In the case of cholesterol
parts, the signals of C-atoms of CH3-18’, CH3-19’ and CH3-21'
groups were situated in the ranges of 12.07-11.82, 22.55-22.53,
and 18.71-18.63 ppm, respectively. The following characteristic
shifts of methyl groups were present in the sterol side chain: CH3-
26’ and CH3-27’are positioned in the range of 21.39-20.84 ppm
and 21.22-21.01 ppm.

Analytical differences in the 3C NMR spectra of the methyl
groups of compound (17) and (20) are shown in Fig. 2. On the
other hand, in the 3C NMR spectra of compounds (17-22), the
signals of the C(27)H, groups appeared in the range of 51.21-
5113 ppm. The carbon atoms from triazole ring: C(28) as well
as C(29) groups resonated at 128.83-128.69 ppm and 141.13-
140.97 ppm, respectively.

The signals of C(24)=0, C(26)=0 and C(30)=0, appeared in
the range of 174.73-174.47 ppm, 165.14-165.08 ppm and 160.16-
159.95 ppm, respectively. However, carbon atoms in C = O of ace-
toxy groups in positions 7o and 12« resonate in the range of
170.45-170.22 ppm.

3.2.2. Infrared spectroscopy

The most characteristic feature of the FT-IR spectra of com-
pound (16) is band at 3284 cm™! assigned to the v(=C-CH) group.
Regarding that the steroid skeleton is a saturated hydrocarbon, it
doesn’t provide many useful IR features. Strong stretching vibra-
tions of C-H bonds are identified at 2933 cm™! and 2865 cm™.
For synthesized compounds (10), (11) and (12) are requisite and
analytical bands at 2111-2106 cm™!, which are specific attribute
of (N = N*=N~) group. Moreover, for all substrates (7-9), (10—
12) and (15-16) are also observed two strong characteristic bands
at 1756-1707 cm™! and 1283-1198 cm™!, which are assigned re-
spectively to the symmetric group v(C = 0) and v(C-0). It worth
mentioning that the most distinctive in the FT-IR spectra of con-
jugates steroids (15-20) are represented by v(C = 0) and v(C-0)
groups, two powerful bands in the 1743-1732 cm™! and 1244-1211
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19)

17)

(18)

(19)

Fig. 3. Molecular models of conformers syn (a) and anti (b) for conjugates (17-19) calculated by PM5 method.

cm™! region, appropriately. In addition, characteristic stretching vi-
brations of C-H bonds are present in the 2946-2867 cm™!.

3.3. PM5 and B3LYP calculations

PM5 semiempirical calculations were performed using the Win-
Mopac 2003 program. The molecular models of all conjugates are
shown in Fig. 3. Representative conjugates (19) of bile acids in con-
formers syn and anti are shown in Fig. 4. The final heats of forma-
tion (HOF) for the bile acids (1-3), cholesterol (13) and cholestanol
(14) as well as their conjugates (17-22) are presented in Table 4.
It is worth mentioning that, in many works that describe the ap-
plication of computational methods, one can find information on
the comparison of theoretical results with crystallographic struc-
tures. Not without significance is the use of computational meth-
ods in determining the properties of the docking [70-72]. We were

able to obtain a very good picture of molecular modeling using
semiempirical calculations [73]. The lowest values of HOF for con-
jugates of bile acids and sterols (17-22) are observed for cholic
acids and its conjugates (19) and (22). The number of hydroxyl
groups in the steroid skeleton lowers the value of the determinant
of HOF. We observe exactly the same relationship for blocked hy-
droxyl groups by bolting them with acetate groups. The 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 that arise from the OAc groups in the
bile acid molecule. The HOF value decreases with the increasing
number of OAc groups in the steroid skeleton. Furthermore, for anti
conformers of deoxycholic and cholic acid derivatives, HOF is lower
than for syn conformers. On the other hand, the syn conformer
of the lithocholic acid derivatives (17) and (20) has a higher HOF
value than the anti conformer and is therefore more durable as no
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(b)

Fig. 4. Molecular models of conformers syn (a) and anti (b) of conjugate (19) calculated by PM5 method.

Table 4

Heat of formation (HOF) [kcal/mol] of bile acids (1-3), sterols (13,14) and conjugates (17-22).
Compound  HOF HOFqy, HOF 4 AHOF, AHOF, AHOF; AHOF,
1 -229.2756 - - - - - -
2 -266.8560 - - - - - -
3 -309.8662 - - - - - -
13 -145.2016 - - - - - -
14 -167.9130 - - - - - -
17 - -370.9984 -370.8825 -141.7228 -141.6069 -225.7968 -225.6809
18 - -448.9483 -456.2749 -182.0923 -189.4189 -303.7467 -311.0733
19 - -533.3628 -542.0610 -223.4966 -232.1948 -388.1612 -396.8450
20 - -394.2004 -393.6084 -164.9248 -164.3328 -226.2874 -225.6954
21 - -471.8692 -479.4003 -205.0132 -212.5443 -3,039,562 -311.4873
22 - -557.2032 -557.2743 -247.3370 -247.4081 -389.2902 -389.3613

AHOF; = HOFconjugatessyn(17-22) = HOFpjle acids (1-3)-
AHOF, = HOF onjugatesanti (17-22) = HOFpije acids (1-3)-
AHOF3 = HOFconjugatessyn(ﬂ—zz) - HOFsterols(l3-l4)~
AHOF; = HOFconjugatesanti(17-22) = HOFierois(13-14)-

intramolecular interactions are formed. This is due to the absence
of electron donating or acceptor groups in its molecule (without
OAc groups). The preferential formation of syn conformers for con-
jugates (17) and (20) can therefore be explained by the formation
of a molecule that is smaller in volume. However, for the remain-
ing conjugates, deoxycholic and cholic acid derivatives (18-19) and
(21-22), anti conformers with a lower HOF value are arranged in
layers (Fig.3).

The relations between the experimental 3C and 'H chemical
shifts (dexp) and the GIAO (Gauge-Independent Atomic Orbitals)
magnetic isotopic shielding constants (o), which are widely
used in an efficient implementation [65,66], are usually linear and
described by the following equation: Sexp=a + b-0 . The slope
and intercept of the least-squares correlation line is used to scale
the GIAO magnetic isotopic shielding constants, o, and to pre-
dict the chemical shifts, dpreq=a + b-0 ¢y (Fig. 5). The parame-
ters a and b are given in Table 5. Usually, the correlations be-
tween the experimental chemical shifts and calculated magnetic
isotopic shielding constants are better for carbon-13 atoms than for
protons. The differences between the calculated and experimental
shifts for protons are probably due to the fact that the shifts are
calculated for single molecules in gas phase. As can be seen from
Fig. 5 the correlationis good for both carbon atoms and for the pro-
tons.
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3.4. Prediction of activity spectra for substances

Potential pharmacological activities of the synthesized com-
pounds have been determined on the basis of computer-aided drug
discovery approach with in silico Prediction of Activity Spectra for
Substances (PASSs) program. It is based on a robust analysis of
the structure-activity relationship in a heterogeneous training set
currently including about 250.000 biologically active compounds
from different chemical series with about 4.500 types of biolog-
ical activities. Since only the structural formula of the chemical
compound is necessary to obtain a PASS prediction, this approach
can be used at the earliest stages of investigation. There are many
examples of the successful use of the PASS approach leading to
new pharmacological agents [74-78]. The PASS software is use-
ful for the study of biological activity of secondary metabolites.
We have selected the types of activities that were predicted for
a potential compound with the highest probability (focal activi-
ties). If predicted activity is higher than 0.7 (PA > 0.7), the sub-
stance is very likely to exhibit the activity in experiment and the
chance of the substance being the analogue of a known pharma-
ceutical agent is also high. If predicted activity is between 0.5 and
0.7 (0.5 < PA < 0.7), the substance is unlikely to exhibit the ac-
tivity. In experiment and the similarity to known pharmaceuti-
cal substance is very limited. Additionally, analyses of the biolog-
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Fig. 5. Experimental chemical shifts (8exp, CDCl3) in (19) vs isotropic magnetic shielding constants (o ¢,y from the GIAO/B3LYP/6-311G(d,p) calculations; (a) protons and (b)

carbons-13.

Table 5

Chemical shifts (8. ppm) in CDCl; and calculating GIAO nuclear magnetic shielding tensors
(0ca) for (19). The predicted GIAO chemical shifts were computed from the linear equation
Sexp. = @ + b0y with a and b determined from the fit of the experimental data (r? is the

correlation coefficient). .

‘Sexp, 8cale O calc ‘Sexp. 8cale O calc
C(3) 75.16 80.50 126.30 H(38)) 474 449 28.14
c(7) 70.52 70.38 135.67 H(78) 498 499 27.66
C(12) 76.87 82.54 124.41 H(128) 5.09 493 27.58
C(7-CO) 170.22 17233 41.27 H(18) 0.73 092 3198
C(12-CO) 170.43 173.66  40.09 H(19) 0.92 1.02  31.86
C(7-COCH3) 22.43 19.94 182.38 H(21) 0.82 077 3214
C(12-COCH;)  21.57 21.28 181.14 H(25) 3.66 3.73 28.95
C(18) 12.19 12.87 188.93 H(27) 5.22 545 27.11
C(19) 22.78 22.95 179.59 H(28) 824 791 24.46
C(21) 17.47 17.70 184.45 H(7a-0Ac) 214 191 30.91
C(24) 174.47 169.26  44.12 H(12a-OAc)  2.09 1.77  31.06
C(25) 51.49 54.34 150.53 H(3'@) 498 5.55 26.78
C(26) 165.08 169.26  43.50 H(6") 542 548 27.08
C(27) 51.18 53.11 151.66 H(18') 0.69 082 32.08
C(28) 128.77 134.65 76.17 H(19") 1.05 112  31.76
C(29) 140.97 125.66  84.47 H(21") 0.92 1.03 31.85
C(30) 159.88 160.82 51.93 H(26') 0.87 063 3229
(3" 75.26 83.61 123.43 H(27") 0.87 089 32.00
C(5") 139.39 133.93 76.83 a 30.6665
C(6") 122.97 121.41 88.42 b -0.9303
Cc(18") 11.82 13.45 188.39 r? 0.9905
C(19") 22.53 22.23 180.26
C(21") 18.68 18.72 183.51
C(26") 21.36 24.33 178.32
C(27") 21.01 20.59 181.78
a 216.9071
b -1.848
2 0.9942

ical prediction activity spectra for the new bromoacetoxy deriva-
tives of deoxy and cholic acids (8-9), azidoacetoxy derivatives of
deoxy and cholic acids (11-12), and 5a-cholestan-3-yl-propynoate
(16) as well as all conjugates (17-22) prepared herein are good
examples of in silico studies of chemical compounds. We also se-
lected the types of activity that were predicted for a potential com-
pound with the highest probability (focal activities) (Table 6). Ac-
cording to these data the most frequently predicted types of bio-
logical activity for (8-9) and (11-12) are: acylcarnitine hydrolase
inhibitor,alkenylglycerophosphocholine hydrolase inhibitor, alky-
lacetylglycerophosphatase inhibitor,dextranase inhibitor, glyceryl-
ether monooxygenase inhibitor, peptidoglycan glycosyltransferase

1

inhibitor. Additonaly5«-cholestan-3-yl-propynoate greater than
0.80 are: anesthetic general, respiratory analeptic, protein-
disulfide reductase (glutathione) inhibitor, cholestanetriol 26-
monooxygenase inhibitor, prostaglandyn-E2 9-reductase inhibitor,
CYP2C, CYP3A, CYP2B6 and CYP3A4 substrates, flavin-containing
monooxygenase inhibitor, alkenylglycerophosphoethanolamine hy-
drolase inhibitor, linoleate diol synthase inhibitorglucan Endo-1,3-
beta-D-glucosidase inhibitor, antieczematic, analeptic. Conjugates
have significantly lower predicted biological activity than the sub-
trates discussed above.The most important include: pancreatic dis-
orders treatment, glyceryl-ether monooxygenase inhibitor, choles-
terol antagonist, antihypercholesterolemic, aypolipemic.
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Table 6
“Probability to be Active” (PA) values for the predicted biological activity of (8-9)and (11-12), (16) as well as
(15-20).
FocalPredicted Compounds
Activity
(PA>0.70) 8 9 1 12 16* 17 18 19 20 21 22
0.96 0.96 0.95 0.95 0.96 - - - - - -
Acylcarnitinehydrolase
inhibitor
0.93 0.90 0.89 0.83 0.95 - - - - - -
Alkenylglycerophosphocholinehydrolase
inhibitor
0.93 0.90 0.90 0.86 0.95 - - - - - -
Alkylacetylglycerophosphatase
inhibitor
Dextranase 0.89 0.83 0.85 0.75 0.89 - - - - - -
inhibitor
Glyceryl- 0.82 0.85 0.80 0.83 0.81 - 0.71 0.75 0.72 0.75 0.79
ethermonooxygenase
inhibitor
0.81 0.75 0.80 0.73 0.82 - - - - - -
Peptidoglycanglycosyltransferase
inhibitor
Cholesterol 0.79 0.76 - - 0.89 0.84 0.76 0.76 0.71 - -
antagonist
Protein- 0.80 072 076 - - - - - - - -
disulfide
reductase
(glutathione)
inhibitor
0.79 0.80 0.76 0.78 0.83 - - - - - -
Adenomatouspolyposistreatment
Cytoprotectant 0.74 0.76 0.73 0.75 - - - - - - -
Hypolipemic - 0.71 - 0.74 0,73 0.76 0.78 0.85 - - 0.78
- - 0.73 0.79 0,80 0.73 - 0.75 - - -
Antihypercholesterolemic
- - - - - 0.83 0.80 0.79 0.90 0.86 0.84
Pancreaticdisorderstreatment
* more examples in the text.
Table 7 ) Leu290, Val291 and Pro111) as well. The binding mode for com-
Caleulated docking scores for compounds (19) and (22). pound 19 is similar to those reported by A. Geronikaki [83]. Ligand
AG docking score [kcal/mol] 22 (Fig. 7) with the highest docking score (AG = -0.238 kcal/mol)
Compound 2085 1KZN SV5Z 1EZF exhibited many steric clashes which may suggest it does not fit
to the binding pocket which may implies low activity. In terms
19 -6877. 9946 -15856  -13.361 of binding to gyrase (Table 7, 1KZN) both compounds exhibit low
22 -0.238 -10.34 -15.388 -15.119 !

3.5. Molecular docking studies

Potential antibacterial and antifungal activity of two represen-
tative compounds was determined in docking study. In this case
two of the most common molecular targets which are responsible
for antibacterial activity were chosen: E. coli MurB (PDB ID: 2Q85)
[79] and Gyrase (PDB ID: 1KZN) [80]. In terms of antifungal activ-
ity two of the most significant molecular targets are: CYP51¢, (PDB
ID: 5V5Z) [81] and Squalene synthase (PDB ID: 1EZF) [82] and that
targets were chosen for docking study. Based on calculated docking
score (Table 7), most of considered compounds may exhibit poten-
tial antibacterial and antifungal activity, however antifungal activ-
ity seems to be stronger. All docked compounds occupy the same
binding pocket as the parent co-crystallized ligands.

3.5.1. Docking to antibacterial drug targets

During dockinig to E. coli MurB protein (Fig. 6), forming of
strong hydrogen bond with Arg327 was observed for both com-
pounds. Ligands adopt bent conformation in the binding site. Lig-
and 19 exhibited forming of additional strong hydrogen bonds
(bond length < 21 A) with GIn120 and Argl159. For the same
ligand, we identified stabilizing hydrophobic contact (with Ile110,

12

docking score and forming hydrogen bonds with Arg136 and Arg76
(bond length < 2.2 A) and cation-pi interaction between 1,2,3-
triazole ring and Arg76. Some stabilizing hydrophobic interactions
were identified as well as less number of steric clashes than for
2Q85.

3.5.2. Docking to antifungal drug targets

For both targets, docking study revealed the lowest docking
scores and bent conformations for considered compounds. Ligand
19 (Fig. 8) forms strong hydrogen bond (bond length = 2.6 A) be-
tween His377 and lanosterol 14 alpha-demethylase of C. albicans
(Table 7, CYP51¢;) whereas compound 22 (Fig. 8) forms hydrogen
interaction with Met508 (bond length = 2.3 A). In terms of stabi-
lizing hydrophobic interactions (eg. Phe233 or Ile231) one of the
most crucial is interaction between compound 19 and Hem601.
This interaction was not observed for ligand 22. For both ligands
just a few steric clashes were identified which shows that ligands
fit into binding pocket well. Docked ligand 19 to Squalene syn-
thase (Fig. 9, Table 7) revealed forming of two strong hydrogen
bonds with Arg218 and Arg52 (bond length < 2.1 A) while ligand
22 showed only one hydrogen bond with GIn212 (bond length <
2.1 A). Some weak stabilizing hydrophobic interactions were iden-
tified as well as a few steric clashes. Both compounds adopt bent
conformation.
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Fig. 8. Ligand interactions and binding mode for compound 19 and 22 in 5V5Z. A, C - represents ligand 19 (green); B, D - represents ligand 22 (yellow).
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Fig. 9. Ligand interactions and binding mode for compound 19 and 22 in 1EZF. A, C - represents ligand 19 (green); B, D - represents ligand 22 (yellow).

4. Conlusions

The increasing interest in the synthesis of new bile acid conju-
gates using the click chemistry method significantly influences on
the development of supramolecular chemistry, pharmacology and
medicine. Design, preparation, enormous biological potential and a
wide range of physicochemical properties of compounds containing
the 1,2,3-triazole ring allow them to be used as artificial receptors,
organogels or new complexing and transporting drugs. In conclu-
sion, six new conjugates of bile acids and sterols linked with 1,2,3-
triazole ring (17-22) in a way: head (sterol)-tail (bile acid) were
prepared from cholesterol/cholestanol esters of propiolic acid and
azidoacetyl substituted derivatives of bile acids in t-BuOH/MeOH
mixture in the presence of CuSO4-5H,0 and sodium ascorbate at
60 °C. Moreover, two bromoacetyl (8) and (9) as well as two azi-
doacetyl (11) and (12) substituted derivatives of bile acids were
prepared from dehydrocholic or cholic acid in dry dichloromethane
with bromoacetic acid bromide and in THF with sodium azide at
50 °C, appropriately. Additionally cholestanyl ester of propiolic acid
(16) were prepared from cholestanol in dichloromethane. These
new compounds linked with 1,2,3-triazole ring were characterized
by analytical methods such as spectroscopic (NMR, FT-IR), spec-
trometry (ESI-MS), semiempirical calculation (PM5) and PASS. The
effects of inter and intramolecular interactions and conformation
of molecules have been precisely explained by comparison of ex-
perimental data taken in the condensed phase and calculation data
(gas phase).The magnetic isotopic shielding constants, o .., were
calculated by the GIAO/B3LYP/6-311G(dp) level of theory. Linear
correlations between the experimental 'H and 3C chemical shifts
and the computed screening constants confirm the optimized ge-
ometry. The potential antibacterial and antifungal activity of two
representative compounds were determined in the docking study.
Based on the calculated docking score most of the considered com-
pounds may exhibit potential antibacterial and antifungal activity,
however, antifungal activity seems to be stronger.
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