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Einleitung

1 Einleitung

1.1 Krebs —,,Die zweithiufigste Todesursache*
Trotz umfangreicher Forschungen in den vergangenen Jahrzehnten bleiben
Tumorerkrankungen, im Volksmund auch als Krebs bekannt, weiterhin eine der hiufigsten
Todesursachen weltweit (Abbildung 1).[1] Jadhrlich verlieren rund eine Viertelmillion
Menschen ihr Leben an bdsartigen Tumoren und Prognosen deuten darauf hin, dass sich
diese Zahl in den nichsten Jahren bis 2040 verdoppeln wird.[2] Allein im Jahr 2023 wurden
ca. 230 000 Todesfille alleine in Deutschland aufgrund von Krebs verzeichnet.[3]
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Abbildung 1: Die hdiufigsten Todesursachen in Deutschland in 2023. [1]

Die hierbei zum Einsatz kommenden herkommlichen Therapieansidtze umfassen die
operative Entfernung des Tumorgewebes sowie die Anwendung von Strahlen- und/oder
Chemotherapie.[4; 5] In Fillen von fortgeschrittenem Krebs beispielsweise mit moglicher
oder bereits bestehender Metastasenbildung reichen Operation und Bestrahlung oft nicht
aus und zusitzliche Chemotherapeutika sind erforderlich.[5—7] Allerdings stellt die
Chemotherapie ein grof3es Problem dar, da sie Tumorzellen bekédmpft, aber auch gesundes
Gewebe schidigt.[8] Dies fithrt zu teilweise schweren Nebenwirkungen, zu denen
Schéadigungen des Herzens, des Gehirns oder des Innenohrs mit einhergehenden Horverlust
zdhlen.[9] Die aktuelle Forschung konzentriert sich daher darauf, Therapeutika zu
entwickeln, welche selektiv Tumorzellen bekdmpfen ohne dabei gesunde Zellen zu
schidigen.[10] Vorbild fiir die moderne Wirkstoffforschung und die Entwicklung
neuartiger Leitverbindungen ist hier vor allem die Natur. Die Naturstoffchemie bietet
hierbei eine Vielzahl potenzieller Arzneimittel, die sich fiir eine gezieltere Anwendung in

der Chemotherapie eignen.[11-13]
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In den letzten Jahren haben bereits einige auf Naturstoffen basierende Wirkstoffmolekiile
viel Aufmerksamkeit erregt, die das Krebswachstum der entarteten Zellen bekdmpfen
konnen. Bereits heute sind 40 — 50 % aller seit Beginn der klassischen Chemotherapie zur
Krebsbekdmpfung eingesetzten Antitumormittel Naturstoffe oder leiten sich von ihnen
ab.[14-16] Diese Zahlen verdeutlichen die grofe Bedeutung von Naturstoffen in der
modernen Medizin sowie ihr enormes Potenzial fiir die Zukunft. Vor allem die sogenannten
"Mitocane" gewinnen hier als potenzielle Chemotherapeutika verstirkt an
Aufmerksamkeit.[17] Diese lipophilen Kationen weisen eine erhohte Loslichkeit im
wissrigen Medium auf und kénnen den Zelltod im Mitochondrium der Tumorzellen
induzieren. Dadurch ist es moglich, einen programmierten Zelltod der Tumorzellen

herbeizufiihren und die Schidigung gesunder Zellen weitestgehend zu vermeiden.[18-20]

1.1.1 Entstehung, Inzidenz und Mortalitiit

Obwohl es in den letzten Jahrzehnten Fortschritte in der medizinischen Forschung gab,
bleibt Krebs nach wie vor eine der tddlichsten Krankheiten weltweit.[21-23] Laut
Schiatzungen der Internationalen Agentur fiir Krebsforschung GLOBOCAN 2020-
Schitzung gab es im Jahr 2020 weltweit etwa 10,0 Millionen Todesfélle und insgesamt
19,3 Millionen Neuerkrankungen an Krebs.[24] Im Vergleich zu den Schitzungen von 2010
bedeutet dies einen Anstieg der Todesfdlle um etwa 32 % und einen Zuwachs von etwa

52 % bei den Neuerkrankungen.[24; 25]
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Abbildung 2: Prognostizierte neue Krebsflle bis 2040.[26]
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Abbildung 2 zeigt die weitere Entwicklung ab 2020 sowie die Prognosen fiir die
kommenden Jahre der Neuerkrankungen. Die Prognosen deuten darauf hin, dass bis zum
Jahr 2040 die Zahl der Zahl der Neuerkrankungen auf fast 30 Millionen steigen konnte.[26]
Dies unterstreicht die Dringlichkeit weiterer Forschungen sowohl in der Behandlung als
auch in der Diagnose von Krebs. In Deutschland wurden im Jahr 2023 schitzungsweise
etwa 240.000 krebsbedingte Todesfdlle verzeichnet.[27] Lungenkrebs war mit einer
Mortalitdt von 50.560 (20 %) eine der hidufigsten Todesursachen. Die meisten
Neuerkrankungen in Deutschland im Jahr 2023 wurden durch Brustkrebs (69.900; 30,0%)
verursacht, gefolgt von Prostatakrebs (65.200; 24,6%). [28; 29] Laut Statistischem
Bundesamt Destatis war Krebs im Jahr 2023 wie auch in den Vorjahren neben Herz-

Kreislauf-Erkrankungen die zweithdufigste Todesursache.[30]

Die alarmierenden Zahlen und Prognosen zur globalen Krebsbelastung mit einem
besorgniserregenden Anstieg der Neuerkrankungen und Todesfélle betonen eindringlich die
Notwendigkeit, unser Verstéindnis dieser komplexen Krankheit zu vertiefen. Der Ubergang
von der statistischen Betrachtung der Krebserkrankungen zu einer detaillierten
Untersuchung der biologischen Grundlagen bietet einen wertvollen Einblick in die
Mechanismen, die diesen Zahlen zugrunde liegen. Indem wir uns mit der Natur von
Tumoren auseinandersetzen — ihrer Klassifikation in gutartige und bdsartige Formen sowie
den Ursachen ihrer Entstehung — er6ffnen sich Wege, um die Entwicklung von Krebs besser
zu verstehen und letztlich effektivere Strategien zu dessen Bekdmpfung zu entwickeln. Die
Beschreibung der Eigenschaften von Tumoren liefert somit eine essenzielle Grundlage, um
die Dringlichkeit weiterfiihrender Forschungen im Kontext der zuvor dargestellten

epidemiologischen Entwicklungen zu verstehen.

In der medizinischen Fachsprache bezeichnet der Begriff "Tumor" eine abnorme Bildung
von Gewebe, die durch Fehler in der Kontrolle des zelluliren Wachstums, der
Zelldifferenzierung sowie Storungen im programmierten Zelltod verursacht werden kann.
Basierend auf den Wachstumseigenschaften eines Tumors wird er in gutartige (benigne)
und bosartige (maligne) Formen unterteilt.[31-33] Gutartige Tumore zeichnen sich durch
ein langsames und lokal begrenztes Wachstum aus. Sie sind nicht in der Lage, umliegendes
Gewebe zu infiltrieren und kénnen oft durch therapeutische Maflnahmen vollstéindig geheilt
werden. Dagegen sind maligne Tumore durch ein schnelles und aggressives Wachstum

gekennzeichnet. Sie haben die Fahigkeit, in benachbartes Gewebe zu infiltrieren und
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konnen sich iiber Metastasen in anderen Korperbereichen ausbreiten.[34; 35] Die
Entstehung bosartiger Tumore kann durch genetische Veranlagung, Umwelteinfliisse oder
Exposition gegeniiber chemischen, biologischen und physikalischen Karzinogenen
verursacht werden.[36; 37] Alle diese Krebsursachen konnen auf eine Schiadigung der

Erbsubstanz oder Mutationen in den Zellen zuriickgefiihrt werden.[36; 38]

1.1.2 Diagnostik

Die Diagnose und préizise Lokalisierung von Tumoren sind ebenso bedeutend wie deren
Behandlung. Je frither ein Tumor erkannt und die Krebszellen genau lokalisiert werden,
desto besser kann eine effektive Therapie geplant und durchgefiihrt werden, was die
Heilungschancen deutlich verbessert.[39] Zur Tumordiagnose stehen verschiedene
bildgebende Verfahren zur Verfiigung, die neben der Anamnese und klinischen
Untersuchungen auch Laboranalysen und Gewebeentnahmen einbeziehen.[40—42; 31]
Moderne bildgebende Technologien ermdglichen es heute, wichtige Informationen iiber
Tumorart, Ausdehnung und Infiltration minimalinvasiv zu gewinnen. Zu den géngigen
Methoden zédhlen die Magnetresonanztomografie (MRT), die Single Photon Emission
Computed Tomography (SPECT) und die Positronen-Emissions-Tomografie (PET), bei

denen verschiedene Kontrastmittel oder Tracer verwendet werden.[43—45]

1.1.3 Therapie

Grundsitzlich werden derzeit drei wesentliche Methoden zur Therapie bdsartiger Tumore
angewendet. Neben den lokal wirkenden Behandlungsformen wie Strahlentherapie und
onkologische Chirurgie ist die systemisch wirksame zytostatische Chemotherapie eine
weitere wichtige Methode zur Bekdmpfung von Tumoren.[46—48] Zudem gibt es weitere
relevante Therapieansétze wie die Hormontherapie oder die Immuntherapie sowie derzeit
untersuchte Methoden wie Hyperthermie, Kryochirurgie oder Laserchirurgie.[49-53]
Abhidngig von der Art des bosartigen Gewebes und dem Fortschreiten des Tumors wird eine
geeignete Methode oder Kombination zur Behandlung ausgewéhlt.[54; 55] Die
medikamentose Therapie kann sowohl den Primértumor als auch lymphogene oder

hédmatogene Metastasen bekampfen.
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Die zytostatische Chemotherapie hat verschiedene  Angriffspunkte.[48; 56]
Viele Zytostatika wirken starker auf schnell wachsendes Gewebe wie Tumore als auf Zellen
mit normalem Wachstum, was jedoch eine begrenzte Spezifitit fiir bestimmte Tumorzellen
zur Folge hat. Ziel ist es, die Proliferation des malignen Gewebes weitgehend einzuddmmen
und gleichzeitig in den Tumorzellen den programmierten Zelltod (Apoptose) oder den
traumatischen (Nekrose) auszulosen, wihrend die Neubildung von Tumorzellen
(Tumorangiogenese) oder ihre Ausbreitung (Metastase) verhindert werden sollen.[48; 38]
Apoptose bezeichnet den programmierten Zelltod, der dazu dient, einzelne alte und defekte

Zellen gezielt zu entfernen.

Dieser Prozess umfasst eine Reihe biochemischer Verdanderungen, die letztendlich zum Tod
der Zelle fithren. Im Gegensatz zur Nekrose wird die Apoptose nicht von Reaktionen des

Immunsystems wie Entziindung oder Schwellung des Gewebes begleitet.
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Abbildung 3: Zelluldre Vorgdnge bei Apoptose und Nekrose.[282]

Wihrend der Apoptose durchlduft die Zelle verschiedene morphologische Verdnderungen
wie die Bildung von Ausbuchtungen oder Blasen (Blebs) an der Zellmembran, auch bekannt
als "Blebbing" (Abbildung 3). Der Prozess der Apoptose geht auBerdem mit einer
Schrumpfung des Zellkerns, seiner Fragmentierung sowie dem Abbau von DNA einher und

endet mit dem Zerfall der Zelle in apoptotische Partikel.[57; 58]
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Mithilfe geeigneter biologischer Assays konnen diese Merkmale apoptotischer Zellen
nachgewiesen oder beobachtet werden. Die Chemotherapie bleibt auch heute noch eine der
bedeutendsten Methoden zur Behandlung bdsartigen Gewebes, und eine Vielzahl von
Antitumortherapeutika wird bereits klinisch eingesetzt, wobei ein Grofiteil davon

Naturstoffe oder Naturstoffderivate sind.[59; 34]

1.1.4 Krebsmedikation auf Naturstoffbasis

Die Nutzung von pflanzlichen Naturstoffen zur Entwicklung neuer Krebsmedikamente
begann in den 1950er-Jahren, als Vinblastin und Podophyllotoxin entdeckt und isoliert
wurden (Abbildung 4).[60; 61] In den 1960er-Jahren wurden im Rahmen eines
Forschungsprogramms, das vom United States National Cancer Institute (NCI) ins Leben
gerufen wurde, eine Reihe vielversprechender Naturstoffe mit zytotoxischen Eigenschaften
identifiziert. Dazu gehoren unter anderem Paclitaxel und Camptothecin, die erstmals von
den Chemikern MONROE E. WALL und MANSUKH C. WANI isoliert und untersucht wurden
und bis heute zur klinischen Behandlung von bosartigen Tumoren eingesetzt werden.[60;

62; 63]

H,CO OCH;
OCH;
B o -

Abbildung 4:Vinblastin (aus Catharanthus roseus) und
Podophyllotoxin (aus Podophyllum peltatum).[64; 65]
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Seitdem wurden weiter zahlreiche antitumoraktive Wirkstoffe entwickelt, die von
natiirlichen Molekiilen abgeleitet sind. Zwischen 1981 und 2014 wurden insgesamt 174
neue Krebsmedikamente zugelassen, wobei 85 davon Naturstoffe oder von ihnen

abgeleitete Derivate waren.[66; 67; 60; 68]

1.1.5 Aktuelle Forschung

In den letzten Jahren wurden bedeutende Fortschritte in der Erforschung neuer
Therapieformen zur Behandlung von Krebs erzielt. Im August 2017 erhielten die ersten
adaptiven Immuntherapien, bekannt als CAR-T-Zell-Therapien, die Zulassung von der U.S.
Food and Drug Administration (FDA).[69] Etwa ein Jahr spdter wurde diese Therapie auch
von der Europdischen Kommission fiir den Einsatz in Europa zugelassen.[70] Diese
innovativen Methoden werden als Gentherapien eingestuft und basieren auf der
Modifizierung kdrpereigener Abwehrzellen. Dabei werden T-Lymphozyten (T-Zellen) vom
Patienten entnommen und genetisch verdndert, indem sie mit einem Chiméren Antigen-
Rezeptor (CAR) ausgestattet werden. Dieser CAR ermdglicht es den modifizierten T-
Zellen, spezifische Molekiile auf der Oberfliche von Krebszellen zu erkennen und somit
Tumore zu identifizieren. Nach einer Vermehrung und griindlichen Qualitatskontrolle
werden die modifizierten T-Zellen dem Patienten injiziert. Dort binden sie an die
entsprechenden Tumorzellen und 16sen deren programmierten Zelltod aus (Abbildung 5).

[71; 72]

Beispiele hierfiir sind das von Novartis entwickelte Medikament Tisagenlecleucel, auch
bekannt als Kymriah® und das Axicabtagenciloleucel von Kite Pharma, welches unter dem

Namen Yescarta® vertrieben wird.[73][74]
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Abbildung 5: Funktion der Immuntherapie.[75]

Obwohl das Konzept der Behandlung von Krebs durch Stimulation des korpereigenen
Immunsystems keine Neuheit der letzten Jahre ist, haben frithere Beobachtungen, bei denen
Krebsriickgang nach Infektionen festgestellt wurde, die Grundlage fiir diese Ansétze
geschaffen. Bereits 1891 versuchte der New Yorker Chirurg WILLIAM COLEY, durch
Injektion von Bakterien in Tumore eine Immunreaktion auszuldsen, die den Tumor
bekédmpfen sollte.[76] Seitdem wurden viele therapeutische Ansdtze verfolgt, um Tumore
durch das Immunsystem des Korpers zu bekdmpfen. Erstmalig berichtete die
Forschungsgruppe um MITCHISON im Jahr 1955 iiber ein spezifisches Targeting von
Tumorzellen durch den adaptiven Transfer von Lymphozyten in Mausmodellen.[77]
Obwohl einige dieser Untersuchungen vielversprechend schienen, zum Beispiel spezielle
Impfstoffe zur Stimulation des Immunsystems, scheiterten viele von ihnen oder fiihrten
nicht zu den gewliinschten Ergebnissen. Dies lag zum Teil an den Abwehrmechanismen, die
Tumore gegen die zur Immunabwehr ausgesandten T-Zellen entwickelt haben. Diese
Mechanismen ermdglichten es den Tumoren, vor den T-Zellen unerkannt zu bleiben oder

deren Wirkung durch die Expression bestimmter Enzyme zu hemmen.[78; 79]

Ein Durchbruch in der Immuntherapie wurde bereits im Jahr 2011 mit der Zulassung von

Ipilimumab - auch bekannt als Yervoy® - zur Behandlung von Melanomen erzielt.[80]
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Dieser Wirkstoff agiert als Inhibitor des Checkpoint-Enzyms CTLA-4, das normalerweise
die Aktivierung der korpereigenen T-Zellen verhindert oder reguliert. Durch die Hemmung
dieses Enzyms konnen die T-Zellen das Tumorgewebe ungehindert angreifen und
bekdmpfen.[81; 78] Diese Entdeckung riickte darauthin weitere Inhibitoren, wie zum
Beispiel PD-1, in den Fokus weiterer Forschungen und beschleunigte die Entwicklung
neuer immunbasierter Therapieformen gegen Krebs.[82; 83] Fiir ihre bahnbrechenden
Forschungen auf dem Gebiet der Immuntherapie von Tumoren wurden im Jahr 2018 die
beiden Wissenschaftler JAMES P. ALLISON und TASUKU HONJO mit dem Nobelpreis fiir

Physiologie oder Medizin ausgezeichnet.[84]

1.2 Terpenoide Naturstoffe als Leitstrukturen

1.2.1 Grundlagen und Entstehung

Hiufig dienen bereits pharmakologisch aktive Substanzen als Ausgangspunkt filir die
Entwicklung neuer Wirkstoffe. Diese Substanzen, auch als Leitstrukturen bezeichnet,
weisen bereits eine gewisse pharmakologische Aktivitét fiir spezifische therapeutische
Anwendungen auf. Durch gezielte chemische Modifizierungen werden diese Leitstrukturen
derivatisiert, um ihre pharmakologischen Eigenschaften zu optimieren und sie somit als
potenzielle Therapeutika einzusetzen.[85; 86] Die Optimierung konzentriert sich dabei auf
Aspekte wie Aktivitdit und Selektivitit, wahrend gleichzeitig die Toxizitdt und
Nebenwirkungen minimiert werden. Die meisten dieser Leitstrukturen sind oder basieren
auf Naturstoffen, die als Grundlage fiir die Entwicklung neuer Wirkstoffe dienen.[87] Die
Entdeckung neuer Wirkstoffe zwischen 1980 und 2020 zeigt eine signifikante Beteiligung
sowohl synthetischer als auch von Naturstoffen abgeleiteter Verbindungen. Ungeféhr die
Hilfte aller neu zugelassenen Wirkstoffe ldsst sich strukturell auf Naturprodukte

zuriickfithren.[15]

Somit bleiben Naturstoffe ein wichtiger Bestandteil in der Wirkstoffforschung. Nicht nur
aufgrund ihrer von Natur aus bestehenden Bioaktivitét, sondern vor allem auch wegen ihrer
einzigartigen Struktur. Naturstoffe weisen oft eine komplexe Struktur, welche so besser an

die entsprechenden Rezeptoren binden konnen.[15; 88; 89]
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Eine bedeutende Gruppe von Naturstoffen, vorwiegend pflanzlichen Ursprungs, sind die
Terpene, welche eine vielversprechende Gruppe von Verbindungen dar, die zur Behandlung
von Tumorerkrankungen eingesetzt werden konnen.[90-92] Diese setzen sich aus Isopren-
Untereinheiten zusammen und werden in Abhingigkeit von der Anzahl der
Isopreneinheiten bzw. Kohlenstoffatome konnen in Hemi- (C5), Mono- (C10), Sesqui-
(C15), Di- (C20), Sester- (C25), Tri- (C30), Tetra- (C40) oder Polyterpene (>C40)
eingeteilt.[93]

Wesentliche Forschungsarbeiten auf dem Gebiet der Terpene wurden von den Chemikern
OTTO WALLACH und LEOPOLD RUZICKA geleistet. [hre Forschungen legten die Grundlagen
fir zahlreiche weitere Untersuchungen terpenoider Strukturen. Neben der
Strukturaufklirung gewannen hierbei auch Untersuchungen zu pharmakologischen

Eigenschaften zunehmend an Bedeutung.[94; 95]

Eine wichtige Gruppe der Terpene, die bereits grofles Potenzial hinsichtlich ihrer
pharmakologischen Eigenschaften zeigt, sind die pentazyklischen Triterpene. Etwa 4000
der bekannten Triterpene leiten sich dabei vom Squalan oder dem strukturverwandten
Squalen ab. Wichtige Grundgeriiste der pentazyklischen Triterpene sind zum Beispiel

Lupan, Oleanan und Ursan (Abbildung 6).[96]

Lupan Oleanan

Abbildung 6: Hdufige Grundgeriiste der Triterpene.
Sie zeigen hierbei ein breites Spektrum an biologischem Potenzial. Unter anderem werden
ihnen antitumorale und antiinflammatorisch sowie wie bakterizide, fungizide, antivirale,
zytotoxische, analgetische, spermizide, kardiovaskuldre und anti-allergene Eigenschaften

zugeschrieben.[97-101]
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Viele dieser Verbindungen wurden zudem beziiglich ihrer pharmakologischen

Wirkmechanismen umfanglich untersucht. (Tabelle 1).

Tabelle 1: Apoptotische Wirkmechanismen verschiedener Triterpencarbonsduren.

Verbindung Wirkmechanismus
Oleanolséure TCaspase 3, Caspase 8 und Caspase 9 | NF-kB,Cdk, Bcl-2
[102-106]

Ursolsdure TCaspase 3, Caspase 8 und Caspase 9 | NF-kB, Bcl-2
[107-109]
Betulinsdure TCaspase 3, Caspase 8 und Caspase 9, Storung des mitochondrialen
[110; 111] Membranpotentials | NF-kB, Bcl-2

Asiaséure 1Caspase3 und Caspase 9, intrazelluldren Ca?*-Konzentration,
[112-114] Bax |Bel-2

1.2.2 Asiasdure und Derivate

Die Asiasdure ist eine bislang nur begrenzt erforschte pentazyklische Triterpencarbonséure,
und wurde erstmals 1950 von PARIS in Centella asiatica nachgewiesen (Abb. 7).[115] Sie
basiert auf dem Ursan-Grundgeriist (Abb. 6). Es gibt jedoch einige Quellen, die die
inhdrenten pharmakologischen Eigenschaften der Asiasdure beleuchten.[116] SHUKLA et
al., GRAY et al. und BABU et al. isolierten asiasdurehaltige Pflanzenextrakte, die freie
Asiasdure sowie die glykosidisch gebundene Form aus Centella asiatica. Sowohl der
Extrakt als auch die freie, aber auch glykosidisch gebundene Form =zeigten bei
pharmakologischen Untersuchungen einen  positiven Effekt auf  die
Wundheilungsforderung, eine neuroprotektive Wirkung sowie auch antiproliferative

Effekte.[117-119]
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Abbildung 7: Asiasdure aus Centella asiatica.[120]

Dariiber hinaus wurde festgestellt, dass Asiasdure die Féhigkeit besitzt, die Bildung neuer
BlutgefiaBe zu hemmen, was besonders im Kontext der Krebsbehandlung von Interesse ist,
da Tumore fiir ihr Wachstum und ihre Metastasierung auf die Bildung neuer Blutgefifle
angewiesen sind (Angiogenese).[114] Infolge Untersuchung an Tiermodellen konnte der
hepatoprotektive Effekte der Asiasdure gezeigt werden, was auf eine mogliche Anwendung
bei der Behandlung von Lebererkrankungen hinweist.[121] KAHNT et al. konnten durch die
Modifikation von Asiasdure und weiterer Triterpencarbonsiuren eine verbesserte

Antitumoraktivitit sowie Selektivitit nachweisen.[122]

1.2.3 Weitere Triterpenoide und Derivate (Ursol-, Corosol,- und Madecassinsdure)
Eine Vielzahl von Vertretern aus der Gruppe der pentazyklischen Triterpene wurde bereits
ausfiihrlich hinsichtlich ihrer biologischen Aktivititen erforscht. Insbesondere die
Ursolsdure (Abb. 8) wurde in der Vergangenheit bereits umfassend untersucht.[123—125]
In der Literatur gibt es zahlreiche Nachweise fiir ihre zytotoxischen und apoptose-
induzierenden Eigenschaften.[126; 127] Verschiedene Forschungsarbeiten haben sich
darauf konzentriert, den Wirkmechanismus zu untersuchen, jedoch konnte bislang keine

vollstdndige Aufkldrung erreicht werden.
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Weitere wichtige pentazyklische Triterpencarbonsiduren wie Oleanolséure und Maslinsdure
(Abb. 8), die vom Oleanan-Grundgeriist abgeleitet sind, wurden ebenfalls eingehend auf
ihre biologische Aktivitdt untersucht. Dabei wurden interessante pharmakologische
Eigenschaften wie antioxidative, antivirale und antitumorale Effekte beobachtet.[128—131]
Ahnlich wie bei der Ursolsdure wurden auch fiir Oleanolsiure und Maslinsiure

apoptoseinduzierende Eigenschaften gegeniiber verschiedenen Tumorzellen festgestellt.

Ursolsaure

OH Madecassinsaure

Abbildung 8: Pentazyklische Triterpencarbonsduren.

Weitere wichtige pentazyklische Triterpencarbonsiduren wie Oleanolsédure und Maslinsdure
(Abb. 8), die vom Oleanan-Grundgeriist abgeleitet sind, wurden ebenfalls eingehend auf
ihre biologische Aktivitdt untersucht. Dabei wurden interessante pharmakologische
Eigenschaften wie antioxidative, antivirale und antitumorale Effekte beobachtet.[128—131]
Ahnlich wie bei der Ursolsdure wurden auch fiir Oleanolsiure und Maslinsiure

apoptoseinduzierende Eigenschaften gegeniiber verschiedenen Tumorzellen festgestellt.

Ein hingegen bisher weniger erforschtes pentazyklisches Triterpen ist die Madecassinsdure

(Abb. 8), die beispielsweise in Centella asiatica vorkommt.[116; 132]

Es existieren verschiedene Ansdtze zur Isolierung der Madecassinsdure aus dem
entsprechenden Pflanzenmaterial, wobei Methoden mithilfe der Mikrowelle als mdgliche
Alternativen zur herkdmmlichen Extraktion mittels Soxhlet oder gegeniiber dem Digerieren
zunehmend an Bedeutung gewinnen.[133] Hierbei gibt es jedoch eine Limitierung

beziiglich der Menge des eingesetzten Pflanzenmaterials pro Extraktion.
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Madecassinsdure weist ebenfalls wie die vorherigen genannten Triterpencarbonsduren eine
Vielzahl von inhdrenten pharmakologischen Eigenschaften auf, einschlieBlich
antitumoraler, antioxidativer, anti-inflammatorischer, cardio- und neuroprotektiver

Aktivitdten.[134—-138]

1.3 Kationische Fluoreszenzfarbstoff-Analoga als hochaktive und selektive
Verbindungen

1.3.1 Safirinium-Konjugate

Krebs ist, wie bereits ausfiihrlich erldutert, nach wie vor die zweithdufigste Todesursache.
Insbesondere einige Krebsarten weisen aggressivere Phidnotypen auf als andere wie
Prostata- und Brustkrebs.[139; 140] Dariiber hinaus fiihren hypoxische Tumore zu einer
Versauerung der Tumorumgebung, was die Resistenz, Invasion und Proliferation des
Tumors weiter erhoht.[141-143] In jlingster Zeit haben Antikrebsmedikamente, die das
Mitochondrium als Wirkort haben — auch bekannt als Mitocane - immer mehr
Aufmerksamkeit erlangt, da diese Verbindungen Todesignale von den Mitochondrien
auslosen, wodurch Tumorzellen, die aufgrund von DNA-Schidden nicht mehr auf externe
Todesignale reagieren, Apoptose auslosen.[144; 145] Dies wurde bereits fiir

Analogverbindungen von Vitamin E sowie fiir Triterpenoide und Steroide gezeigt.[146—
148]

Bei letzteren Verbindungen wurde dies durch die Anbindung lipophiler Kationen (wie
Rhodamin B, einer BODIPY-Einheit, einer Triphenylphosphonium-Einheit, einem
Ammoniumsalz oder Derivaten von Malachitgriin) an das Triterpenoid- oder Steroidgeriist
erreicht (Abb. 9).[149-156] Allerdings ist die bloBe Anwesenheit eines Kations nicht
ausreichend, um eine gute Zytotoxizitdt in Tumorzellen zu erreichen. Zum Beispiel sind
distale N-Oxide und quartire Ammoniumsalze von Triterpenoiden deutlich weniger

zytotoxisch als z. B. Benzylamide.[157; 158; 130]
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BODIPY FL Triphenyl(propyl)phosphonium
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Abbildung 9: Auswahl lipohiler Kationen fiir die Kupplung an Triterpene und Steroide.

Vor einiger Zeit ist es SACZEWSKI et al. gelungen, sogenannte "Safirinium-Hybride" durch
Tandem-Mannich-elektrophile Aminierungsreaktionen aus profluorogenen Isoxazolinonen
und sekunddren Aminen wie Chinolonen oder kurzen Peptiden zu synthetisieren.[ 159] Die
fritheren Hybride zeigten eine hohere Lipophilie, und die letzteren waren in der Lage,
Sporen von Bacillus subtilis zu farben.[160] Hierbei wurde beobachtet, dass Safirinium-
Hybride gut in Zellen transportiert werden konnen, was sie fiir die Untersuchung beziiglich
des zytotoxischen Potenzials besonders interessant macht.. Die Hybridisierung ist oft mit
der Fahigkeit verbunden, das bekannte Problem (Wirksamkeit, Affinitit, Loslichkeit,
unerwiinschte Nebenwirkungen usw.) mit dem anderen Hybridteil auszugleichen.
Mangelnde Loslichkeit in biologischen Systemen ist ein bekanntes Problem, das haufig mit
Triterpenen in Verbindung gebracht wird.[161; 162] Dieses Problem konnte jedoch durch
die Bindung an eine kationische Restgruppe wie eine Safirinium-Einheit gelost werden. Das
Interesse liegt daher darauf festzustellen, ob triterpenoide Safirinium-Hybride effizient den

Zelltod auszulosen.
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Abbildung 10: Triterpen-Safirinium P & O-Hybride.
Betulinsdure (BA) ist zum Beispiel ein Triterpen, das vielversprechende in-vitro- und in-
vivo-Antitumor-Aktivitit in Melanom-, neuroektodermalen Tumor- und Gliomzelllinien
zeigt.[163—-166] Es zielt auf die mitochondrialen Permeabilititsiibergangsporen ab.[167—
169] Es reguliert auch Bcl-2 herunter, was die Apoptose fordert, sowie VEGFR und NF-
kB, die beide eng mit der Angiogenese und der Tumorproliferation verbunden sind.[170—
172] Basierend auf dieser Strategie liegt der Fokus darauf, verschiedene Triterpen-
Safirinium-Konjugate zu synthetisieren (Abb. 10) und ihre Zytotoxizitdt und Selektivitit

fiir verschiedene menschliche Tumorzelllinien zu untersuchen.

1.3.2 Rhodamin B-Konjugate

Rhodamin und seine Derivate werden hdufig verwendet, um das Mitochondrium zu
farben.[173—176] Frithere Forschungen haben gezeigt, dass terpenoide Rhodamin-
Konjugate spezifisch auf das Mitochondrium abzielen und eine hohe Zytotoxizitdt gegen
Tumorzellen aufweisen. Dies wurde auch fiir einige Rhodamin-Steroid-Konjugate
festgestellt. [149; 177] Die Herausforderung bei Triterpenen besteht darin, dass sie in
wassrigem Milieu von Tumorzellen nur schwer 16slich sind, aber durch die Rhodamin-

Konjugation wird dieses Problem verbessert.[178; 179]

16



Einleitung

Besonders einfache Rhodamin B Derivate konnen kostengiinstig und in grolen Mengen
hergestellt werden, wodurch sie vielversprechende Kandidaten fiir die antitumorale
Therapie sind.[180; 181] Zudem erfiillen sie die Lipinski-Regeln, was sie zu
vielversprechenden "Lead"-Verbindungen macht. [182—-184]

Die Herstellung von Verbindungen aus Ethyl-, Hexyl- und Eicosylestern sowie Amiden von
Piperidin abgeleiteten Verbindungen gelang in guten bis sehr guten Ausbeuten von
48 bis 92 % aus dem Rhodaminacylchlorid. Insbesondere der Ethylester zeigte mit einer
Zytotoxizitit von 0,15 + 0,02 uM sehr gute ECso-Werte. Unerwarteterweise wiesen die
ECso-Werte des Eicosylesters hohe Werte von >20 uM auf, obwohl man aufgrund der
Ahnlichkeit des Eicosylrestes zu den Triterpenen eine hohere Wirksamkeit erwartet
hitte.[185] Es ist bekannt, dass hydrophobe Reste sogar schneller die Membran passieren
als hydrophile.[186; 187] Es ist auch auffillig, dass die Rhodamin B Ester keine Selektivitit

gegeniiber den Tumorzellen zeigen.

Die Rhodamin B Amide zeigen gute ECso-Werte zwischen 0,27 + 0,01 pM und 17,34 + 0,8
uM. Allerdings fdllt auf, dass das Rhodamin B Piperazinamid mit ECso-Werten >30 uM
deutlich weniger aktiv ist als die anderen Derivate. Weiterhin zeigen die Rhodamin B
Amide eine gute Selektivitit gegeniiber MCF-7 (Brustkrebs) und A2780 (Eierstockkrebs)
Zellen. Besonders das Morpholinderivat sticht mit guten Selektivitdtswerten von S = 19,5

gegen MCF-7 und S = 18,1 gegen A2780 Zellen hervor.

Ergebnisse des SRB-Assays von KAHNT ef al. zeigen eine hohe zytotoxische Wirksamkeit

der synthetisierten Asiasdure Rhodamin B-Konjugate mit Piperazin-Spacer (Tab. 2).[122]

Tabelle 2: EC50-Werte ausgewdhlter Derivate nach KAHNT.[122]

# A375 HT29 MCF7 A2780 NIH 3T3

AA >30 >30 >30 28.2+0.3 26.2+2.5

8 1.3+£0.2 1.3+0.1 2.0£0.1 0.8+0.09 1.8+0.04

11 n.d. 0.017+0.013 0.012 +0.002 0.008 + 0.002 0.178 £ 0.027
Dox n.d. 09+0.2 1.1+£03 0.02+0.01 1.7+£03

Diese Ergebnisse bestdtigt abermals das allgemeine hohe pharmakologische Potenzial von
terpenoiden Rhodamin B-Konjugaten, wie bereits in den Untersuchungen von

SOMMERWERK et al. und WOLFRAM et al. gezeigt wurde.[178; 150]

17



Einleitung

Die Variation des Amid-Spacers fiihrt zu einer signifikanten Verédnderung hinsichtlich der
Zytotoxizitdt des Rhodamin B-Konjugates. Im Rahmen dieser Studien wurde ebenfalls
festgestellt, dass je nach verwendetem ,,Spacer* die Rhodamin B-Triterpen-Derivate
offensichtlich nur dann zytotoxisch, wenn eine "offene" (fluoreszierende) Form vorliegt
(Abb. 11). Wenn Rhodamin B hingegen in einer geschlossenen/nicht fluoreszierenden
Lacton- oder Lactam-Form vorliegt, sind die entsprechenden Konjugate praktisch nicht

zytotoxisch.[178; 149]

g N

Rhodamin B-Einheit Rhodamin B-Einheit
(offene Form) (geschlossene Form)

Abbildung 11:Offene und geschlossene Rhodamin B-Einheit.

Konjugate, bei denen die Rhodamin B-Einheit direkt an das Grundgeriist des Triterpens
angebunden ist (z. B. als Ester), sind zwar zytotoxisch, aber in der Regel nicht sehr
selektiv.[150; 185] Dies verdeutlicht, dass nicht nur der Rhodamin B-Rest alleine zu einer
erhohten Zytotoxizitét fiihrt, sondern auch die Verkniipfung mit dem Triterpen-Grundgertist

iiber den Amin-Spacer entscheidend ist.

Basierend auf der zytotoxischen Aktivitét der bereits untersuchten Triterpen-Rhodamin B-
Konjugate liegt der Fokus darauf, eine zusitzliche Substanzbibliothek iiber die Schotten-
Baumann-Methode aus Asia- und Madecassinsdure zu synthetisieren.[188] und eine
systematische Variation der Amin-Spacer zu erzielen. Zudem gilt es, zytotoxische
Triterpencarbonséure-Konjugate zu entwickeln, die eine dauerhaft positiv geladene Einheit
tragen; diese Verbindungen sollten auch als fluoreszierende molekulare Sonden wirken
konnen. Diese letztere Eigenschaft ist auch mit der Féhigkeit verbunden, die Aufnahme und
intrazelluldre Verteilung der Molekiile auf direktem Weg zu beobachten. Auf diese Weise
konnen wertvolle Informationen iiber molekulare Mechanismen recht einfach gewonnen

werden.
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2 Zielstellung

Die mannigfaltige Naturstoffklasse der Terpene hat aufgrund ihrer bereits natiirlichen
pharmakologischen Eigenschaften schon lange das Interesse der Naturstoff- und
Wirkstoffforschung geweckt. Die Forschung ist hier jedoch unterschiedlich weit
fortgeschritten. Wéhrend einige Vertreter wie Betulin-, Ursol- oder Oleanolsiure
umfangreich untersucht und durch zahlreiche Quellen belegt wurden, sind andere Triterpene

wie Asia- oder Madacassinsdure in der Literatur bisher weniger présent.

In dieser Arbeit steht die Synthese neuartiger Triterpencarbonsidure-Derivate im
Vordergrund, mit dem Hauptziel, deren zytotoxische und selektive Wirkung gegeniiber
menschlichen malignen Tumorzelllinien in vitro zu erhéhen. Als Ausgangspunkt fiir die
Derivatisierung zu entsprechenden Konjugaten dienen weitverbreitete pentazyklische
Triterpene wie Betulin-, Oleanol-, Ursol- oder Platansdure, aber auch die selteneren
Triterpencarbonsiuren Asia- und Madecassinsdure. Die Carboxylgruppe der entsprechenden
Verbindungen sollen dabei als Angriffspunkte dienen, um zunichst zum entsprechenden

Amid und fortsetzend zum Farbstoffkonjugat derivatisiert werden zu kdnnen.

Ein besonderer Fokus liegt dabei auf den bisher wenig erforschten Rhodamin B- und
Safirinium-Konjugaten, von denen beide potenziell fiir eine zielgerichtete Tumortherapie in
Betracht gezogen werden konnen. Das Potenzial von Safirinum-Derivaten als potenzielle
Mitocane ist bisher noch unbekannt, da diesbeziiglich bisher noch keine Untersuchungen
durchgefiihrt wurden. Das Augenmerk liegt hierbei darauf, selektive Verbindungen zu

erhalten, aber auch auf der Steigerung der Aktivitét.

Des Weiteren werden am Beispiel der Asia- und Madecassinsdure zwei Vertreter der
pentazyklischen Triterpencarbonsiuren verwendet, welche strukturell starken Ahnlichkeiten
mit der bereits bekannten und hinreichend untersuchten Maslinséure haben. Dadurch kénnen
Riickschliisse auf die Wirkungsweise gezogen werden und neue Ansatzpunkte fiir mitocane

Verbindungen zur Tumortherapie entstehen.

Zusitzlich wird beabsichtig zu untersuchen, wie sich eine hinreichend aktive und selektive

Verbindung im Tumor-Sphiroid und in vivo verhilt.

19



Diskussion und Einordnung der Ergebnisse

3 Diskussion und Einordnung der Ergebnisse

3.1 Safirinium-Konjugate

3.1.1 Zytotoxische Triterpencarbonsiiure-Safirinium-Derivat

Krebs bleibt die zweithdufigste Todesursache, wobei bestimmte aggressive Arten wie
Prostata- und Brustkrebs besonders hervorstechen. Hypoxische Tumore verschérfen diese
Problematik, indem sie die Resistenz und Ausbreitung der Tumorzellen férdern.[189] In
diesem Kontext erlangen mitochondriale Antikrebsmittel, auch bekannt als "Mitocane",
zunehmende Aufmerksamkeit, da sie auch in resistenten Tumorzellen wirksam sind.[190—

196; 185; 178; 197; 150; 198; 152; 199-201; 158; 202; 203; 190]

Besonders vielversprechend erweist sich die Kombination von lipophilen Kationen mit
Triterpenoiden oder Steroiden, die bemerkenswerte zytotoxische Eigenschaften zeigt.[192;
203] Es muss jedoch beachtet werden, dass nicht alle Verbindungen gleichermallen
wirksam  sind.[158; 202-205] Unser Fokus liegt daher auf zytotoxischen
Triterpenkonjugaten mit dauerhaft positiv geladenen Gruppen, die zusidtzlich als

fluoreszierende Sonden dienen konnen.[206; 160]
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Abbildung 12: Synthese von Safirinium P.

Die bisherigen Erkenntnisse zu "Safirinium-Hybriden" inspirierten uns, das Potenzial von
Safirinium-Triterpen-Hybriden hinsichtlich ihrer Zytotoxizitdt zu erforschen. Diese
konnten bekannte Probleme wie die geringe Loslichkeit von Triterpenen in biologischen
Systemen adressieren. Insbesondere Betulinsdure zeigt vielversprechende antitumorale

Aktivitdten und reguliert die Tumorentwicklung.[207-209; 154; 145; 210]
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Auf dieser Basis synthetisieren wir verschiedene Triterpen-Safirinium-Konjugate, um
deren Wirkung auf Tumorzelllinien zu untersuchen. Die Synthese der Safirinium P-
Derivate (Abb. 12) verlief erfolgreich, ebenso wie die Aktivierung der Safirinium Q-
Derivate (Abb. 13).[211; 212] Die Acetylierung von Triterpensduren fiihrte zu
vielversprechenden Verbindungen.[185; 198]

H o} O
NH a N b RS c A
- O - COL™ = O™
o < ~
N™ ~Cl N~ ~Cl
12 13 14
1) (o)
d N e X o
14 > C(I/{o > ©\/\/LLO
NN N
15

oN

16 <'\

=®

Abbildung 13: Synthese von Safirinium Q.

Die UV/Vis-Spektren der Safirinium-Betulinsdure-Hybride wiesen &hnliche Werte wie

verdffentlichte Daten fiir Analoga auf.

Einige der synthetisierten Derivate zeigten keine Zytotoxizitat (29, 31, 32, 34 und 39),
wihrend andere eine moderate Aktivitidt aufwiesen (33, 35-38). Ein Derivat (30) zeigte eine
vielversprechende Zytotoxizitit, war jedoch wunselektiv gegeniiber nicht-malignen
Fibroblasten (Tab. 3). Uberraschenderweise lokalisierten sich die Verbindungen im
endoplasmatischen Retikulum und nicht in den Mitochondrien, was dem erwarteten

Verhalten von Mitocanen widerspricht.
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Tabelle 3:EC50-Werte ausgewdhlter Derivate.

A375 HT29 MCF-7 A2780 FaDu NiH3T3
Rho >30 >30 >30 >30 >30 >30
3-11 >30 >30 >30 >30 >30 >30
29 262+13 >30 263+2.1 21.6+2.4 >30 224+22
30 54+0.1 75+03 49+03 46+0.3 6.0+0.3 6.6+0.3
31 16.8 £ 1.0 249+1.7 157+1.2 11.0+1.2 10.7+ 1.0 >30
32 20.8+1.7 27.0+2.0 18.1+1.0 14.1+£2.0 282+23 >30
33 21.4+0.7 262+0.7 19.8+1.2 214+19 18.1+1.8 184+2.0
34 214414 >30 102+1.1 9.0+1.2 183+1.1 >30
35 150+1.2 222409 13.2+0.7 109+1.8 13.3+£0.9 3.0+0.6
36 18.6 £2.1 26.8+0.6 176+ 1.5 183+28 123+13 174+ 1.7
37 19.0+£2.0 250+1.0 21.8+1.7 242+2.6 27.1+2.0 285+ 1.1
38 13.8+0.8 22.1+£0.8 11.7+0.7 112+1.4 102+0.1 36+1.0
39 16.6 £2.1 >30 157+1.4 20.8+1.9 16.1+1.3 213+13
DX n.d. 0.9+0.01 1.1£0.3 0.01 £0.01 n.d. 0.4+0.07
ST n.d. 0.2+0.02 0.1+0.01 0.1+0.01 0.1 +0.05 0.008 £ 0.001

Die Synthesen der Safirinium-Fluoreszenzmarkierungen verliefen erfolgreich in Ausbeuten
von 39 bis 57 %. Die Safirinium-Verbindungen zeigten keine Zytotoxizitit, wahrend viele
Triterpenoid-Safirinium-Konjugate nur méfige Wirkung aufwies. Thre Lokalisierung im
endoplasmatischen Retikulum kdnnte die geringere Zytotoxizitdt im Vergleich zu den

Mitocanen Rhodamin B-Analoga erkldren (Abb. 14).

20 ym 29 ym

Abbildung 14: Fluoreszenzbildgebung von A375-Epithelkarzinomzellen, inkubiert mit: Verbindung 30 (links),
ER-Tracker (Mitte) und zusammengefiihrte Bilder (rechts).
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3.2 Rhodamin B-Konjugate

3.2.1 Euscaph- und Tormentillsiure — Einfluss des E-Rings auf die zytotoxische
Wirkung

Der Extrakt der Blutwurzwurzeln enthilt entziindungshemmende Tannine und wurde
traditionell in der Volksmedizin fiir die Wundheilung und zur Behandlung von Durchfall
eingesetzt. [213-219] Bereits seit dem Mittelalter besteht Interesse an den potenziellen
krebsbekdmpfenden  Eigenschaften der Blutwurzwurzeln, insbesondere durch
pentazyklische Triterpene wie Euscaphsidure (EA) und Tormentillsdure (TA). [220-227;
225; 228; 229] Ein verbessertes Extraktionsverfahren hat die Verfligbarkeit von EA und TA
erheblich erhoht.[230-232] Wiahrend EA eine antikanzerdse Aktivitdt bei Leukdmiezellen
zeigt, weist TA nur eine schwache Aktivitit gegen Tumorzelllinien auf. Aufgrund der
vielversprechenden Ergebnisse werden derzeit Derivate untersucht, um ihre zytotoxische

Aktivitit genauer zu verstehen.[221; 226; 227; 230]

Die Extraktion der Blutwurzwurzeln ergab EA und TA.[230-232] Durch verschiedene
chemische Reaktionen wurden Amide und Verbindungen synthetisiert, die mit Rhodamin

B gekoppelt wurden (Abb. 15).[233-240]

11n=1(aus 5
12n=2(aus 6

)
)
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Abbildung 15: Syntheseschema zur Darstellung der Rhodamin B-Konjugate
aus Tormentill- und Euscaphsdure.
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Unterschiede in den Aminen spiegeln sich in ihren strukturellen und optischen
Eigenschaften wider: Primédre Aminverbindungen sind farblos, wéhrend sekundére
Aminverbindungen tiefrosa erscheinen mit einem Amax von 560 + 15 nm, typisch fiir
kationische Rhodamin B-Derivate.[149] Diese Unterschiede deuten auf Strukturvariationen
hin, wobei farblose Verbindungen mit einem Lacton- (oder Lactam-)Farbstoff in Rhodamin

B-Derivaten verbunden sind.[241; 242]

Die synthetisierten Verbindungen wurden mittels des Sulforhodamin B-Assays auf ihre
Zytotoxizitét getestet. Wéahrend einige Verbindungen keine zytotoxische Wirkung zeigten,
wiesen die Amide eine erhdhte Zytotoxizitit auf. Alle Amide zeigten ECso-Werte im
niedrigen mikromolaren Bereich, wobei eine Verbindung (6) die hochste Aktivitit aufwies.
Kationische Rhodamin B-Konjugate wiesen im Allgemeinen die hdchste Zytotoxizitét auf.
Besonders bemerkenswert war eine Verbindung (15), die eine bemerkenswerte Selektivitit
von 190 zwischen Tumor- und Nicht-Tumor-Zellen zeigte und eine gezielte Wirkung auf

Mitochondrien hatte, die mittels Fluoreszenzmikroskopie festgestellt wurde (Tab. 4).

Tabelle 4: EC50-Werte der synthetisierten Derivate.

# A375 HT29 MCEF-7 A2780 FaDu NIH 3T3
1 >30 >30 >30 >30 >30 >30
2 >30 >30 >30 >30 >30 >30
3 >30 >30 25.0+3.5 242+0.9 >30 >30
4 >30 >30 >30 >30 >30 >30
5 1.19£0.1 2.05+0.2 2.26+0.3 1.77£0.1 1.43£0.1 2.51+0.1
6 1.22+£0.1 2.25+0.1 2.50+0.1 1.78 £0.1 1.55+£0.3 2.61+0.2
7 2.15+0.1 328+04 336+0.3 2.57+0.1 297+0.3 4.37+0.6
8 3.0+0.1 49+04 45+0.6 40+04 39+04 64+04
9 2.29+0.5 3.12+0.7 271+13 2.98+0.7 2.86 + 06 2.83+0.5
10 3.8+0.1 59+04 5604 57+03 53+0.3 73+£0.8
11 0.190 + 0.004 0.191 £0.011 0.094 + 0.008 0.066 + 0.005 0.074 = 0.006 0.210+0.010
12 0.012+0.001 0.012 +0.002 0.022 £+ 0.005 0.004 £+ 0.001 0.005 £ 0.001 0.164 +£0.076
13 13.65+0.4 >30 >30 >30 >30 >30
14 0.141+0.031 0.162 +0.024 0.0084 +0.014 0.037+0.011 0.041+0.018 0.252+0.017
15 0.006 £+ 0.001 0.005 £ 0.001 0.008 £ 0.001 0.001 £+ 0.000 0.001 £ 0.000 0.190 £+ 0.026
16 12.03+1.5 >30 >30 >30 >30 >30
BA 144+13 127+1.8 184+£2.0 120+1.7 164+1.9 16.1£14
DX 1.0£0.8 0.01 £0.01 0.9+0.2 1.1+0.3 1.7£0.3 0.008 £ 0.001
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Eine Gruppe von (Homo)piperazinamiden, abgeleitet von Tormentillsdure und
Euscaphsdure und zusétzlich mit Rhodamin B-Farbstoff gekoppelt, wurde entwickelt und
auf zytotoxische Aktivitit getestet. Verbindungen mit einer Homopiperazinamid-Struktur

zeigten hierbei eine hohe Zytotoxizitit und Selektivitit gegentiber Tumorzellen. [149]

3.2.2 Madecassinsdure als neue Leitstruktur

Trotz signifikanter Fortschritte in der Krebsforschung und -therapie bleibt die globale
Krebsbelastung betrachtlich, mit 10 Millionen Todesfdllen und 19,3 Millionen neuen
Krebsfillen im Jahr 2020.[21; 243] Viele etablierte Chemotherapeutika haben ihren
Ursprung in natiirlichen Quellen oder daraus abgeleiteten Verbindungen. Dazu gehdren
hochzytotoxische Verbindungen wie Betulinsdure, Ursolsdure und Oleanolsiure [244-251;
117; 252-255] Weniger erforschte Substanzen wie Gypsogenin, Hederagenin und
Madecassindure zeichnen sich durch eine verbesserte Verfiigbarkeit aus und konnten als

potenzielle Krebsbekdmpfungsmittel von Interesse sein [256-258; 138; 259-263]

Unsere aktuelle Forschung konzentrierte sich auf hochzytotoxische acetylierte
pentazyklische Triterpenoidamide, insbesondere Rhodamin B-Konjugate, die bei
nanomolaren Konzentrationen eine starke Wirksamkeit und eine geringere Toxizitdt
gegeniiber nicht-malignen Zellen zeigten [264; 197; 122; 149; 17; 130] Im Rahmen dieser
Untersuchung wurden Gypsogenin, Hederagenin und Madecassindure sowie deren

abgeleitete Verbindungen auf ihre Zytotoxizitét mittels Sulforhodamin B-Assays analysiert.

Die Synthese neuer Triterpenamide und ihrer Rhodamin B-Konjugate erfolgte iber mehrere
Reaktionsschritte, einschlieBlich der Hydrolyse von Gypsophila-Saponin, der Reduktion zu
Hederagenin, der Acetylierung und der anschlieBenden Amidbildung (Abb. 16)[262; 263;
122] Dieser methodische Ansatz ermoglichte die Herstellung von Verbindungen mit
spezifischen strukturellen Merkmalen, die fiir ihre biologische Aktivitdt von Bedeutung

sind.

25



Diskussion und Einordnung der Ergebnisse

1R = H; Ry = CHO; Ry = H; Ry = H; Rs = CH3
2R; = H; R, = CH,0H; Ry = H; Ry = H; Rs = CH;
3Ry = OH; R, = CH,0H; Ry = OH; Ry = CHy; Rs=H

Saponin

4Ry =H; R, = CHO; R3 = H; Ry = H; Rs = CH;
5R; = H; R, = CH,0AC; Ry = H; Ry = H; Rs = CH,

6 Ry = AcO; R, = CH,0AC; R3 = OH; Ry = CH3; Rs = H
7R; =H; Ry = CHO; R = H; Ry = H; Rs = CHy; Rg = Bn

8 R, = H; R, = CHO; Ry = H; R, = H; R = CHz; Rg = Ph

9 R; =H; R, = CHO; Ry = H; Ry = H; Rs = CHy; R = Pip
10 R; = H; R, = CHO; R; = H; R, = H; Rs = CH3; R = HoPip

11 Ry = H; Ry = CH,0AC; Ry = H; Ry = H; Rs = CHa; Rg = Bn
12 R; = H; R, = CH,0AC; Ry = H; Ry = H; Rs = CHj; Rg = Ph
13 R; = H; R, = CH,0AC; R; = H; Ry = H; Rs = CHa; Rg = Pip
14 R; = H; R, = CH,0AG; R; = H; Ry = H; Rs = CHy; Rg = HoPip

15 R; = AcO; R, = CH,0AC; R = OH; R, = CHa; Rs = H; Rg = Bn
16 R; = AcO; R, = CH,0AG; R; = OH; Ry = CHa; Rs = H; Rg = Ph
17 R, = AcO; R, = CH,0AG; R = OH; R, = CHz; Rs = H; Rg =Pip
18 R; = AcO; R, = CH,0AC; Ry = OH; Ry = CHy; Rs = H; Rg = HoPip

19 Ry =H; R, = CHO; Ry = H; R, =H; Rs = CHz;n =1
20Ry=H;R,;=CHO; R3=H; Ry =H;Rs=CHg; n=2

13 or 14
21 Ry =H;R; =CH,0Ac;R3 =H;R; =H;Rs =CH5; n=1

230r24 22 Ry = H; Ry = CH,0AC; Ry = H; Ry =H; Rg = CHy; n=2

23 Ry = AcO; Ry = CHy0AC; R3 = OH; Ry = CH3; Rs=H;n=1
24 R; = ACO; R, = CH,0AC; Ry = OH; Ry = CHy; Rs = H; n =2

Abbildung 16: Syntheseschema zur Darstellung der Rhodamin B-Konjugate
der Triterpencarbonsduren aus Saponin.

Die zytotoxische Wirkung der synthetisierten Verbindungen wurde an verschiedenen
Tumorzelllinien und nicht-malignen Fibroblasten getestet. Hierbei wurden freie
Triterpencarbonsduren, deren Acetate, Amide und ihre Rhodamin B-Konjugate untersucht.
Die Ergebnisse zeigten, dass bestimmte modifizierte Verbindungen und Rhodamin B-
Konjugate (Abb. 17) eine deutlich erhohte Zytotoxizitdt und verbesserte Selektivitit

aufwiesen, mit Selektivititsindizes von bis zu 20.

Abbildung 17: Aktivste Madecassinsdure-Derivat mit Homopiperazin-Spacer und Rhodamin B(links)und
Firbeversuche: A375-Zellen, 48 Stunden; (A): Kontrolle; (B): in Gegenwart von 24; (C): Hoechst 33.342-
Férbung; (D): zusammengefiihrt (Hoechst 33.342, Kontrolle),; und (E): in Gegenwart von Rhodamin 123
(rechts).
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Diese Erkenntnisse bestitigen, dass Verbindungen mit spezifischen strukturellen
Modifikationen hohe zytotoxische Wirkungen entfalten konnen. Insbesondere Triterpene,
die zusdtzliche Hydroxyl- oder Acetylgruppen tragen, konnten vielversprechende

Kandidaten fiir die Weiterentwicklung von Krebsmedikamenten darstellen (Tab. 5).

Tabelle 5: EC50-Werte ausgewdhlter Derivate

# A375 HT29 MCF7 A2780 HeLa NIH 3T3
20 0.0319+0.0036 0.0566 £0.0123  0.0558 = 0.0072 0.0131 + 0.1021 + 0.1600 +
0.0007 0.0263 0.0226
21 0.055+0.01 0.086 % 0.01 0.066+0.008  0.025 +0.002 - 0.305+0.06
22 0.031£0.007  0.083+0.02 0.086 + 0.01 0.018 £ 0.001 - 0.441+0.12
23 0.055+0.01 0.108 £ 0.02 0.054 +0.01 0.015 £ 0.001 - 0.277 £0.03
24 0.0095 + 0.0127 + 0.0162 + 0.0045 0.0029 + 0.0526 + 0.1013 +
0.0015 0.0038 0.0005 0.0151 0.0231
DX n.d. 09+02 1.1+03 0.02+0.01 n.d. 1.7+0.3
3.2.3 Asiasdure als Leitstruktur fiir Derivate mit submolarer Zytotoxizitit

Der FEinsatz natiirlicher Substanzen zur Krankheitsheilung ist umfangreich
dokumentiert.[265-269] Pflanzliche Inhaltsstoffe, insbesondere solche mit sekundiren
Pflanzenstoffen, zeigen vielversprechende gesundheitsfordernde Eigenschaften. Hierzu
zdhlen insbesondere Behandlungsmoglichkeiten fiir Bluthochdruck, Entziindungen und
Immunmodulation. [270-275] Ein vielversprechendes neues Forschungsgebiet befasst sich
mit Mitocanen, welche gezielt auf Mitochondrien wirken und apoptotisch auf Zellen
einwirken.[276; 277; 150; 192] Die Synthese neuer Mitocan-Derivate aus Triterpenséuren,
welche Rhodamin-Einheiten enthalten (Abb. 18), hat vielversprechende Ergebnisse in
Bezug auf die zytotoxische Aktivitdt gegeniiber Tumorzellen gezeigt.[178; 204; 130; 278—
280]
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5 Rhodamin B

Abbildung 18: Syntheseschema zur Synthese der Asiasdurederivate.

Bei diesen Triterpenkonjugaten, die von Asiasdure abgeleitet sind, wurden spezifische

Untersuchungen zur Zytotoxizitét und Selektivitdt fiir Tumorzellen durchgefiihrt.

Das Hinzufiigen einer Acetylgruppe zu diesen Verbindungen hat die zytotoxische Aktivitit
signifikant verbessert. Ein besonders wirksames Konjugat, ein Homopiperazinyl-Rhodamin
B-Konjugat der Asiasdure (Abb. 19) , zeigte eine bemerkenswert niedrige ECso von 0,8 nM

fiir A2780 Ovarialkarzinomzellen.

NIH3T3 wA2780
Si=0

25 S1=22.25

SI=81.25

EC50 (uM)
°
2
> r_l

SI=1.07

4
s I S$I=225 g .129
-I-' 4 —— —

1 2 3 4 5 6 7

Verbindung

Abbildung 19: Derivat der Asiasdure (19) mit sub-nanomolarer Aktivitit und hoher Selektivitqit.

Diese Verbindung induzierte Apoptose und zeigte eine hohe Aktivitit in 3D-
Sphéroidmodellen zusitzlich zur Féhigkeit, die Resistenz gegen konventionelle
chemotherapeutische Medikamente zu iiberwinden. Im Gegensatz zu herkdmmlichen
chemotherapeutischen Medikamenten agiert dieses Mitocan auf eine einzigartige Weise

und behilt seine Aktivitit auch in resistenten Tumormodellen bei (Abb. 20).
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UTC (24h)

Ki67

PARP

(cleaved)

Abbildung 20: Histologische und immunhistochemische Analysen von DLDI-Sphdroiden.
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4 Zusammenfassung und Ausblick

Im Rahmen dieser Arbeit wurden verschiedene Triterpencarbonsdure-Konjugate
synthetisiert und hinsichtlich ihrer zytotoxischen Wirkung sowie der Selektivitit zwischen
Tumorzellen und nicht-malignen Zellen untersucht. Die Arbeit baut auf fritheren
Ergebnissen und Kenntnissen dhnlicher Verbindungen auf, die aus Triterpensduren wie
Betulinsdure, Glycyrrhetinsdure, Boswelliasdure, Oleanolsdure, Ursolsdure oder
Maslinsdure stammen und ebenfalls als Mitocane mit hoher Zytotoxizitit bekannt
sind.[208; 255; 281; 129; 279] Es stellte sich heraus, dass die zusatzliche Prasenz einer
Acetylgruppe die zytotoxische Aktivitdt verbesserte, wobei das aktivste Konjugat, ein
Homopiperazinyl-Rhodamin B-Konjugat der Asiasdure, eine ECso von 0,8 nM gegen
A2780 Ovarialkarzinomzellen aufwies und Apoptose induzierte. Zudem zeigte diese
Verbindung eine hohe Wirksamkeit in 3D-Sphiroid-Modellen und konnte
Chemotherapieresistenzen {iberwinden, indem sie einen vollig anderen priméren
Wirkmechanismus als herkdmmliche Chemotherapeutika aufwies (Abb. 21).
Untersuchungen der mitochondrialen Funktion und der von Glykolyse und Atmung
abgeleiteten ATP-Produktion bestétigten, dass Verbindung 7 als Mitocan wirkt, zeigten
aber auch eine schnelle Storung des zelluldren Energiestoffwechsels als primédren
Wirkmechanismus, der sich von den herkdmmlichen Chemotherapeutika vollig
unterscheidet und somit die Fihigkeit von Verbindung 7 erklért, die Resistenz gegen

Chemotherapeutika zu liberwinden.

ECso (A2780) = 0.8 nM; selectivity (vs NIH 3T3) = 81.25

ATP Production
20

OCR (pmol/min/1000 Cells)
: & o
B ——

Abbildung 21: Konjugat der Asiasdure mit Homopiperazin-Spacer und Rhodamin B-Einheit.
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Weitere Synthesen umfassten Amide und Rhodamin B-Konjugate, die von Triterpenséuren
wie Gypsogenin, Hederagenin und Madecassinsdure abgeleitet wurden. Diese Konjugate
zeigten eine signifikante Zunahme der Zytotoxizitit im Vergleich zu ihren Ausgangsséiuren,
insbesondere die Rhodamin B-Konjugate, die in nanomolarer Konzentration zytotoxisch

waren und eine bemerkenswerte Tumorzellselektivitit aufwiesen.

Die Synthese von Safirinium-Fluoreszenzmarkern verlief problemlos, allerdings zeigten die
Safirinium-Triterpen-Konjugate nur eine moderate Zytotoxizitit. Eine Ausnahme bildete
ein Safirinium P abgeleitetes Konjugat, das eine niedrige ECso fiir A375-Zellen aufwies,
jedoch waren Safirinium Q-Hybride fiir nicht-maligne NIH 3T3-Fibroblasten zytotoxischer
als fiir die untersuchten menschlichen Tumorzelllinien. Fluoreszenzbildgebung zeigte, dass
die Safirinium-Kernstrukturen nicht in die Zellen eintreten konnten, wéhrend die Konjugate
im endoplasmatischen Retikulum akkumulierte, was ihre reduzierte Zytotoxizitit
gegeniiber menschlichen Tumorzelllinien im Vergleich zu Rhodamin B-Analoga, die in die

Mitochondrien eintreten, erklaren konnte.

Eine Serie von Amiden, abgeleitet von Tormentillsdure und Euscaphinsdure, die zusétzlich
eine Rhodamin B-Einheit trugen, wurde ebenfalls synthetisiert und auf zytotoxische
Aktivitdt gepriift. Hohe Zytotoxizitdt wurde nur beobachtet, wenn die Verbindungen als
Mitocane wirken konnten. Die Kombination eines geeigneten Triterpens mit einem idealen
Amid-Spacer, der an das distale Stickstoffatom ein kationisches Rhodamin-Molekiil bindet,
erwies sich als notwendig fir die Erzielung hoher Zytotoxizitit bei guter

Tumorzellselektivitit.

Kiinftige Forschungsansétze sollten sich auf erweiterte biologische Untersuchungen
konzentrieren, darunter Experimente mit 3D-Tumormodellen und Tumorproben sowie
Studien in lebenden Méusen. Eine Optimierung der Mitocane kdnnte durch die Verbindung
mit strukturell dhnlichen fluoreszierenden Farbstoffen erreicht werden. Ferner besteht die
Moglichkeit, die Eigenschaften von Leukoformen, die bei der Reaktion mit priméiren

Aminen entstehen, zu nutzen, um schaltbare Mitocane zu entwickeln
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Die fiir diese Arbeit relevanten Publikationen sind wie folgt gegliedert:
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Kraft, O.; Kozubek, M.; Hoenke, S.; Serbian, I.; Major, D.; Csuk, R., Eur. J. Med. Chem.
2021, 209, 112920

Publikation 2: ,,A tormentic acid-homopiperazine-rhodamine B conjugate of single-digit
nanomolar cytotoxicity and high selectivity for several human tumor cell lines”

Kraft, O.; Hoenke, S.; Csuk, R., Eur. J. Med. Chem. Rep. 2022, 5, 100043

Publikation 3: ,,Madecassic Acid—A New Scaffold for Highly Cytotoxic Agents”
Kraft, O.; Hartmann, A-K.; Hoenke, S.; Serbian, I.; Csuk, R., Int. J. Mol. Sci. 2022, 23(8),
4362

Publikation 4: ,,Asiatic acid as a leading structure for derivatives combining sub-
nanomolar cytotoxicity, high selectivity, and the ability to overcome drug resistance in
human preclinical tumor models”

Kraft, O.; Hartmann, A-K.; Brandt, S.; Hoenke, S.; Heise, N.; Csuk, R.; Miiller, T., Eur. J.
Med. Chem. 2023, 15, 115189
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8.1 ,,Cytotoxic triterpenoid—safirinium conjugates target the endoplasmic
reticulum”

Kraft, O.; Kozubek, M.; Hoenke, S.; Serbian, I.; Major, D.; Csuk, R., Eur. J. Med. Chem.
2021, 209, 112920

Graphical abstract:

20 pm
ECsy = 5.44 uM (A375 melanoma cells) ==

Abstract:

Safirinium P and Q fluorescence labels were synthesized and conjugated with spacered
triterpenoic acids to access hybrid structures. While the parent safirinium compounds were
not cytotoxic at all, many triterpenoid safirinium P and Q conjugates showed moderate
cytotoxicity. An exception, however, was safirinium P derived compound 30 holding low
ECso= 5.4 uM (for A375 cells) to ECso = 7.5 uM (for FaDu cells) as well as ECso = 6.6 uM
for non-malignant fibroblasts NIH 3T3. Fluorescence imaging showed that the safirinium
core structures cannot enter the cells (not even after a prolonged incubation time of 24 h),
while the conjugates (as exemplified for 30) are accumulating in the endoplasmic reticulum
but not in the mitochondria. The development of safirinium-hybrids targeting the
endoplasmic reticulum can be regarded as a promising strategy in the development of

cytotoxic agents.

Keywords:

Betulinic acid, Safirinium, Cytotoxicity, Endoplasmatic reticulum

DOI: 10.1016/j.ejmech.2020.112920.
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8.2 ,,A tormentic acid-homopiperazine-rhodamine B conjugate of single-digit
nanomolar cytotoxicity and high selectivity for several human tumor cell lines”

Kraft, O.; Hoenke, S.; Csuk, R., Eur. J. Med. Chem. Rep. 2022, 5, 100043

Graphical abstract:

AcO,,.

4e0 15, ECs, (A2780, FaDu) = 1 nM

Selectivity: A2780/NIH 3T3: 190

Abstract:

Tormentic acid and euscaphic acid were isolated from plant material and transformed into
amides holding an extra rhodamine B moiety; these compounds were screened for their
cytotoxic activity employing a panel of human tumor cell lines and non-malignant fibroblasts.
Prerequisites for both high cytotoxicity and tumor cell selectivity seem to be the combination
of an amide (from a secondary amine but not from a primary), the use of homopiperazine
rather than piperazine as a spacer together with rhodamine B (as a cationic center) and — most
important-a triterpene holding a (20, 3f) configuration of the substituents in ring A of the
triterpenoid skeleton. All these features are found in tormentic acid derived compound 15; it
acts as a mitocan; it is approximately 190 times more cytotoxic for ovarian carcinoma cells
than for non-malignant fibroblasts, and 15 displayed an ECso as low as 1 nM for several

human cancer cell lines.

Keywords:

Tormentic acid, Pentacyclic triterpene, Euscaphic acid, Rhodamine B, Cytotoxicity

DOI: 10.1016/j.ejmcr.2022.100043
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8.3 ,,Madecassic Acid—A New Scaffold for Highly Cytotoxic Agents”

Kraft, O.; Hartmann, A-K.; Hoenke, S.; Serbian, .; Csuk, R., Int. J. Mol. Sci. 2022, 23(8),
4362

Graphical abstract:

ECso > 30 um (A2780,
ovarian carcinoma)

ECs0 = 2.9 nm (A2780,
ovarian carcinoma)

Abstract:

Due to their manifold biological activities, natural products such as triterpenoids have
advanced to represent excellent leading structures for the development of new drugs. For this
reason, we focused on the syntheses and cytotoxic evaluation of derivatives obtained from
gypsogenin, hederagenin, and madecassic acid, cytotoxicity increased—by and large—from
the parent compounds to their acetates. Another increase in cytotoxicity was observed for the
acetylated amides (phenyl, benzyl, piperazinyl, and homopiperazinyl), but a superior
cytotoxicity was observed for the corresponding rhodamine B conjugates derived from the
(homo)-piperazinyl amides. In particular, a madecassic acid homopiperazinyl rhodamine B
conjugate 24 held excellent cytotoxicity and selectivity for several human tumor cell lines.
Thus, this compound was more than 10,000 times more cytotoxic than parent madecassic
acid for A2780 ovarian cancer cells. We assume that the presence of an additional hydroxyl
group at position C—6 in derivatives of madecassic, as well as the (2a, 3) configuration of
the acetates in ring A, had a beneficial effect onto the cytotoxicity of the conjugates, as well

as onto tumor/non-tumor cell selectivity.
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Keywords:
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DOI: 10.3390/1jms23084362
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8.4 ,,Asiatic acid as a leading structure for derivatives combining sub-nanomolar
cytotoxicity, high selectivity, and the ability to overcome drug resistance in human
preclinical tumor models”

Kraft, O.; Hartmann, A-K.; Brandt, S.; Hoenke, S.; Heise, N.; Csuk, R.; Miiller, T.,
Eur. J. Med. Chem. 2023, 15, 115189

Graphical abstract:
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Abstract:

Amides and rhodamine B conjugates of different pentacyclic triterpene acids have been
shown outstanding cytotoxicity for human tumor cells. Starting from asiatic acid, a new
rhodamine B hybrid has been synthesized, and its cytotoxic activity was investigated
employing several human tumor cell lines (A375 (melanoma), HT29 (colorectal
carcinoma), MCF7 (breast adenocarcinoma), A2780 (ovarian carcinoma), HeLa (cervical
carcinoma), (NIH 3T3 (non-malignant murine fibroblasts). For these conjugates of this kind
it has been established that the spacer attached to the carboxyl group at ring E governs the
magnitude of the cytotoxicity. These asiatic acid - rhodamine B conjugates were highly
cytotoxic for human tumor cell lines but also selective. For example, 7, an acetylated
homopiperazinyl spacered rhodamine B conjugate, held an ECso = 0.8 nM for A2780
ovarian carcinoma cells. Additional staining experiments showed the rhodamine B
conjugates to act as mitocans and to effect apoptosis. In further tests using 3D spheroid

models of colorectal- and mamma carcinoma, 7 demonstrated activity in the lower
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nanomolar range and the ability to overcome resistance to clinically used standard
chemotherapeutic drugs. Therefore 7 induces cytotoxic effects leading to an equal response
in the chemotherapy of both sensitive and resistant tumor models. Analyses of
mitochondrial function and glycolysis and respiration derived ATP production confirmed
compound 7 to act as mitocan but also revealed a rapid perturbation of the cellular energy
metabolism as the primary mechanism of action, which is completely different to
conventional chemotherapeutic drugs and thereby explains the ability of compound 7 to

overcome chemotherapeutic drug resistance.

Keywords:

Asiatic acid, Cytotoxicity, Drug resistance, Tumor model

DOI:10.1016/j.ejmech.2023.115189
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Safirinium P and Q fluorescence labels were synthesized and conjugated with spacered triterpenoic acids
to access hybrid structures. While the parent safirinium compounds were not cytotoxic at all, many
triterpenoid safirinium P and Q conjugates showed moderate cytotoxicity. An exception, however, was
safirinium P derived compound 30 holding low ECsy = 5.4 uM (for A375 cells) to ECsg = 7.5 uM (for FaDu
cells) as well as ECs5o = 6.6 1M for non-malignant fibroblasts NIH 3T3. Fluorescence imaging showed that

the safirinium core structures cannot enter the cells (not even after a prolonged incubation time of 24 h),
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while the conjugates (as exemplified for 30) are accumulating in the endoplasmic reticulum but not in
the mitochondria. The development of safirinium—hybrids targeting the endoplasmic reticulum can be
regarded as a promising strategy in the development of cytotoxic agents.

© 2020 Elsevier Masson SAS. All rights reserved.

1. Introduction

Cancer is still the second most leading cause of death. Especially
some types of cancer come with more aggressive phenotypes than
others like prostate and breast cancer. Furthermore hypoxic tumors
lead to an acidification of the tumor microenvironment, which
further increases resistance, invasion and proliferation of the tumor
[1]. Recently, mitochondrial targeted anti—cancer drugs (,,mito-
cans“) have gotten more and more attention as these compounds
trigger cell death signals from the mitochondria, where tumor cells
— even tumor cells not responding to death signals due to DNA
damage — trigger apoptosis [2—9]. This has already been shown for
analogs of vitamin E [2—9] as well as for triterpenoids [10—13] and
steroids [ 14]. For the latter compounds this was mainly achieved by
attaching lipophilic cations (such as rhodamine B [10-13], a
BODIPY—moiety [ 15], a triphenylphosphonium residue [ 16—18], an
ammonium salt [ 19,20]or derivatives of malachite green [15]) to the
triterpenoid or steroidal skeleton [5,21].

However, the presence of a cation is not sufficient to achieve
good cytotoxicity in tumor cells. For example, distal N—oxides and
quaternary ammonium salts of triterpenoids [19,20] are signifi-
cantly less cytotoxic than, e.g. benzylamides [19-23]. Depending

* Corresponding author.
E-mail address: rene.csuk@chemie.uni-halle.de (R. Csuk).
! These authors contributed equally.

https://doi.org/10.1016/j.ejmech.2020.112920
0223-5234/© 2020 Elsevier Masson SAS. All rights reserved.

on the spacer used, rhodamine B—triterpene derivatives are obvi-
ously only cytotoxic if an “open” (fluorescent) form is present. If
rhodamine B, on the other hand, is present in a closed/non-
—fluorescent lactone or lactam form, the corresponding conjugates
are practically non—cytotoxic [11]. Conjugates holding the rhoda-
mine B residue directly attached to the basic skeleton of the tri-
terpene (e.g. as an ester) are cytotoxic but usually not very selective
[12,13].

We are particularly interested in the development of cytotoxic
triterpene—conjugates carrying a permanent positively charged
moiety; these compounds should also enable to act as fluorescence
molecular probe [24,25]. This latter property is also associated with
the ability to observe the uptake and intracellular distribution of
the molecules in a more directly way. Thus, valuable information on
molecular mechanisms can be gained quite easily.

Some time ago, Saczewski et al. succeeded in synthesizing
so—called ,safirinium—hybrids“ by tandem Mannich—electrophilic
amination reactions starting from pro—fluorogenic isoxazolinones
and secondary amines, such as quinolones or short peptides. The
former hybrids showed higher lipophilicity and the latter were able
to stain spores of Bacillus subtilis [24—31].

The latter observation, that safirinium hybrids are able to be
well transported into cells, led us to investigate the cytotoxic po-
tential of safirinium—triterpene hybrids. Hybridization is often
associated with the ability to counterbalance the known problem
(efficacy, affinity, solubility, unwanted side effects, ...) with the
other hybrid part. Lack of solubility in biological systems is a
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notorious problem often associated with triterpenes. This problem,
however, might be solved by binding to a cationic residue, such as a
safirinium moiety. Hence, we became interested to deduce whether
triterpene—safirinium hybrids would also be as efficient as rhoda-
mine B conjugates in triggering cell death.

Betulinic acid (BA, Fig. 1), for example, is a triterpene, that holds
promising in vitro and in vivo antitumor activity in melanoma,
neuro—ectodermal tumors and glioma cell lines [32—35]. It targets
the mitochondrial permeability transition pore [36]. It also down-
regulates Bcl—2, which promotes apoptosis as well as VEGFR and
NF—kB, which are both closely related to angiogenesis and the
proliferation of tumors [37].

Based on this strategy, we set out to synthesize different
triterpenoid—safirinium conjugates, and to examine their cytotox-
icity and selectivity for different human tumor cell lines.

2. Results and discussion
2.1. Synthesis

The synthesis of the safirinium P derivatives (Scheme 1) was
straightforward and followed the synthetic scheme previously
outlined by Saczewski et al. [30,31] Compound 1 was obtained in an
almost quantitative yield from the reaction of ethyl cyanoacetate
with hydroxylamine following the procedure reported by Lee [38].
Compound 2 is a precursor for the safirinium P fluorophores and
was obtained in 73% yield from the reaction of 1 with acetylacetone
in the presence of piperidine followed by a precipitation of the
product with hydrochloric acid. A major advantage of these re-
actions is that no time—consuming purifications are necessary at
all.

The synthesis of the safirinium P derivatives (Scheme 1) pro-
ceeded also nicely as reported, and compounds 3-13 were

BA, Betulinic acid (BA)
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obtained after precipitation from acetone inyields ranging between
43% and 91%, except for compound 7 (57%).

The synthesis of the safirinium Q derivatives (Scheme 2) fol-
lowed the previously reported strategy.

As far as the synthesis of acetylated triterpenoic acid holding an
ethylenediamine or a piperazinyl spacer is concerned, the corre-
sponding triterpenoic acid (BA, OA, UA, PA; Fig. 1) was acetylated
yielding compounds 17—20 (Scheme 3); these were activated with
oxalyl chloride followed by the addition of the amine. Thus, com-
pounds 21-28 were obtained in good yields. These spacers were
chosen in analogy to our previous studies on spacered triterpenoid
hybrids [10—14].

The safirinium P fluorophores were activated with oxalyl chlo-
ride followed by their reaction with piperazinyl—spacered
3—0—acetyl—betulinic acid (21) to yield derivatives 29-31
(Scheme 4).

Albeit all of these reactions proceeded well (as observed by TLC),
the isolated yields of pure products were low. These compounds
tend to “stick” to the silica gel used for chromatographic purifica-
tion. Even elution with MeOH was incomplete. While upon addi-
tion of AcOH to the eluent reasonably high recovery rates were
obtained, this procedure inevitably led to the formation of impu-
rities in the product. Hence, yield was sacrificed for purity, and
most of the compounds were eluted from the column with MeOH.

The synthesis of the safirinium Q derivatives proceeded in an
analogous manner (Scheme 5) and yielded compounds 32—39,
respectively.

As exemplified for the safirinium—betulinic acid hybrids, their
UV/Vis spectra are characterized by maxima at Aax = 253—254 nm
(with log ¢ = 3.92-4.07) and JAmax = 352—354 nm (with
log ¢ = 3.62—3.82). These values are in perfect agreement with
previously published data for analogs.

UA, Ursolic acid

Fig. 1. Structure of triterpenoic acids: BA (betulinic acid), OA (oleanolic acid), UA (ursolic acid), and PA (platanic acid).

PA, Platanic acid
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Scheme 1. Synthesis of safirinium P derivatives 3—11: a) 1. acetylacetone, piperidine, H0, 100 °C, 15 min; 2. 4m HCl, 73%; b) formaldehyde, corresponding amine, MeOH, 4 h, 45 °C,
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Scheme 2. Synthesis of the safirinium Q derivative 16: a) Ac,0, acetic acid, reflux, 1 h, 78%; b) 1. DMF, phosphoryl chloride, inert atmosphere, 0 °C — 25 °C,4 h 2.17,25 °C — reflux.
24 h, 70%; ¢) n—butanol, NaH,PO4, NaClO,, H20, r.t, 2 h, 87%; d) 1. HOSA, dry DMF, 25 °C, 12 h, 2. TEA, H,0, 25 °C, 12 h, 81%; e) diethylamine, formaldehyde (aqu., 37%), MeOH, 25 °C,

92%.

2.2. Biological evaluation

The compounds were subjected to sulforhodamine B assays to
determine their cytotoxicity employing several human tumor cell
lines and non—malignant fibroblasts (NIH 3T3). The results from
these assays are summarized in Table 1.

The results from these assays showed safirinium P derivatives
3—11 as not cytotoxic up to a concentration of 30 uM, thus paral-
leling both previous findings as well as the also insignificant
cytotoxicity of rhodamine B (Rho). Extra fluorescence imaging ex-
periments revealed that these compounds are not taken up by the
cells; this explains their non—cytotoxicity. Upon derivatization with
triterpenoids, however, a slight increase in cytotoxicity was
observed. Especially, betulinic acid derived 30 showed good cyto-
toxicity ranging between ECso = 4.6 uM (for A2780 ovarian carci-
noma cells) to ECsg = 7.5 uM (for HT29 colorectal adenocarcinoma

cells). An unselective cytotoxicity, however, was also observed for
this compound inasmuch as for non—malignant fibroblasts (NIH
3T3) an EC50 = 6.6 tM was noted. Most of the other safirinium
hybrids were only of moderate cytotoxicity and selectivity was — by
and large — missing at all. Quite on the contrary, compounds 35 and
38 were even more cytotoxic for the fibroblasts than for the tumor
cells incorporated in this study. For comparison, human
non—malignant HEK293 were incubated with representative
compounds 30—-32 and 36 showing these compounds also to be
cytotoxic for these cells.

These results were somewhat surprising inasmuch as we ex-
pected the safirinium conjugates to act likewise the rhodamine B
mitocans of previous studies. Therefore, a closer investigation of 30
was called for. Fluorescence imaging experiments showed 30 not to
enter the mitochondria (within the limits of detection) but to
accumulate in the endoplasmic reticulum (ER). Control
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0]
AcO
OH

17 from BA (90%); 18 from OA (88%)
19 from UA(84%); 20 from PA(87%)

17,18, 19, 20

AcO

HN
_\_NH2

25 from 17 (83%)
26 from 18 (81%)
27 from 19 (84%)
28 from 20 (86%)

Scheme 3. Synthesis of compounds 17-28: a) Ac,0, pyridine, DMAP (cat.), 12 h, yields: 17 (90%), 18 (88%), 19 (84%), 20 (87%) b) 1. (COCl),, DCM, DMF, 0 °C — 25 °C, 4 h 2.
piperazine, DCM, 0 °C — r.t. 2 h, yields: 21 (80%), 22 (86%), 23 (84%), 24 (84%); c) (COCl), DCM, DMF, 0°C — 25 °C, 4 h 2. ethylenediamine, DCM, 0 °C — 25 °C, 2 h, yields: 25 (83%),

26 (81%), 27 (84%), 28 (86%).

Safirinium P —>a

fluorophore

AcO

29 R', R2 = ethyl
30 R, R2 = hexyl
31 R, R2 = dodecyl

Scheme 4. Synthesis of betulinic acid derived safirinium hybrids 29-31: a) 1. (COCl),, DCM, DMF 0 °C — 25 °C, 2 h, 2. 21, NEt3, 0 °C — 25 °C, yields. 29 (57%), 30 (39%), 31 (40%).

experiments were performed employing an established
ER—Tracker (for the accumulation of 30 in the ER), and a Mito-
Tracker (to exclude an accumulation in the mitochondria). Repre-
sentative images are depicted in Fig. 2.

3. Conclusion

The syntheses of the safirinium fluorescence labels was
straightforward following known procedures to allow an access to
the safirinium P derivatives 3—11 and safirinium Q derivative 16 in
good to excellent yields. The conjugation reaction with spacered
triterpenoic acid derivatives 21—-28 proceeded well applying stan-
dard coupling procedures; main obstacle of this reaction was the
purification of the hybrid compounds due to their high affinity to
silica gel during chromatographic purification. The safirinium
compounds were not cytotoxic at all while many triterpenoid
safirinium P and Q conjugates showed only moderate cytotoxicity.
An exception was safirinium P derived compound 30 holding low

ECsp = 5.4 uM (for A375 cells) to ECso = 7.5 uM (for FaDu cells).
However, safirinium Q hybrids 36 and 39 were even more cytotoxic
for non—malignant NIH 3T3 fibroblasts than for the human tumor
cell lines included in this study; the same cytotoxicity was also
observed for representative compounds 30-32 and 36 and
HEK293 cells. Fluorescence imaging showed that the safirinium
core structures 3—11 and 16 cannot enter the cells (not even after a
prolonged incubation time of 24 h), while the conjugates (as
exemplified for 30) are accumulating in the endoplasmic reticulum
but not in the mitochondria. This finding might explain their
diminished cytotoxic activity for human tumor cell lines as
compared to rhodamine B analogs that enter the mitochondria.

While many cytostatics trigger an induced cell death via the
activation of mitochondrial apoptosis, an increasing number of
studies already indicated a pivotal role of drugs targeting the
endoplasmic  reticulum.  Further development of the
safirinium—triterpene hybrids can be seen as an encouraging
strategy in the development of cytotoxic agents.
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Safirinium Q
fluorophore (16)
a
0
AcO 0
N AcO
- S
N NH
74 74

32 from 21 (57%) G / @N 36 from 21 (44%) 9 / ®§
33 from 22 (47%) N, o 37 from 22 (40%) N2 @
34 from 23 (52%) I/N cl 38 from 23 (45%) rN
35 from 24 (44%) j 39 from 24 (44%) \l

Scheme 5. a) 1. (COCl), DCM, DMF, 0 °C — 25 °C, 2 h, 2. NEts, 0 °C — 25 °C, yields: 32 (57%), 33 (47%), 34 (52%), 35 (44%), 36 (44%), 37 (40%), 38 (45%), 39 (44%).

Table 1

Cytotoxicity of compounds 3—11 and rhodamine B (Rho) (EC50 values in tM from SRB assays after 72 h of treatment, the values are averaged from three independent ex-
periments performed each in triplicate, confidence interval CI = 95%; mean + standard mean error). Human cancer cell lines: A375 (epithelial melanoma), HT29 (colorectal
adenocarcinoma), MCF—7 (breast adenocarcinoma), A2780 (ovarian carcinoma), FaDu (squamous cell carcinoma), non—malignant: NIH 3T3 (mouse fibroblasts), HEK293
(human embryonic kidney cells); n.d. not determined; doxorubicin (DX) and staurosporine (ST) were used as positive controls.

A375 HT29 MCF-7 A2780 FaDu NIH3T3 HEK293
Rho >30 >30 >30 >30 >30 >30 >30
3-11 >30 >30 >30 >30 >30 >30 n.d.
29 262+13 >30 263 +2.1 216 +24 >30 224 +22 n.d.
30 54+0.1 75+03 49+03 46+03 6.0 +03 6.6 +0.3 30+03
31 16.8 + 1.0 249+ 1.7 157 +12 11.0+12 107 + 1.0 >30 133+0.7
32 208 +1.7 27.0+20 18.1+1.0 14.1+20 282 +23 >30 16.5 + 0.8
33 214 +07 262 +0.7 198 +1.2 214+ 19 181+ 18 184 +20 nd.
34 214+ 14 >30 102 + 1.1 90+12 183 + 1.1 >30 n.d.
35 15.0 +1.2 222+09 132+ 0.7 109+ 1.8 133+ 0.9 3.0+06 nd.
36 18.6 + 2.1 26.8 + 0.6 176 + 1.5 183 +238 12313 174 £17 136 + 1.0
37 19.0 +2.0 250+ 1.0 218+ 17 242 +26 27.1+20 285+ 1.1 n.d.
38 13.8+£0.8 221+08 11.7 0.7 11.2+14 102 +0.1 36+1.0 n.d.
39 16.6 + 2.1 >30 157 +14 208 +19 16.1+1.3 213+ 13 n.d.
DX n.d. 0.9 + 0.01 1.1+03 0.01 +0.01 n.d. 04 +0.07 n.d.
ST nd. 0.2 +0.02 0.1+ 0.01 0.1+0.01 0.1 +0.05 0.008 + 0.001 n.d.

2(')_u‘m

2(')_u‘m

2(')_u{m

Fig. 2. Fluorescence imaging of living A375 epithelial carcinoma cells incubated with: compound 30 (left, 12 h, 5.4 uM), ER—Tracker (center) and merged pictures (right).

4. Experimental
4.1. General

Equipment and general methods have been used as previously
described [10—15]. All reactions were performed under an argon;

solvents were dried according to usual procedures. The triterpenoic
acid were obtained from “Betulinines” (Stiibrnd Skalice, Czech
Republic) and used as received. The 'H and >C NMR of all new
compounds have been depicted in the Supplementary Materials file
as well as a description of the SRB assay and the staining
experiments.
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4.2. Syntheses

4.2.1. 3—Amino—N—hydroxy—3—(hydroxyimino)propanamide (1)

Following the procedure as described by Lee [38], a mixture of
ethyl cyanoacetate (10.0 g, 88.4 mmol) and hydroxylamine (50% in
water, 12.9 g, 194 mmol, 2.2 eq) in EtOH (10 ml) was stirred at room
temperature for 30 min. External cooling was necessary to keep the
temperature constant. Upon cooling to 10 °C, crystals formed and
were collected by filtration, washed with ice cold ethanol and dried
in high vacuum to afford 1 as a colorless solid being used without
further purification.

4.2.2. 4,6—Dimethylisoxazolo[3,4—b]pyridin—3(1H)—one (2)

A solution of 1 (20.0 g, 0.15 mol), acetylacetone (15.5 mlL,
0.15 mol) and piperidine (14.8 mL, 0.15 mol) in water (250 mL) was
heated under reflux for 30 min [15]. After cooling to room tem-
perature, the reaction mixture was acidified with 2m HCl, and the
resultant yellow precipitate was filtered off and washed with water
(2 x 50 mL); yield 1797 g (73%); m.p. 203 °C (lit [31].: m.p.
204-207 °C);

4.2.3. General procedure (GPA) for the preparation of safirinium P
derivatives 3—11

A solution of 2 (2.0 g, 12.2 mmol), the corresponding amine
(13.4 mmol) and 37% aqueous formaldehyde (1.0 mL, 13.4 mmol) in
MeOH (40 mL) was heated at 40 °C for 3 h. The resulting reaction
mixture was concentrated under reduced pressure, and the solid
residue was precipitated from acetone.

4.24. 2,2,5,7—Tetramethyl—2,3—dihydro—1h—imidazol[1,2—a]
pyridin—4—ium—8—carboxylate (3)

Following GPA; yield: 89% m.p. 227-230 °C (lit [29].:
228-230 °C); IR (ATR): » = 3031w, 2964w, 2882w, 1635s, 1594vs,
1549vs, 1519vs, 1499m, 1459m, 1401w, 13825, 1371m, 1344s, 1288w,
1241w, 1228w, 1213w, 1181m, 1119w, 1068w, 1047w, 1034w, 798s,
706m, 611s, 604 s cm™'; '"H NMR (500 MHz, CD30D): 6 = 6.02 (d,
J =12 Hz, 1H, 6-H), 5.76 (s, 2H, 3—H), 3.43 (s, 6H, 13—H + 13'—H),
2.30 (d, J = 1.0 Hz, 3H, 11—H), 2.21 (s, 3H, 10-H) ppm; *C NMR
(125 MHz, CD3;0D): 6 = 170.0 (C-12), 155.5 (C-5), 146.7 (C-7),139.5
(C-9),118.0(C-8),110.4 (C-6), 77.3 (C-3), 55.6 (C-13 + C-13°),18.5 (C-
10), 16.9 (C-11) ppm; MS (ESI, MeOH): m/z (%) = 222.1 ([M+H]*,
100%), 244.1 ([M+Na]*, 18%); analysis calcd for Cj;His5N30;
(221.26): € 59.21, H 6.83, N 18.99; found: C 58.97, H 7.01, N 18.77.

4.2.5. 2,2—Diethyl—5,7—dimethyl—2,3—1h—imidazol[1,2—a]
pyridin—4—ium—8—carboxylate (4)

Following GPA; yield: 91%; m.p. 189-191 °C (lit [30].
200—-203 °C); IR (ATR): » = 3367w, 3201w, 2973w, 1632s, 1586vs,
1555vs, 1528s, 1456m, 1438 m, 1431m, 1407m, 1398m, 1383s, 1373s,
1353s,1305m, 1247w, 1225m, 1193m, 1185m, 1166m, 1144w, 1121w,
1113w, 1073w, 1043w, 1031m, 802s, 784m, 752m, 687s, 669m,
618vs, 606vs, 577s, 561s, 530m, 510 s cm'; '"H NMR (400 MHz,
CD30D): 6 =5.99 (d,J = 1.1 Hz, 1H, 6—H), 5.70 (s, 2H, 3—H), 3.62 (qq,
J=12.8, 71 Hz, 4H, 13—H + 13'—H), 2.31 (d, ] = 1.0 Hz, 3H, 11-H),
2.20 (s, 3H,10—H), 1.38 (t,J = 7.1 Hz, 6H, 14—H + 14‘—H) ppm; >C
NMR (101 MHz, CD30D): é = 170.2 (C-12), 155.9 (C-5), 146.2 (C-7),
139.1 (C-9), 118.2 (C-8), 110.1 (C-6), 71.9 (C-3), 61.2 (C-13 + C-13"),
18.4(C-10), 16.8 (C-11), 7.0 (C-14 + C-14‘) ppm; MS (ESI, MeOH): m/
z (%) = 250.1 ([M+H]*, 100%), 272.0 ([M+Na]*, 4%); analysis calcd
for C13H19N30; (249.31): C62.63, H 7.68, N 16.85; found: C 62.47, H
7.90, N 16.52.

4.2.6. 2,2—Dihexyl—5,7—dimethyl—2,3—dihydro—1h—imidazol
[1,2—a]pyridin—4—ium—8—carboxylate (5)
Following GPA; yield: 82%; m.p. 134-135 °C; IR (ATR):
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v = 3376w, 3004w, 2947m, 2927m, 2867w, 1667m, 1635s, 1587vs,
1560s, 15315, 1485w, 1468m, 1439w, 1433w, 1398m, 1373m, 1356m,
1302w, 1225w, 1211w, 1187m, 1143m, 1055w, 1042w, 1032w, 802m,
729m, 616m, 605 s cm™'; 'H NMR (500 MHz, CD30D): 6 = 5.99 (d,
J = 1.3 Hz, 1H, 6—H), 5.71 (s, 2H, 3—H), 3.53 (dddd, J = 31.0, 12.6,
10.7, 5.9 Hz, 4H, 13—H + 13—H’), 2.30 (d, ] = 1.0 Hz, 3H, 11—H), 2.20
(s, 3H, 10—H), 1.86—1.75 (m, 4H, 14—H + 14'—H), 1.41-1.30 (m, 12H,
15—17—H + 15'=17'-H), 0.91 (t,] = 6.9 Hz, 6H, 18—H + 18'—H) ppm;
13C NMR (125 MHz, CD30D): 6 = 170.1 (C-12),155.7 (C-5), 146.3 (C-
7), 139.1 (C-9), 118.1 (C-8), 110.1 (C-6), 72.9 (C-3), 66.3 (C-13 + C-
13Y), 31.1 (C-16 + C-16), 25.6 (C-15 + C-15'), 22.2 (C-17 + C-17"),
22.1(C-14 + C-14'),18.4(C-10),16.8 (C-11),12.9 (C-18 + C-18‘) ppm;
MS (ESI, MeOH): m/z (%) = 362.3 ([M+H]*, 100%), 384.2 ([M+Na]",
8%); analysis calcd for Cy1H35N30; (361.53): C69.77,H 9.76, N 11.62;
found: C 69.50, H 9.96, N 11.57.

4.2.7. 5,7—Dimethyl—2,2—dioctyl—2,3—dihydro—1h—imidazol
[1,2—a]pyridin—4—ium—8—carboxylate (6)

Following GPA; yield: 83%; m.p. 131 °C; IR (ATR): » = 3386w,
3002w, 2952m, 2926m, 2854m, 1664m, 1635s, 1587vs, 1560s,
1530s, 1484m, 1468m, 1432w, 1398m, 1375m, 1354m, 1306w,
1218w, 1184m, 1043w, 1032w, 802m, 725m, 614m, 605 m cm™'; 'H
NMR (500 MHz, CD30D): 6 = 5.99 (d, ] = 1.1 Hz, 1H, 6—H), 5.70 (s,
2H, 3—H), 3.61-3.43 (m, 4H, 13—H + 13'—H), 2.30 (d, ] = 1.0 Hz, 3H,
11-H), 2.20 (s, 3H, 10—H), 1.84-1.76 (m, 4H, 14—H + 14'—H),
1.40-1.25 (m, 21H, 15-H + 15-H + 16—H + 16'-H + 17-H +
17*-H + 18—H + 18'—H + 19—H + 19'—H), 0.93—0.87 (m, 6H,
20—H + 20'—H) ppm; '*C NMR (125 MHz, CD30D) 6 = 170.1 (C-12),
155.7 (C-5), 146.3 (—7), 139.1 (C-9), 118.1 (C-8), 110.1 (C-6), 72.9 (C-
3),66.3 (C-13 + C-13°), 31.5 (C-16 + C-16*), 28.9 (C-18 + C-18‘ + C-
15 + C-15°), 26.0 (C-17 + C-17¢), 22.2 (C-19 + C-19* + C-14 + C-14%),
18.4 (C-10), 16.8 (C-11), 13.0 (C-20 + C-20‘) ppm; MS (ESI, MeOH):
mfz (%) = 418.4 ([M+H]", 100%), 440.2 ([M+Na]*, 6%); analysis
calced for Cp5Hg3N30, (417.64): C 71.90, H 10.38, N 10.06; found: C
71.64, H 10.60, N 9.84.

4.2.8. 2,2—Didodecyl—5,7—dimethyl—2,3—dihydro—1h—imidazol
[1,2—a]pyridin—4—ium—8—carboxylate (7)

Following GPA but precipitation from diethyl ether; yield: 57%;
m.p. 142—145 °C; IR (ATR): » = 3362w, 2956m, 2917vs, 2874w,
2849s, 1635s, 1583vs, 1485w, 1466m, 1446m, 1435w, 1403m, 1375s,
1347m, 1235w, 1192m, 809m, 720m, 631m, 601 s cm~'; '"H NMR
(400 MHz, CD30D): § = 5.98 (d, J = 1.2 Hz, 1H, 6-H), 5.70 (s, 2H,
3—H), 3.63-3.42 (m, 4H, 13—H + 13'~H), 2.29 (d, ] = 1.0 Hz, 3H,
11—H), 2.20 (s, 3H, 10-H), 1.85—1.74 (m, 4H, 14-H + 14'—H),
1.40—-1.25(m, 36H, 15-23—H + 15'-23'—H), 0.88 (t, ] = 7.0z Hz, 6H,
24—H + 24'—H) ppm; *C NMR (101 MHz, CD30D): 6 = 170.1 (C-12),
155.6 (C-5), 146.3 (C-7), 139.1 (C-9), 118.1 (C-8), 110.1 (C-6), 73.0 (C-
3), 66.2 (C-13 + C-13%), 317 (C-22 + C-22Y), 29.4-289 (C-
16—C—-21 + C-16'— C-21°), 26.0 (C-15 + C-15), 22.3 (C-23 + C-23),
222 (C-14 + C-14'), 18.4 (C-10), 16.9 (C-11), 13.0 (C-24 + C-24")
ppm; MS (ESI, MeOH): m/z (%) = 530.4 ([M+H]", 100%), 552.3
(IM+Na]*, 2%); analysis calcd for C33Hs59N30> (529.85): C 74.81, H
11.22, N 7.93; found: C 74.73, H 11.02, N 7.68.

4.2.9. 5',7'-Dimethyl—3'H—spiro[pyrrolidine—1,2'—[1,2,4]triazolo
[4,3—a]pyridin]—1—ium—8—carboxylate (8)

Following GPA; vyield: 76%; m.p. 141-144 °C; IR (ATR):
v = 3386w, 3024w, 2963w, 1634m, 1591vs, 1558s, 1520m, 1478w,
1457w, 1434m, 1376s, 1345m, 1228w, 1188w, 1051w, 798m, 779m,
605m, 595 m cm~'; 'H NMR (500 MHz, CD30D): 6 = 5.99 (d,
J = 12 Hz, 1H, 6-H), 5.83 (s, 2H, 3—H), 3.88—3.75 (m, 4H,
13—H + 13'—H), 2.40-2.32 (m, 2H, 14—H), 2.30 (d, /] = 1.0 Hz, 3H,
11—H), 2.24-2.20 (m, 2H, 14'—H), 2.20 (s, 3H, 10—H) ppm; *C NMR
(125 MHz, CD30D): ¢ = 170.2 (C-12), 155.5 (C-5), 146.3 (C-7), 139.4
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(C-9),118.0 (C-8), 110.1 (C-6), 74.6 (C-3), 68.2 (C-13 + C-13"), 21.4 (C-
14 + C-14°), 18.4 (C-10), 169 (C-11) ppm; MS (ESI, MeOH): m/z
(%) = 248.2 ([M+H]",100%), 270.1 ([M+Na]*, 4%); analysis calcd for
C13HN30, (247.30): C 63.14, H 6.93, N 16.99; found: C 62.85, H
714, N 16.73.

4.2.10. 5',7'—Dimethyl—3'H—spiro[piperidine—1,2'—[1,2,4]triazolo
[4,3—a]pyridin]—1—ium—8—carboxylate (9)

Following GPA; yield: 82%; m.p. 167-171 °C; IR (ATR):
v = 3383m, 3003w, 2957w, 2858w, 1634s, 1580s, 1564vs, 1558vs,
1525s, 1482w, 1450m, 1436m, 1381m, 1372s, 1350m, 1305w, 1277w,
1266w, 1232w, 1193m, 1170w, 1029w, 805m, 697m, 667m, 622m,
595s, 478 m cm~'; 'H NMR (500 MHz, CD30OD): 6 = 5.98 (d,
J=12Hz,1H, 6-H), 5.71 (s, 2H, 3—H), 3.63 (dddd, ] = 35.4,12.2, 7.8,
3.7 Hz,4H,13—H + 13'~H), 2.30(d,] = 1.0 Hz, 3H, 11-H), 2.20 (s, 3H,
10—H), 2.19—-2.14 (m, 2H, H-14), 1.91-1.83 (m, 2H, H-14'), 1.73—-1.67
(m, 2H, H-15) ppm; >C NMR (125 MHz, CD;0D): 6 = 170.2 (C-12),
155.3 (C-5), 146.3 (C-7),139.5 (C-9),118.3 (C-8), 110.1 (C-6), 75.0 (C-
3),65.2(C-13),20.8 (C-14),20.4 (C-15),18.4(C-10),16.8 (C-11) ppm;
MS (ESI, MeOH): m/z (%) = 262.2 ([M+H] ", 100%), 284.1 ([M+Na]*,
4%); analysis calcd for C14H19N30; (261.33): C64.35, H7.33, N 16.08;
found: C 64.17, H 7.51, N 15.88.

4.2.11. 5',7'—Dimethyl—3’H—spiro[morpholine—4,2'—[1,2,4]triazolo
[4,3—a]pyridin]-4—ium—8'—carboxylate (10)

Following GPA; yield: 71%; m.p. 166—168 °C; IR (ATR):
v = 3350w, 3267w, 2982w, 1632m, 1587vs, 1556s, 1514s, 1476m,
1452m, 1437m, 1427m, 1418m, 1404w, 1375s, 1348s, 1320w, 1311w,
1274w, 1250w, 1233w, 1222w, 1195s, 1138w, 1120m, 1109m, 1089w,
1073m, 845m, 803m, 775m, 689m, 659m, 602s, 559m, 530m,
513 mcm™!; '"H NMR (500 MHz, CD30D): 6 = 6.04 (d, ] = 1.2 Hz, 1H,
6—H), 5.79 (s, 2H, 3—H), 4.30 (ddd, J = 13.1, 8.9, 2.6 Hz, 2H, 14—H),
3.93 (dt, ] = 13.2,3.7 Hz, 2H, 14'—H), 3.78 (ddd, ] = 12.3, 8.9, 3.3 Hz,
2H, 13—H), 3.69—3.61 (m, 2H, 13'~H), 2.31 (d,J = 1.0 Hz, 3H, 11-H),
2.21 (s, 3H, 10—H) ppm; *C NMR (125 MHz, CD30D): 6 = 170.1 (C-
12),155.6 (C-5),146.8 (C-7),139.5 (C-9),118.3 (C-8),110.5 (C-6), 64.0
(C-14 + C-14),61.6 (C-13 + C-13),18.4 (C-10), 16.8 (C-11) ppm; MS
(ESI, MeOH): m/z (%) = 264.2 ([M+H]*,100%), 286.1 ([M+Na]*, 8%);
analysis calcd for Cy3Hy7N303 (263.30): C 59.30, H 6.51, N 15.96;
found: C 59.12, H 6.70, N 15.73.

4.2.12. 4,5',7—Trimethyl—3'H—spiro[piperazine—1,2"—[1,2,4]
triazolo[4,3—a]pyridin]—1—ium—8'—carboxylate (11)

Following GPA; yield: 43%; m.p. 187-191 °C; IR (ATR):
v = 3358m, 3175w, 2996w, 2954w, 2942w, 2855w, 2811w, 2785w,
1634s, 1586vs, 1561vs, 1531s, 1456m, 1449m, 1433m, 1407m, 1379s,
1355s, 1335m, 1314w, 1291m, 1260w, 1233w, 1222m, 1191s, 1171w,
1152m, 1129m, 1115w, 1098w, 1078w, 970m, 805m, 790s, 779m,
695m, 660m, 605m, 597s, 562 m cm~'; 'H NMR (500 MHz,
CD30D): 6 = 6.01 (d, J = 1.1 Hz, 1H, 6-H), 5.77 (s, 2H, 3—H),
3.79—3.72 (m, 2H, 13—H), 3.72—3.65 (m, 2H, 13'—H), 3.10—3.02 (m,
2H, 14—H), 2.81-2.71 (m, 2H, 14'—H), 2.39 (s, 3H, 15—H), 2.31 (d,
J = 1.0 Hz, 3H, 11-H), 2.20 (s, 3H, 10—H) ppm; >C NMR (125 MHz,
CD50D): 6 = 170.1 (C-12), 155.5 (C-5), 146.5 (C-7), 139.5 (C-9), 118.3
(C-8),110.3 (C-6), 64.0 (C-13 + C-13°), 49.0 (C-14 + C-14), 43.9 (C-
15),18.4 (C-10), 16.9 (C-11) ppm; MS (ESI, MeOH): m/z (%) = 277.2
(IM+H]*, 100%), 299.1 ([M+Na]*, 4%); analysis calcd for
Ci4H20N40; (276.34): C 60.85, H 7.30, N 20.28; found: C 60.61, H
743, N 20.11.

4.2.13. Acetanilide (12)

Acetanilide (12) was prepared by usual acetylation of aniline
with acetic anhydride in 78% yield; m.p. 116—118 °C (lit [39].:
116—117 °C); MS (ESI, MeOH): m/z (%) 136.1 ([M+H]*, 100%), 158.0
([M+Na]*, 48%).
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4.2.14. 2—Chloro—3—quinolinecarboxaldehyde (13)

To a mixture of N, N—dimethylformaldehyde (9.6 mL, 0.125 mol)
and phosphoryl chloride (32 mL, 0.35 mol) at 0 °C, 1 (6.8 g,
0.05 mol) was added, and the resulting mixture was heated under
reflux for 24 h. Usual aqueous workup gave a pale—yellow pre-
cipitate, that was filtered off, washed with water (2 x 50 mL) and
dried to afford 13 (6.7 g, 70%) as a pale yellow solid; m.p.
152—154 °C (lit [40].: 150—151 °C); R = 0.69 (toluene/ethyl acetate/
formic acid/n—heptane, 80:26:5:10); IR (ATR): v = 3044vw,
2941vw, 2873w, 1687vs, 1579m, 1046s, 761s, 487s cm—1; UV—Vis
(MeOH): Amax (log ¢) = 234 (5.50), 319 (4.53) nm; 'H NMR
(400 MHz, CDCl3): 6 = 10.56 (s, 1H, 9'—H), 8.75 (s, 1H, 4—H), 8.07 (d,
J=8.5Hz,1H,5-H), 7.98 (d, ] = 8.2 Hz, 1H, 8—H), 7.93—7.84 (m, 1H,
7-H), 7.69—7.61 (m, 1H, 6—H) ppm; *C NMR (100 MHz, CDCl3):
6 = 150.3 (C-2), 149.8 (C—8a), 140.4 (C-4), 133.7 (C-7), 129.9 (C-8),
128.8 (C-5), 128.3 (C-6), 126.7 (C—4a), 126.6 (C-3) ppm; MS (ESI,
MeOH): m/z (%) 192.1 ([M+H]*, 28%), 194.1 ([M+H]", 10%), 224.1
(IM + H + MeOH]*, 100%), 226.1 ([M + H + MeOH] ", 34%).

4.2.15. Chloroquinoline—3—carboxylic acid (14)

To a solution of 2 (0.9 g, 468 mmol) in n—butanol (90 mL), a
solution of sodium dihydrogen orthophosphate (5.56 g,
35.61 mmol) and sodium chlorite (4.29 g, 47.47 mmol) in water
(40 mL) was added, and the mixture was stirred at 25 °C for 2 h. The
mixture was concentrated under reduced pressure, diluted with
water (70 mL), and ethyl acetate (50 mL) and sodium carbonate
(5.0 g) were added. The aqueous layer was separated, acidified with
2m HCl and 3 (0.85 g, 87%) was obtained as an off—white solid; m.p.
192—-194 °C (lit [41].: 200 °C decomp.); IR (ATR): » = 2940w, 1729m,
1566m, 1449m, 1190s, 1023m, 789s, 747vs, 572w cm—1; UV—Vis
(DMSO0): Amax (log &) = 258 (4.83), 287 (4.82) nm; 'H NMR
(400 MHz, DMSO—dg): 6 = 13.76 (s, 1H, OH), 8.93 (s, 1H, 4—H), 8.17
(d,J = 8.2 Hz, 1H, 8—H), 8.00 (d, J = 8.4 Hz, 1H, 5—H), 7.92 (ddd,
J=8.4,6.8,15Hz, 1H, 7-H), 7.72 (ddd, ] = 8.1, 6.8, 1.3 Hz, 1H, 6—H)
ppm; >C NMR (100 MHz, DMSO—dg): 6 = 165.7 (C-9), 147.3 (C—8a),
146.4 (C-2), 141.2 (C-4), 132.7 (C-5), 128.9 (C-7), 128.0 (C-6), 127.6
(C-8),125.9 (C—4a), 125.4 (C-3) ppm; MS (ESI, MeOH): m/z (%) 208.1
([M+H]*, 100%), 210.1 [M-+H]*, 34%).

4.2.16. Isoxazolo[3,4—b]quinolin—3(1H)—one (15)

A solution of 3 (1000 mg, 4.8 mmol) and hydrox-
yamine—O—sulfonic acid (2172 mg, 19.2 mmol) in dry DMF (5 mL)
was stirred at 25 °C for 12 h. The solid was filtered off, washed with
water (3 x 3 mL), and triethylamine (2.1 mL, 15.0 mmol) and water
(10 mL) were added. After stirring at 25 °C for 12 h, the precipitate
was filtered off and washed with water (3 x 3 mL) to yield 4
(726 mg, 81%) as a red solid; m.p. 247-250 °C (lit [30].:
261-264 °C); IR (ATR): » = 2899w, 1725m, 1566m, 1449m, 1250m,
1190s, 1022s, 941w, 788vs, 747vs 572 m cm " UV—Vis (DMSO):
Jmax (log &) = 259 (4.65), 313 (4.93), 482 (4.87) nm; 'H NMR
(400 MHz, DMSO—dg): 6 = 12.55 (s, 1H, NH), 8.71 (s, 1H, 4—H), 7.89
(dd,J = 8.0,1.3 Hz, 1H, 5—H), 7.70 (ddd, ] = 8.6, 7.2, 1.5 Hz, 1H, 8—H),
7.39(d,] = 8.4 Hz, 1H, 7-H), 7.28—7.20 (m, 1H, 6—H) ppm; >*C NMR
(100 MHz, DMSO—dg): 6 = 168.6 (C-9),155.2 (C-2), 143.3 (C-4), 141.0
(C—8a), 135.6 (C-8), 132.2 (C-5), 122.7 (C-6), 119.7 (C—4a), 116.8 (C-
7),112.5 (C-3) ppm; MS (ESI, MeOH): m/z (%) 187.1 ((M+H]*, 100%);
analysis calcd for CioHgN20, (186.17): C 64.52, H 3.25, N 15.05;
found: C 64.31, H 3.48, N 14.81.

4.2.17. 2,2—Diethyl—1,2—dihydro—[1,2,4]triazolo[4,3—a]
quinolin—2—ium 4—carboxylate (16)

A solution of 4 (514 mg, 2.76 mmol), diethylamine (0.31 mL,
3.00 mmol) and formaldehyde (37%, 0.22 mL, 2.76 mmol) in MeOH
(10 mL) was stirred at 25 °C for 8 h (during this timr, the color of the
mixture turned from red to slightly yellow—green). The solvent was
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removed under reduced pressure, and the solid was washed with
acetone (3 x 2 mL) to yield 16 (780 mg, 92%; m.p. 202—204 °C (lit
[30].: 202—208 °C); IR (ATR): » = 2961w, 1751m, 1663s, 1614m,
1487m, 1321s, 1052s, 778vs, 603s, 460vs cm™!; UV—Vis (DMSO):
Jmax (log &) = 257 (5.50), 364 (4.94) nm; 'H NMR (400 MHz,
DMSO—dg): & = 7.90 (s, 1H, 4—H), 7.74—7.68 (m, 1H, 5—H), 7.60—7.51
(m, 1H, 7—H), 7.26—7.18 (m, 1H, 6-H), 7.09 (d, ] = 8.2 Hz, 1H, 8—H),
5.77 (s, 2H, 10—H), 3.78-3.58 (m, 4H, 13—H + 13'-H), 1.27 (t,
J=7.1Hz, 5H,14—H + 14'—H) ppm; '*C NMR (100 MHz, DMSO—d):
6 = 164.0 (C-9), 155.5 (C-2), 137.4 (C-4), 134.1 (C—8a), 131.1 (C-7),
129.4 (C-5), 127.1 (C—4a), 123.2 (C-6), 121.8 (C-3), 114.0 (C-8), 71.1
(C-10), 60.7 (C-13 + C-13'), 8.3 (C-14 + C-14') ppm; MS (ESI,
MeOH): mfz (%) 27213 ([M+H]*, 100%); analysis calcd for
Ci5H17N30; (271.32): C 66.40, H 6.32, N 15.49; found: C 66.19, H
6.50, N 15.25.

4.2.18. (38) 3—0O—acetyl—betulinic acid (17)

Acetylation of betulinic acid (BA) 20.0 g, 43.7 mmol) with acetic
anhydride in the presence of DMAP (cat.) as previously reported
[34] gave 17 (90%) as a colorless solid; m.p. 285—290 °C (lit [42].:
287-289 °C).

4.2.19. (38) 3—0—acetyl—oleanolic acid (18)

Acetylation of oleanolic acid (OA), with acetic anhydride in the
presence of DMAP (cat.) as previously reported [15] gave 18 (88%)
as a colorless solid; m.p. 265—267 °C (lit [43].: 264—265 °C).

4.2.20. (38) 3—0—acetyl—ursolic acid (19)

Acetylation of ursolic acid (UA) with acetic anhydride in the
presence of DMAP (cat.) as previously reported gave 19 (84%) as a
colorless solid; m.p. 280—283 °C (lit [15].: 281—283 °C).

4.2.21. 4.2.19 (38) 3—O—acetyl—platanic acid (20)

Acetylation of platanic acid (PA) with acetic anhydride in the
presence of DMAP (cat.) as previously reported gave 20 (87%) as a
colorless solid; m.p. 280—283 °C (lit [11].: 280—283 °C).

4.2.22. (38) 3—0—acetyl—betulinic acid piperazinyl amide (21)

Reaction of 17 (18.0 g, 36.1 mmol) in dry DCM (220 mL) with
oxalyl chloride (15.2 mL, 177.2 mmol) followed by the addition of
dry piperazine (15.6 g, 181.1 mmol) as previously reported gave 21
(15.6 g, 80%) as an off—white solid; m.p. 179—-181 °C (lit [11].:
177-181 °C).

4.2.23. (38) 3—0O—acetyl—oleanolic acid piperazinyl amide (22)
Reaction of 18 with oxalyl chloride followed by the addition of

dry piperazine as previously reported gave 22 (86%) as an

off—white solid; m.p. 173—175 °C (lit [15].: 173—175 °C).

4.2.24. (3p) 3—O—acetyl—ursolic acid piperazinyl amide (23)
Reaction of 19 with oxalyl chloride followed by the addition of

dry piperazine as previously reported gave 23 (84%) as an

off—white solid; m.p. 186—188 °C (lit [15].: 187—188 °C).

4.2.25. (38) 3—0—acetyl—platanic acid piperazinyl amide (24)
Reaction of 20 with oxalyl chloride followed by the addition of

dry piperazine as previously reported gave 24 (84%) as an

off—white solid; m.p. 118—121 °C (lit [11].: 115—125 °C).

4.2.26. (38) 3—0—acetyl—betulinic acid 2—aminoethylamide (25)
Reaction of 17 (1.68 g, 3.4 mmol) in dry DCM (20 mL) with oxalyl
chloride (1.5 mL, 17.5 mmol) followed by the addition of ethyl-
enediamine (1.2 mL, 18.0 mmol) as previously reported gave 25
(1.4 g, 83%) as an off—white solid; m.p. 140—142 °C (lit [15].: 142 °C).
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4.2.27. (38) 3—O—acetyl—oleanolic acid 2—aminoethylamide (26)

Reaction of 18 with oxalyl chloride followed by the addition of
ethylenediamine as previously reported gave 26 (81%) as an
off—white solid; m.p. 190—193 °C (lit [15].: 190.5 °C).

4.2.28. (3B) 3—O—acetyl—ursolic acid 2—aminoethylamide (27)

Reaction of 19 with oxalyl chloride followed by the addition of
ethylenediamine as previously reported gave 27 (84%) as an
off—white solid; m.p. 196—198 °C (lit [15].: 198 °C).

4.2.29. (38) 3—0—acetyl—platanic acid 2—aminoethylamide (28)

Reaction of 20 (1.68 g, 3.4 mmol) with oxalyl chloride followed
by the addition of ethylenediamine as previously reported gave 28
(86%) as an off-white solid; m.p. 230-233 °C (lit [44].:
230234 °QC).

4.2.30. General procedure (GPB) for the synthesis of the conjugates
The safirinium dye (1.9 mmol) in dry DCM (20 mL) was activated
with oxalyl chloride (0.4 mL, 4.7 mmol) followed by the addition of
the corresponding acetylated triterpenoid amide (1.9 mmol) and
triethylamine (0.56 mL, 4.0 mmol). After stirring at 25 °C for 12 h
followed by usual aqueous workup and column chromatography
(silica gel, CHCl3/MeOH — MeOH) the conjugates were obtained.

4.2.31. (38) 3—Acetyloxy—28—{4—
[(2,2—diethyl—5,7—dimethyl—2,3—dihydro[1,2,4]triazolo[4,3—a]
pyridin—2—ium—8—yl)carbonyl]—1—piperazinyl}—
28—oxolup—20(29)—ene chloride (29)

Following GPB 29 (0.42 g, 57%) was obtained as a pale yellow
solid; m.p. 212 °C; Rg = 0.3 (silica gel, CHCI3/MeOH, 9:1); IR (ATR):
v = 2943m, 2867m, 1729m, 1632s, 1566m, 1535m, 1447m, 1392m,
1371m, 1315w, 1282m, 1245s, 1188m, 1107m, 1065m, 1027m, 999s;
'H NMR (500 MHz, CD30D): 6 = 6.22 (s,1H, 45—H), 5.93—5.89 (m,
2H, 42—H), 4.75 (s, 1H, 29—H,), 4.64 (s, 1H, 29—Hy,), 4.50—4.47 (m,
1H, 3—H), 3.84-3.73 (m, 5H, 49—H,, + 49'H,, + 12—Hj,) 3.01-2.89
(m, 2H, 19—H + 13—H), 2.46 (s, 3H, 48—H), 2.26—2.23 (m, 1H,
16—H,), 2.22 (s, 3H, 47—H), 2.12—2.09 (m, 1H, 22—H,), 2.07 (s, 3H,
32—-H), 1.92—-1.84 (m, 2H, 21—H), 1.81-1.77 (m, 2H, 1-H, + 12—H,),
1.75 (s, 3H, 30—H) 1.73-1.66 (m, 4H, 18—H + 16—H, + 2—H),
1.61-1.53 (m, 2H, 6-H, + 22—Hp), 151-1.36 (m, 12H,
6—Hp + 11-H; + 7-H + H-15-H, + 9-H + 50—H + 50'—H),
1.34-1.25 (m, 2H, 11—Hyp, + 15—Hp), 1.07 (s, 3H, 27—H), 1.07—1.03
(m, 2H, 12—Hy, + 1—Hp), 1.01 (s, 3H, 26—H), 0.95 (s, 3H, 25—H), 0.91
(s, 3H, 23—H), 0.90 (s, 3H, 24—H 0.89—0.87 (m, 1H, 5-H) ppm; *C
NMR (125 MHz, CD30D): 6 = 176.0 (C-28), 172.8 (C-31), 165.6 (C-
37),156.4 (C-44), 152.7 (C-20), 152.4 (C-46), 144.3 (C-39), 112.3 (C-
38),111.7 (C-45),110.0 (C-29), 82.5 (C-3), 74.0 (C-42), 62.6 (C-49 + C-
49, 56.9 (C-5), 56.1 (C-17), 53.9 (C-18), 52.1 (C-9), 47.3 (C-19), 43.0
(C-14), 42.0 (C-8), 39.6 (C-1), 38.9 (C-4), 38.4 (C-13), 38.3 (C-10),
37.0 (C-22),35.5 (C-7), 33.4 (C-16), 32.4 (C-21), 31.0 (C-15), 28.5 (C-
24),26.9 (C-12),24.7 (C-2), 22.3 (C-11), 21.2 (C-32),19.8 (C-30), 19.4
(C-47), 19.3 (C-6), 18.7 (C-48), 17.0 (C-23), 16.8 (C-25), 16.7 (C-26),
151 (C-27), 8.7 (C-50), 8.3 (C-50") ppm; MS (ESI, MeOH): m/z
(%) = 798.6 ([M — Cl]*, 100%); analysis calcd for C49H76CIN5O4
(834.63): € 70.52, H 9.18, N 8.39; found: C 70.37, H 9.31, N 8.21.

4.2.32. (38) 3—Acetyloxy—28—{4—
[(2,2—dihexyl—5,7—dimethyl—2,3—dihydro[ 1,2,4]triazolo[4,3—a]
pyridin—2—ium—8—yl)carbonyl]—1—piperazinyl}—
28—oxolup—20(29)—ene chloride (30)

Following GPB 30 (0.32 g, 39%) was obtained as an yellowish
solid; m.p. 189 °C; Rg = 0.6 (silica gel, CHCl3/MeOH, 9:1); IR (ATR):
v = 2934m, 2868m, 1731m, 1632s, 1565m, 1535m, 1459m, 1371m,
1315m, 1282m, 1245s, 1184s, 1138m, 1108m, 1064m, 1027m, 999s;
1H NMR (500 MHz, CD30D): ¢ = 6.21 (m, 1H, 45—H), 5.94—5.84 (m,
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2H, 42—Hap), 4.76 (s, 1H, 29—H,), 4.64 (s, TH, 29—Hp), 4.49—4.47 (m,

1H, 3—H), 3.72-3.66 (m, 4H, 49—H,}, + 49'—H,}), 3.03—2.89 (m,
2H, 19—H + 13—H), 2.44 (s, 3H, 48—H), 2.27—2.19 (m, 4H, 16—H, +
47—-H), 212-2.05 (m, 4H, 22H, + 32-H), 1.88—1.69 (m, 9H,
21-H, + 50-H, + 50-H, + 12-H, + 1-H, +
18—H + 16—Hp, + 2-H), 162125 (m, 26H, 6-H,p + H-
22, + 11-H, + 15-H,p + 9-H + 7-H + 51-H + 51'-H + 52—H
52'—H + 53—H + 53‘—H + 12—Hb + 21—Hb + 50—Hy, + —50'—Hp, +
11—Hp) 1.09-1.05 (m, 4H, 27-H + 1-Hp), 1.02 (s, 3H, 26—H),
1.00-0.96 (m, 6H, 54—H + 54'—H), 0.95 (s, 3H, 25—H), 0.91 (d,
J = 3.5 Hz, 6H, 23—H + 24—H) ppm; *C NMR (125 MHz, CD30D):
6 = 176.0 (C-28),172.81 (C-31),165.6 (C-37), 156.2 (C-44), 152.7 (C-
20), 152.4 (C-46), 144.2 (C-39), 112.3 (C-38), 111.7 (C-45), 110.1 (C-
29), 82.4 (C-3), 75.0 (C-42), 68.0 (C-49-+ C-49"), 56.9 (C-5), 56.2 (C-
17), 56.1 (C-14), 53.9 (C-18), 52.1 (C-9), 47.3 (C-19), 42.0 (C-8), 39.6
(C-1), 38.9 (C-4), 38.4 (C-13), 38.3 (C-10), 37.0 (C-22), 35.5 (C-7),
33.4(C-16), 32.4 (C-21), 28.5 (C-24), 27.1 (C-51 + C-51* + C-52 + C-
52° 4 C-53 4 C-53°), 26.9 (C-12), 24.7 (C-2), 23.5 (C-50), 22.3 (C-11),
21.2 (C-32), 19.8 (C-30), 19.4 (C-47), 19.3 (C-6), 18.6 (C-48), 17.0 (C-
23), 16.8 (C-25), 16.7 (C-26), 15.2 (C-27), 14.4 (C-54), 14.3 (C-54")
ppm; MS (ESI, MeOH): m/z (%) = 910.4 ([M — Cl]*, 100%); analysis
calcd for Cs7HooCIN5O4 (946.84): C 72.31, H 9.79, N 7.40; found: C
7215, H9.97, N 7.31.

4.2.33. (38) 3—Acetyloxy—28—{4—
[(2,2—didodecyl—5,7—dimethyl—2,3—dihydro[1,2,4]triazolo [4,3—a]
pyridin—2—ium—8—yl)carbonyl]—1—piperazinyl}—
28—oxolup—20(29)—ene chloride (31)

Following GPB 31 (390 mg, 40%) was obtained as a yellow solid;
m.p. 158 °C; Rp = 0.2 (silica gel, CHCl3/MeOH, 95:5); IR (ATR):
v = 2923s, 2853m, 1732m, 1627s, 1567m, 1530m, 1465m, 1405m,
1371m, 1283m, 1245s, 1186s, 1133w, 1107w, 1065w, 1029m,
999 s cm™'; TH NMR (500 MHz, CDCls): 6 = 5.89 (s, 1H, 45—H), 4.71
(s, 1H, 29—H,), 4.58 (s, 1H, 29—Hy), 4.47-4.44 (m, 1H, 3—H),
3.99-3.86 (m, 2H, 49—H, ), 3.79—3.74 (m, 1H, 42—H,), 3.66—3.61
(m, 2H, 49—Hy, + 49'—Hp), 3.47—-3.39 (m, 1H, 42—Hjp), 2.94 (m, 1H,
19—H), 2.81 (m, 1H, 13—H), 2.51 (s, 3H, 48—H), 2.12 (s, 3H, 47—H),
2.02 (s, 4H, 16—H,; + 32—H), 1.92-1.83 (m, 2H, 22—H,+21-H,),
1.73-1.66 (m, 7H, 59—H, + 59'-H, + 12—H, + 30—H + 1-H,),
1.60—1.55 (m, 4H, 2—H + 16—Hp, + 18—H), 1.50—1.46 (m, 1H, 6—H,),
1.42—-1.29 (m, 15H, 22—Hy + 11-H + 21-H, + 6—Hp + 7-H +
50-H + 50-H + 51-H + 51-H), 1.27-121 (m, 33H,
59—Hp + 59'—-Hp + 9—H + 58—H + 58'—H + 15—H + 52—H-57—H
+ 52'—H-57‘—~H), 0.95—0.94 (m, 4H, 12—H}, + 27—H), 0.92—0.90 (d,
J=4.2Hz, 3H, 26—H), 0.88—0.86 (m, 6H, 60—H + 60‘—H), 0.84—0.81
(m, 9H, 25—H + 24—H + 23—H) ppm; 13C NMR (125 MHz, CDCl3):
6 = 174.0 (C-28), 171.1 (C-31), 163.4 (C-37), 155.1 (C-44), 151.0 (C-
20), 150.7 (C-46), 142.7 (C-39), 111.6 (C-38), 110.7 (C-45), 109.6 (C-
29), 81.1 (C-3), 67.5 (C-49 + C-49'), 67.2 (C-42), 55.7 (C-5), 54.8 (C-
17), 54.8 (C-14), 52.8 (C-18), 50.9 (C-9), 45.8 (C-19), 40.8 (C-8), 38.6
(C-1),37.9(C-4), 37.3(C-10), 37.1 (C-13), 36.1 (C-22), 34.5 (C-7), 32.7
(C-16), 32.1 (C-58 + C-58°), 31.4 (C-21), 30.0 (C-15), 30.0—-29.3 (C-
52—C—57 + C-52'—C—57‘), 28.1 (C-24), 26.4 (C-50 + C-50' + C-
51 + C-51*), 25.7 (C-12), 23.8 (C-2), 22.8 (C-59 + C-59'), 21.4 (C-32),
21.3 (C-11), 19.7 (C-30), 19.62 (C-48), 19.60 (C-47), 18.3 (C-6), 16.6
(C-23),16.4(C-25),16.2 (C-26),14.7 (C-27),14.2 (C-60 + C-60‘) ppm;
MS (ESI, MeOH): m/z (%) = 1079.0 ([M — ClI]*, 90%); analysis calcd
for CgoH116CIN504 (1115.17): C 74.32, H 10.49, N 6.28; found: C
74.03, H 10.71, N 6.05.

4.2.34. (3B) 3—Acetyloxy—28—{4—|[(2,2—diethyl—1,2—dihydro
[1,2,4]triazolo[4,3—a]quinolin—2—ium—4—yl)carbonyl]—
1—piperazinyl}—28—oxalupa—12,20(29)—diene chloride (32)
Following GPB 32 (450 mg, 57%) was obtained as a yellow solid;
m.p. 215-218 °C; IR (ATR): » = 3373br, 2941m, 2869m, 2095m,
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1731s, 1624s, 1575m, 1453m, 1243s, 980s, 751m, 583 m cm ';
UV—Vis (MeOH): Amax (log ) = 246 (5.54), 287 (4.93), 371 (4.84)
nm; 'H NMR (500 MHz, CDCl3): 6 = 7.76 (s, 1H, 37—H), 7.66 (t,

= 7.7 Hz, 1H, 41-H), 758 (d, J = 7.3 Hz, 1H, 39-H), 7.51 (d,
J = 8.6 Hz, 1H, 42—H), 7.30 (t, ] = 7.6 Hz, 1H, 40—H), 6.50 (s, 2H,
44—H), 4.70 (s, 1H, 29—H,), 4.57 (s, 1H, 29—Hp), 4.48—4.40 (m, 1H,
3—H), 4.39—-4.26 (m, 2H, 46—H), 3.91-3.57 (m, 6H, 46'—H + 34—H),
3.43 (s, 4H, 33—H), 2.98—2.89 (m, 1H, 19—H), 2.85-2.75 (m, 1H,
13—H), 2.08—2.00 (m, 1H, 16—H,), 2.01 (s, 3H, 32—H), 1.95-1.76 (m,
2H, 22—H, + 21-H,), 1.66 (s, 3H, 30—H), 1.74—1.52 (m, 6H, 12—H, +
1-H, + 2-H + 16-Hp, + 18—H), 143 (t, J = 69 Hz, 6H,
47-H + 47'—H), 1.51-1.28 (m, 8H, 6-H + 22—H, + 11-H, +
21—Hyp + 7—H + 15—H), 1.28—1.12 (m, 3H, 9—H + 11—Hp, + 15—Hp),
0.94 (s, 3H, 27—H), 091 (s, 3H, 26—H), 1.00—0.88 (m, 2H,
1—Hp + 12—Hp), 0.82 (s, 3H, 25—H), 0.81 (s, 3H, 24—H), 0.81 (s, 3H,
23—H), 0.79—0.74 (m, 1H, 5—H) ppm; '*C NMR (125 MHz, CDCl3):
6 = 174.2 (C-28), 171.1 (C-31), 163.1 (C-35), 154.0 (C-45), 151.0 (C-
20), 140.7 (C-37), 134.2 (C-36), 134.2 (C-41), 129.9 (C-39), 124.6 (C-
40),120.3 (C-43) 118.4 (C-38), 115.1 (C-42), 109.6 (C-29), 81.0 (C-3),
72.8 (C-44), 62.6 (C-46 + C-46'), 55.6 (C-5), 54.8 (C-17), 52.7 (C-18),
50.8 (C-9), 47.5 (C-33),45.7 (C-19), 42.5 (C-34),42.0 (C1-4),40.8 (C-
8), 38.5 (C-1), 37.9 (C-4), 37.3 (C-10), 37.0 (C-13), 36.1 (C-22), 34.5
(C-7), 32.7 (C-16), 31.4 (C-21), 30.0 (C-15), 28.0 (C-24), 25.7 (C-12),
23.8(C-2),21.4(C-1),21.2(C-32),19.7 (C-30), 18.3 (C-6), 16.6 (C-23),
16.4 (C-25), 16.3 (C-26), 14.8 (C-27), 8.8 (C-47 + C-47') ppm; MS
(ESI, MeOH): m/z (%) 820.4 ([M — Cl]*, 100%); analysis calcd for
Cs1H72CIN5O4 (854.62): C 71.68H 8.49, N 8.19; found: C 7142, H
8.67, N 8.06.

4.2.35. (3B8) 3—Acetyloxy—28—{4—[(2,2—diethyl—1,2—dihydro
[1,2,4]triazolo[4,3—a]quinolin—2—ium—4—yl)carbonyl]—
1—piperazinyl}—28—oxo—olean—12—ene chloride (33)

Following GPB 33 (389 mg, 47%) was obtained as a yellow solid;
m.p. 220—224 °C; IR (ATR): » = 3369br, 29425, 2096m, 1731s, 1625s,
1466m, 1391m, 1243vs, 1004s, 750m, 458 m cm!; UV—Vis
(MeOH): Amax (log ¢) = 246 (5.57), 287 (4.98), 373 (4.87) nm; 'H
NMR (500 MHz, CDCls): 6 = 7.76 (s, 1H, 37—H), 7.65 (t,] = 7.7 Hz, 1H,
41-H), 7.58 (d, ] = 7.2 Hz, 1H, 39—H), 7.50 (d, ] = 8.1 Hz, TH, 42—H),
7.30 (t, ] = 7.6 Hz, 1H, 40—H), 6.49 (s, 2H, 44—H), 5.25 (dd, ] = 3.3,
3.3 Hz, 1H, 12-H), 4.50-4.43 (m, 1H, 3—H), 4.39-4.27 (m, 2H,
46—H), 3.92—3.57 (m, 6H, 46'—H + 33—H + 34—H), 3.13—2.99 (m,
1H, 18—H), 2.19—2.09 (m, 1H, 16—H,), 2.02 (s, 3H, 32—H), 1.96—1.79
(m, 2H, 11-H, + 2—Ha), 1.75-146 (m, 11H, 7-H + 19—H, +
2—H + 15—H,; + 11-Hp + 16—Hp + 1-H; + 9—H + 6—Ha), 1.42 (t,
J = 6.7 Hz, 6H, 47—H), 1.46—1.29 (m, 3H, 22—H, + 21—H, + 6—Hp),
1.27-1.15 (m, 3H, 22—Hp, + 21—Hyp + 19-Hp), 112 (s, 3H, 27—H),
1.10-0.95 (m, 2H, 15—H}, + 1—Hp), 0.91 (s, 3H, 29—H), 0.90 (s, 3H,
25—H), 0.89 (s, 3H, 30—H), 0.84 (s, 3H, 24—H), 0.83 (s, 3H, 23—H),
0.83—0.78 (m, 1H, 5-H), 0.69 (s, 3H, 26—H) ppm; C NMR
(125 MHz, CDCl3): 6 = 175.8 (C-28), 171.1 (C-31), 163.1 (C-35), 154.0
(C-45), 144.5 (C-13), 140.7 (C-37), 134.2 (C-36), 134.1 (C-41), 129.9
(C-39), 124.6 (C-40), 121.9 (C-12), 120.3 (C-43), 118.4 (C-38), 115.0
(C-42), 81.0 (C-3), 72.9 (C-44), 62.6 (C-46), 62.5 (C-46'), 55.5 (C-5),
47.7 (C-9), 47.7 (C-17), 46.4 (C-19), 45.4 (C-34), 43.7 (C-18), 42.5 (C-
33),42.0 (C-14), 39.3 (C-8), 38.2 (C-1), 37.8 (C-4), 37.1 (C-10), 34.1(C-
21), 33.1 (C-30), 33.0 (C-22), 30.5 (C-20), 30.2 (C-7), 28.1 (C-23),
28.0 (C-15), 26.0 (C-27), 24.1 (C-29), 23.6 (C-11), 23.5 (C-2),22.9 (C-
16), 21.4 (C-32), 18.3 (C-6), 17.1 (C-26), 16.8 (C-24), 15.5 (C-25), 8.8
(C-47 + C-47") ppm; MS (ESI, MeOH): m/z (%) 820.2 ([M — Cl]*,
100%); analysis calcd for CsiH74CIN5O4 (856.63): C 71.51, H 8.71, N
8.18; found: C 71.32, H 8.96, N 8.01.
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4.2.36. (3B) 3—Acetyloxy—28—{4—|[(2,2—diethyl—1,2—dihydro
[1,2,4]triazolo[4,3—a]quinolin—2—ium—4—yl)carbonyl]—
1—piperazinyl}—28—oxo—urs—12—ene chloride (34)

Following GPB 34 (408 mg, 52%) was obtained as a yellow solid;
m.p. 230-234 °C; IR (ATR): » = 3373br, 2941m, 2096w, 1731m,
1624s, 1576m, 1368m, 1243vs, 1045m, 950m, 751m, 582w cm ™ ';
UV—Vis (MeOH): imax (log &) = 246 (5.37), 287 (4.79), 371 (4.67)
nm; 'H NMR (500 MHz, CDCI3): 6 = 7.76 (s, 1H, 37—H), 7.66 (t,
J = 7.8 Hz, 1H, 41-H), 7.58 (d, ] = 7.2 Hz, 1H, 39-H), 7.51 (d,
J = 8.2 Hz, 1H, 42—H), 7.30 (t, ] = 7.6 Hz, 1H, 40—H), 6.50 (s, 2H,
44—H), 5.22-518 (m, 1H, 12—H), 4.51—4.44 (m, 1H, 3-H),
4.38-4.26 (m, 2H, 46—H), 3.90—3.53 (m, 4H, 46'-H + 34—H),
3.49-3.36 (m, 2H, 33—H), 2.48—2.33 (m, 1H, 18—H), 2.23—-2.09 (m,
1H, 16—H,), 2.02 (s, 3H, 32—H), 1.96—1.83 (m, 2H, 11-H), 1.82—1.55
(m, 9H, 22—H + 16—Hp + 21-H + 1-Ha + 2—H + 15—H,), 1.55-1.37
(m, 4H, 9-H + 6-H; + 7-H, + 19-H), 142 (t, ] = 6.7 Hz, 6H,
47—H + 47'-H),1.38—1.15 (m, 2H, 6—H}, + 7—H}p), 1.14—0.96 (m, 3H,
15—Hp + 1—Hp + 20—H), 1.06 (s, 3H, 27—H), 0.93 (d, ] = 6.1 Hz, 3H,
30—H),0.91 (s, 3H, 25—H), 0.88 (d, ] = 6.4 Hz, 6H, 29—H), 0.85 (s, 3H,
24—H), 0.83 (s, 3H, 23—H), 0.83—0.79 (m, 1H, 5—H), 0.71 (s, 3H,
26—H) ppm; *C NMR (125 MHz, CDCl3): 6 = 176.0 (C-28), 171.1 (C-
31), 163.1 (C-35), 154.0 (C-45), 138.5 (C-13), 140.7 (C-37), 134.2
41), 134.1 (C-36), 129.9 (C-39), 125.5 (C-12), 124.6 (C-40), 120.3
43), 118.4 (C-38), 115.1 (C-42), 81.0 (C-3), 72.9 (C-44), 62.6
46 + C-46'), 55.4 (C-5), 55.3 (C-18), 47.7 (C-17), 47.6 (C-9), 47.3 (C-
33), 42.4 (C-34), 42.2 (C-14), 39.6 (C-19), 39.3 (C-8), 38.8 (C-20),
38.3 (C-1), 37.8 (C-4), 37.0 (C-10), 34.6 (C-22), 33.1 (C-7), 30.5 (C-
21), 28.3 (C-15), 28.2 (C-24), 23.8 (C-27), 23.6 (C-11), 23.5 (C-16),
23.4 (C-2), 214 (C-32), 21.3 (C-30), 18.3 (C-6), 17.5 (C-29), 17.1 (C-
26), 16.8 (C-23), 15.6 (C-25), 8.8 (C-47 + C-47") ppm; MS (ESI,
MeOH): m/z (%) 820.2 ([M — ClI]*, 100%); analysis calcd for
Cs1H74CIN504 (856.63): C 71.51, H 8.71, N 8.18; found: C 71.26, H
8.90, N 8.03.

(G
(C-
(C-

4.2.37. (3p) 3—Acetyloxy—28—{4—[(2,2—diethyl—1,2—dihydro
[1,2,4]triazolo[4,3—a]quinolin—2—ium—4—yl)carbonyl]—
1—piperazinyl}—20,28—dioxo—30—norlupa—12—ene chloride (35)

Following GPB 35 (348 mg, 44%) was obtained as a yellow solid;
m.p. 236—240 °C; IR (ATR): » = 3373br, 2941m, 2871m, 2096m,
1731s, 1624s, 1452m, 1242vs, 1170m, 1028m, 980s, 751m,
582 m cm™'; UV—Vis (MeOH): Amax (log &) = 246 (5.67), 288 (5.09),
374 (4.93) nm; 'H NMR (500 MHz, CDCl3): 6 = 7.76 (s, 1H, 36—H),
7.69-7.62 (m, 1H, 40—H), 7.58 (d, ] = 7.8 Hz, 1H, 38—H), 7.54-7.49
(m, 1H, 41—H), 7.30 (t, ] = 7.5 Hz, 1H, 39—H), 6.50 (s, 2H, 43—H),
4.47—4.40 (m, 1H, 3—H), 440—4.21 (m, 2H, 45—H), 4.07—3.33 (m,
6H, 45'—H + 33—H + 32—H), 3.19 (dd, ] = 11.2, 7.3 Hz, 1H, 19—H),
2.62 (dd, J = 12.1, 8.5 Hz, 1H, 13—H), 2.14 (s, 3H, 29—H), 2.12—-2.00
(m, 2H, 18—H + 16—H,), 2.01 (s, 3H, 31—H), 1.97—1.76 (m, 2H,
22-H, + 21-Ha), 172-147 (m, 7H, 1-H, + 16—Hy+
2—H + 22—Hp + 21-Hp + 6—Ha), 143 (t, 6H, 46—H + 46'—H),
1.45—-1.13 (m, 8H, 11-H + 7—H + 6—H,, + 15—H + 9—H), 1.07-0.87
(m, 3H, 12—H + 1-Hy,), 0.96 (s, 3H, 27—H), 0.89 (s, 3H, 26—H), 0.82
(s, 3H, 25—H), 0.82 (s, 3H, 24—H), 0.81 (s, 3H, 23—H), 0.80—0.73 (m,
1H, 5—H) ppm; 3C NMR (125 MHz, CDCl3): 6 = 212.7 (C-20), 174.1
(C-28), 171.0 (C-30), 163.1 (C-34), 154.0 (C-44), 140.8 (C-36), 134.3
(C-40), 134.2 (C-35), 129.9 (C-38), 124.6 (C-39), 120.3 (C-42), 118.3
(€-37),115.1 (C-41), 80.9 (C-3), 72.9 (C-43), 62.5 (C-45 + C-45'), 55.6
(C-5), 54.7 (C-17), 52.6 (C-18), 50.7 (C-9), 50.0 (C-19), 47.5 (C-32),
42.5(C-33),41.9 (C-14),40.7 (C-8), 38.5 (C-1), 37.9 (C-4), 37.3 (C-10),
36.1(C-13), 35.8 (C-22), 34.3(C-7), 32.3(C-16), 30.4 (C-29), 30.0 (C-
15), 28.8 (C-21), 28.0 (C-24), 275 (C-12), 23.8 (C-2), 21.4 (C-31), 21.3
(C-11), 183 (C-6), 16.6 (C-23), 16.3 (C-25), 16.2 (C-26), 14.8 (C-27),
8.8 (C-46 + C-46') ppm; MS (ESI, MeOH): m/z (%) 822.2 ([M — Cl]*,
100%); analysis calcd for C50H70CINsOs5 (856.59): C 70.11, H 8.24, N
8.18; found: C 69.87, H 8.47, N 8.02.
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4.2.38. (38) 3—Acetyloxy—28—[2—{[(2,2—diethyl—1,2—dihydro
[1,2,4]triazolo[4,3—a]quinolin—2—ium—4—yl)carbonylJamino}
ethyl)amino ]—28—oxolupa—12,20(29)—diene chloride (36)

Following GPB 36 (316 mg, 44%) was obtained as a yellow solid;
m.p. 200—-204 °C; IR (ATR): » = 3321br, 2942m, 2095w, 1731m,
1661m, 1474m, 1243m, 1172m, 1035s, 980m, 750w, 582 m cm ™ ;
UV—Vis (MeOH): Amax (log &) = 206 (5.26), 248 (5.13), 296 (4.66),
388 (4.36) nm; 'H NMR (400 MHz, CDCl3): & = 8.75 (s, 1H, 37—H),
8.41-8.25 (m, 1H, NH), 7.81-7.71 (m, 2H, 39—H + 41—H), 7.63—7.50
(m, 1H, 42—H), 7.39 (t, ] = 7.6 Hz, 1H, 40—H), 6.70—6.25 (m, 3H,
NH + 44—H), 4.65 (s, 1H, 29—H,), 4.56 (s, 1H, 29—Hp,), 4.54—4.37 (m,
3H, 46—H + 3—H), 4.03—3.84 (m, 2H, 46'—H), 3.74—3.35 (m, 4H,
33—H + 34—H), 3.15—2.98 (m, 1H, 19—H), 2.41-2.27 (m, 1H, 13—H),
2.02 (s, 3H, 32—H), 2.06—1.94 (m, 1H, 16—H,), 1.92—1.69 (m, 2H,
21-H, + 1-H,), 1.64 (s, 3H, 30—H), 1.68—145 (m, 6H, 12—H, +
22-H, + 2-H + 16—-Hp, + 18-H), 141 (t, ] = 7.3 Hz, 3H,
47—-H + 47'-H), 1.44-1.18 (m, 7H, 22—Hp, + 11-H, + 15-H, +
21-H, + 6-Hs + 7-Hs + 9-H), 116-1.03 (m, 4H,
7—Hp + 11-Hp, + 6—Hp, + 15—Hp,), 0.89 (s, 3H, 27—H), 1.02—0.81 (m,
2H, 12—Hy, + 1-Hy), 0.78 (s, 3H, 24—H), 0.74 (s, 3H, 23—H), 0.74 (s,
3H, 26—H), 0.72—0.58 (m, 1H, 5—H), 0.64 (s, 3H, 25—H) ppm; °C
NMR (100 MHz, CDCl3): 6 = 177.2 (C-28), 171.0 (C-31), 161.5 (C-35),
154.5 (C-45), 150.6 (C-20), 146.1 (C-37), 135.3 (C-41), 134.4 (C-36),
131.1 (C-39), 125.1 (C-40), 120.4 (C-43), 114.9 (C-42), 114.4 (C-38),
109.6 (C-29), 80.8 (C-3), 72.3 (C-44), 63.2 (C-46 + C-46'), 55.7 (C-
17), 55.3 (C-5), 50.3 (C-9), 50.0 (C-18), 46.9 (C-19), 40.6 (C-14), 40.4
(C-34), 39.7 (C-33), 38.4 (C-1), 38.3 (C-22), 37.7 (C-13), 37.7 (C-10),
37.0 (C-8), 34.2 (C-7), 33.5 (C-16), 30.8 (C-21), 29.5 (C-15), 27.9 (C-
24),25.4(C-12), 23.6 (C-2), 21.3 (C-32),20.9(C-11),19.3 (C-30),17.9
(C-6),16.5(C-23),16.2 (C-25),16.1 (C-26), 14.5 (C-27), 8.8 (C-47), 8.6
(C-47") ppm; MS (ESI, MeOH): m/z (%) 794.2 ([M — Cl]*, 100%);
analysis calcd for C49H70CIN5O4 (828.58): C 71.03, H 8.52, N 8.45;
found: C 70.76, H 8.69, N 8.26.

4.2.39. (3B) 3—Acetyloxy—28—[2—{[(2,2—diethyl—1,2—dihydro
[1,2,4]triazolo[4,3—a]quinolin—2—ium—4—yl)carbonyl Jamino}
ethyl)amino]—28—oxo—olean—12—ene chloride (37)

Following GPB 37 (314 mg, 40%) was obtained as a yellow solid;
m.p. 210-214 °C; IR (ATR): v = 3334br, 2941m, 2097w, 1731m,
1661m, 1574m,1366m, 1243m, 1027m, 750m, 583w cm—1; UV—Vis
(MeOH): Amax (log €) = 213 (5.64), 248 (5.50), 296 (5.00), 387 (4.73)
nm; "H NMR (400 MHz, CDCl3): 6 = 8.72 (s, 1H, 37—H), 8.42—8.37
(m, 1H, NH), 7.77—7.69 (m, 2H, 39—H + 41—H), 7.56 (d, ] = 8.3 Hz,
1H, 42—H), 7.36 (t,] = 7.6 Hz, 1H, 40—H), 6.59—6.47 (m, 2H, 44—H),
6.44—6.37 (m, 1H, NH), 5.39 (s, 1H, 12—H), 4.53—4.37 (m, 3H,
46—H + 3—H), 4.00—3.80 (m, 1H, 46'—H), 3.73—3.42 (m, 2H, 33—H),
3.32-3.16 (m, 2H, 34—H), 2.60—2.48 (m, 1H, 18—H), 2.02 (s, 3H,
31—H), 1.97-1.83 (m, 3H, 16—H, + 11—H), 1.77—1.65 (m, 1H, 19—H,),
1.62-150 (m, 6H, 16—-Hp + 22—-H, + 2—H + 1-H, + 9—H),
1.50-1.37 (m, 3H, 15—H, + 6—H, + 7—Ha,), 1.42 (t, ] = 6.9 Hz, 6H,
47-H + 47'—H), 136-122 (m, 3H, 6—Hy + 21—H, + 22—Hp),
1.21-1.15 (m, 2H, 7—H + 19—Hy), 1.12 (s, 3H), 1.11-0.94 (m, 3H,
21—-H, + 1-Ha + 15—Hp), 0.87 (s, 3H, 30—H), 0.85 (s, 3H, 25—H),
0.84 (s, 3H, 29—H), 0.82 (s, 3H, 23—H), 0.81 (s, 3H, 24—H), 0.80—0.76
(m, 1H, 5-H), 0.71 (s, 3H, 26—H) ppm; >*C NMR (100 MHz, CDCl3):
0 = 179.2 (C-28), 171.1 (C-31), 161.5 (C-35), 154.6 (C-45), 146.0 (C-
37), 144.6 (C-13), 135.3 (C-39), 134.6 (C-36), 131.1 (C-41), 125.0 (C-
40),123.0 (C-12), 120.5 (C-43), 115.1 (C-42), 114.4 (C-38), 80.9 (C-3),
72.2 (C-44), 63.3 (C-46), 63.1 (C-46"), 55.2 (C-5), 47.5 (C-9), 46.7 (C-
19), 46.4 (C-17), 42.1 (C-14), 42.0 (C-18), 40.5 (C-33), 39.8 (C-34),
39.4 (C-8), 38.2 (C-1), 37.8 (C-4), 36.9 (C-10), 34.2 (C-21), 33.0 (C-
30), 32.9 (C-22), 32.4 (C-7), 30.8 (C-20), 28.1 (C-23), 274 (C-15),
25.8(C-27),23.9(C-16), 23.7 (C-29), 23.6 (C-11), 23.6 (C-2), 21.4 (C-
32),18.2 (C-6), 17.0 (C-26), 16.8 (C-24), 15.5 (C-25), 8.9 (C-47 + C-
47') ppm; MS (ESI, MeOH): m/z (%) 794.1 ([M — Cl]*, 100%); analysis
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calcd for C49H72CIN504 (829.53): C 70.86, H 8.74, N 8.43; found: C
70.69, H 8.91, N 8.25.

4.2.40. (3B) 3—Acetyloxy—28—[2—{[(2,2—diethyl—1,2—dihydro
[1,2,4]triazolo[4,3—a]quinolin—2—ium—4—yl)carbonyl]Jamino}
ethyl)Jamino]—28—oxo—urs—12—ene chloride (38)

Following GPB 38 (341 mg, 45%) was obtained as a yellow solid;
m.p. 198—202 °C; IR (ATR): » = 3321br, 2940m, 2095m, 1731m,
1456m, 1367m, 1243vs, 1147w, 1027m, 982m, 750w, 582w cm!;
UV—Vis (MeOH): Amax (log ¢) = 248 (5.54), 297 (5.04), 387 (4.79)
nm; "H NMR (400 MHz, CDCls): 6 = 8.71 (s, 1H, 37—H), 8.43-8.35
(m, 1H, NH), 7.72 (t, ] = 7.0 Hz, 2H, 39-H + 41-H), 7.53 (d,
J = 85 Hz, 1H, 42—H), 7.35 (t, ] = 7.6 Hz, 1H, 40—H), 6.54 (s, 2H,
44—H), 6.40—6.31 (m, 1H, NH), 5.33-5.29 (m, 1H, 12—H), 4.52—4.40
(m, 2H, 46—H + 3—H), 3.98—3.84 (m, 2H), 3.67—3.45 (m, 2H, 33—H),
3.32—3.20 (m, 2H, 34—H), 2.01 (s, 3H, 32—H), 2.07—1.81 (m, 3H,
2—-H + 18-H), 1.77-1.50 (m, 6H, 22—-H, + 11-H + 15-H, +
1-Ha +9—-H), 1.49-1.16 (m, 8H,
7-H + 6—H + 19-H + 21—H + 22—Hp), 1.44 (t, ] = 6.8 Hz, 6H,
47-H + 47-H, 105 (s, 3H, 27-H), 1.06-0.95 (m, 2H,
1-Hp + 15—Hp), 0.90 (s, 3H, 30—H), 0.86 (s, 3H, 25—H), 0.84 (s, 3H,
29—H), 0.82 (s, 3H, 24—H), 0.80 (s, 3H, 23—H), 0.71 (s, 3H, 26—H),
0.74—0.64 (m, 1H, 5—H) ppm; *C NMR (100 MHz, CDCl3): 6 = 179.0
(C-28), 170.9 (C-31), 161.2 (C-35), 154.4 (C-45), 145.8 (C-37), 139.4
(C-13), 135.2 (C-41), 134.4 (C-36), 131.0 (C-39), 125.7 (C-12), 124.9
(C-40), 120.4 (C-43), 114.9 (C-42), 114.4 (C-38), 80.7 (C-3), 72.1 (C-
44),63.1(C-46),63.0(C-46), 55.1 (C-5), 53.5(C-18),47.7 (C-17),47.4
(C-9), 42.3 (C-14), 40.4 (C-33), 39.6 (C-19), 39.5 (C-8), 39.3 (C-34),
39.1 (C-20), 38.2 (C-1), 37.6 (C-4), 374 (C-22), 36.8 (C-10), 32.6 (C-
7),30.8 (C-21),28.0 (C-24), 27.8 (C-15), 23.5(C-11),23.5(C-16),23.3
(C-2), 23.2 (C-27), 21.3 (C-32), 21.2 (C-30), 18.1 (C-6), 17.3 (C-29),
16.9 (C-26),16.7 (C-23),15.5 (C-25), 8.8 (C-47), 8.8 (C-47') ppm; MS
(ESI, MeOH): m/z (%) 794.2 ([M — Cl]*, 100%); analysis calcd for
Ca9H72CIN504 (829.53): C 70.86, H 8.74, N 8.43; found: C 70.58, H
8.93, N 8.21.

4.2.41. (3B) 3—Acetyloxy—28—[2—{[(2,2—diethyl—1,2—dihydro
[1,2,4]triazolo[4,3—a]quinolin—2—ium—4—yl)carbonyl]Jamino}
ethyl)amino]—20,28—dioxo—30—norlupan—12—ene chloride (39)
Following GPB 39 (335 mg, 44%) was obtained as a yellow solid;
m.p. 196—200 °C; IR (ATR): » = 3321br, 2941m, 2095m, 1731s,
1547m, 1243vs, 1167m, 1028m, 980m, 750w, 583 cm™'; UV—Vis
(MeOH): Amax (log ¢) = 248 (5.76), 297 (5.27), 385 (5.02) nm; 'H
NMR (500 MHz, CDCl3): 6 = 8.72 (s, 1H, 36—H), 8.30 (t, ] = 5.3 Hz,
1H, NH), 7.77—7.70 (m, 2H, 38—H + 40—H), 7.54 (d, ] = 8.1 Hz, 1H,
41-H), 7.37 (t,] = 7.6 Hz, 1H, 39—H), 6.70—6.64 (m, 1H, NH), 6.60 (d,
J =10.0 Hz, 1H, 43—H,), 6.47 (d, ] = 10.1 Hz, 1H, 43—Hy,), 4.49-4.35
(m, 3H, 3—H + 45—H), 3.98—3.88 (m, 2H, 45'—H), 3.71-3.48 (m, 2H,
32—H), 3.45-3.29 (m, 3H, 33—H + 18—H), 2.19—2.08 (m, 1H, 13—H),
2.1 (s, 3H, 29—H), 2.06—2.00 (m, 2H, 16—H, + 19—H), 2.00 (s, 3H,
31-H), 1.98—-1.90 (m, 1H, 21—H,), 1.80-1.73 (m, 1H, 22—H,),
1.61-1.42 (m, 5H, 1-H, + 16—H, + 2—H + 22—Hy), 146 (q,
J=6.9Hz, 6H, 46—H + 46'—H), 1.42—1.19 (m, 6H, 21—Hp + 11-H, +
15-H, + 6-H, + 7-H, + 9-H), 119-096 (m, 6H,
11-Hp + 6—Hp + 7—Hp + 15—Hp + 12—H), 0.92 (s, 3H, 27—H),
0.95-0.85 (m, 1H, 1—Hp), 0.76 (s, 3H, 24—H), 0.73 (s, 3H, 26—H),
0.72 (s, 3H, 23—H), 0.71-0.64 (m, 1H, 5—H), 0.67 (s, 3H, 25—H) ppm;
13C NMR (125 MHz, CDCl3): § = 212.7 (C-20), 176.9 (C-28),171.0 (C-
30), 161.8 (C-34), 154.7 (C-44), 146.2 (C-36), 135.2 (C-40), 134.5 (C-
35), 131.2 (C-38), 125.2 (C-39), 120.5 (C-42), 115.0 (C-41), 114.4 (C-
37), 80.8 (C-3), 72.4 (C-43), 63.2 (C-45), 63.1 (C-45'), 55.6 (C-17),
55.4 (C-5), 51.3 (C-18), 50.3 (C-9), 50.1 (C-19), 42.3 (C-8), 40.7 (C-
14), 40.1 (C-32), 40.1 (C-33), 38.4 (C-1), 38.1 (C-22), 37.8 (C-4), 37.1
(C-10), 36.9 (C-11), 34.2 (C-7), 32.8 (C-16), 30.1 (C-29), 29.6 (C-15),
28.6 (C-21), 28.0 (C-24), 27.2 (C-12), 23.7 (C-2), 21.4 (C-31), 21.0 (C-
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11), 18.0 (C-6), 16.6 (C-23 + C-26), 16.2 (C-25), 14.7 (C-27), 8.9 (C-
46), 8.9 (C-46') ppm; MS (ESI, MeOH): m/z (%) 796.2 ([M — CI]*,
100%); analysis calcd for C48He6CIN5Os5 (830.55): C 69.42, H 8.25, N
8.43; found: C 69.27, H 8.41, N 8.32.
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Tormentic acid and euscaphic acid were isolated from plant material and transformed into amides holding an
extra rhodamine B moiety; these compounds were screened for their cytotoxic activity employing a panel of
human tumor cell lines and non-malignant fibroblasts. Prerequisites for both high cytotoxicity and tumor cell
selectivity seem to be the combination of an amide (from a secondary amine but not from a primary), the use of
homopiperazine rather than piperazine as a spacer together with rhodamine B (as a cationic center) and — most

important-a triterpene holding a (2«, 3p) configuration of the substituents in ring A of the triterpenoid skeleton.
All these features are found in tormentic acid derived compound 15; it acts as a mitocan; it is approximately 190
times more cytotoxic for ovarian carcinoma cells than for non-malignant fibroblasts, and 15 displayed an ECs as
low as 1 nM for several human cancer cell lines.

1. Introduction

Potentilla erecta (syn. Tormentilla erecta, Potentilla laeta, Potentilla
tormentilla, also known as the (common) tormentil, septfoil) is a plant
belonging to family of Rosaceae[1-3]. The plant is found throughout
Europe, Scandinavia and East Asia and is very rich in tannins. These
tannins hold anti-inflammatory, drying and contracting effects[4-7].
Thus, in folk medicine this plant was used both for the treatment of su-
perficial wounds as well as for the therapy of diarrhea[8-11]. A very
early reference to a possible application in cancer treatment can be found
in medieval monastic medicine, e.g. in the writings of Hildegard von
Bingen[12]. However, it is not the tannins being responsible for the
cytotoxic effect, but with high probability the presence of some penta-
cyclic triterpenes in the plant, for example euscaphic acid (1, EA)
[13-17] and tormentic acid (2, TA, Fig. 1)[18-22]. EA and TA are
ursane-type pentacyclic triterpenoids holding hydroxy groups at posi-
tions 2, 3 and 19, respectively. Thereby, EA is a (2, 3a) stereoisomer
while TA is (2a, 3p) configurated. The number of publications dealing
with cytotoxic effects of EA or TA remained small for many years. This is
probably due to the fact that until recently the available quantities of EA
and TA were rather small. However, an improved extraction process was
developed some time ago which now allows these two substances to be

made available in larger quantities[23-26]. Only a weak cytotoxic ac-
tivity has been established for TA for different tumor cell lines; some
anticancer activity has been found for EA for lymphocytic leukemia cells.
Furthermore, 2 shows little toxicity to normal cells[13,18,19,24]. Based
on the now very good accessibility of 1 and 2 as well as preliminary very
promising results, we decided to make selected derivatives accessible and
to investigate their cytotoxic activity in sulforhodamine B (SRB) assays.

2. Results and discussion
2.1. Chemistry

Extraction of the roots of tormentil as previously described [23-26]
gave EA (1) and TA (2) whose acetylation furnished acetates 3 [27-30]
and 4[31-34], respectively (Scheme 1). Reaction of 3 with oxalyl chlo-
ride followed by the addition of piperazine, homopiperazine, or ethyl-
enediamine, gave amides 5-7, respectively. Following the same
procedures from 2 compounds 8-10 were obtained in good yields.

Di- and triterpene derivatives holding a suitable spacer between the
carboxyl group of the terpenoid skeleton and an extra rhodamine B
moiety have previously been shown to be of superior cytotoxicity with
ECsg values even in a low nano-molar range[35-41]. Therefore, EA
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1 (euscaphic acid, EA) 2 (tormentic acid, TA) Rho B
Fig. 1. Structure of euscaphic acid (1, EA) tormentic acid (2, TA), and rhodamine B (Rho B).
5 H Scheme 1. Synthesis of EA and TA derivatives
~ 3-10: a) Ac,0, NEt3, cat. DMAP, DCM, 25 °C, 24 h,
84%; b) Ac,0, NEts, cat. DMAP, DCM, 25 °C, 24 h,
86%; ¢) (COCl),, cat. DMF, DCM, piperazine, 25 °C,
2 h, 67%; d) (COCl),, cat. DMF, DCM, homopiper-
azine, 25 °C, 2 h, 89%; e) (COCl),, cat. DMF, DCM,
ethylenediamine, 25 °C, 2 h, 60%; f) (COCI),, cat.
DMF, DCM, piperazine, 25 °C, 2 h, 72%; g) (COCI),
cat. DMF, DCM, homopiperazine, 25 °C, 2 h, 50%;
h) (COCl),, cat. DMF, DCM, ethylenediamine, 25
°C, 2 h, 71%.
c NH f
S { X -
N
8
d (‘NH 9
S oo
9
e n h
— ~"NH 2 -

derived amides 5-7 and TA derived compounds 8-10 were coupled with
rhodamine B, and conjugates 11-16 obtained (Scheme 2). Due to the
presence of a primary amino group in 7 and 10, compounds 13 and 16
are different in their structure from those compounds (11, 12, 14, 15)
having been obtained from secondary amines (5, 6, 8 and 9). These two
types of compounds already differ in their appearance: While the first
group derived from primary amines are colorless compounds, the com-
pounds derived from secondary amines are deep-pink; their Amax = 560
+ 15 nm. This is typical for cationic rhodamine B derivatives hence
indicating an intact rhodamine B skeleton[36]. The former compounds
are colorless; this has been observed for rhodamine B derivatives holding
a lactone (or lactam) moiety[42,43].

2.2. Biology

Compounds 1-16 were subjected to sulforhodamine B assays to
evaluate their cytotoxicity. The results of these assays are compiled in
Table 1.

The results revealed for many compounds cytotoxic activity. While
the parent compounds 1-4 were not cytotoxic within the borders of the

10

assays (cut-off 30 pM), amides 5-10 were more cytotoxic. For all amides
5-10 ECs values in the low pM range were found with 5 as the most
active compound. The highest cytotoxicity, however, was determined for
cationic rhodamine B conjugates 11, 12, 14, 15. Due to the formation of
a lactam, compounds 13 and 16 are no longer cations; as a consequence,
their cytotoxicity is diminished tremendously.

Compound 15, is not only the most cytotoxic triterpenoid reported so
far, this conjugate also held the highest tumor/non-tumor cell selectivity,
especially for A2780 (ovarian carcinoma) and FaDu (hypopharyngeal
carcinoma) as compared to non-malignant fibroblasts NIH 3T3; a selec-
tivity index (SI) was calculated as ECso (ni1 313)/ECs0 (A2780) = 190. Extra
staining experiments of A2780 tumor cells with rhodamine 123 (CAS:
[62669-70-9]), Hoechst 33342 (CAS: [23491-52-3]) and compound 15
showed the latter compound to target the mitochondria and to act as a
mitocan.

These results seem to indicate that the presence of a homopiperazine
spacer — rather than a piperazinyl moiety - results in excellent cytotox-
icity when bound to a rhodamine B moiety. The presence of a cationic
center is as important as the configuration in ring A. Conjugates holding a
(2w, 3p) configuration are of better cytotoxicity and better selectivity
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11 R' = 0Ac,R2=H, n =1 (from 5)

12 R' = OAc, R2=H, n = 2 (from 6) 5 6,80r9
14 R' =H, R2=0OAc, n =1 (from 8)
15 R' =H, R2 = OAc,n = 2 (from 9) 70r10

13 R' = OAc, R2=H (from 7)
16 R' = H, R2 = OAc (from 10)

Scheme 2. Synthesis of EA and TA derivatives 11-16: a) (COCl),, rhodamine B,
NEt3, cat. DMF, DCM then compounds 5, 6, 7, 10, 11 or 12, NEt;, DCM, 2 h, 25
°C; yields: 11: 68%; 12: 46%; 13: 66%; 14: 51%; 15: 54%; 16: 64%.

than those with a (2a, 3«) configuration: ECsg, a2780 (15) = 0.001 pM vs
ECs0, a2780 (14) = 0.037 puM; SI (15, A2780) = 190, SI (14, A2780) = 6.8.

3. Conclusion

A series of tormentic acid and euscaphic acid derived (homo)piper-
azine amides holding an extra rhodamine B moiety at the distal amino
group has been devised, synthesized and screened for cytotoxic activity
employing a panel of human tumor cell lines and non-malignant fibro-
blasts. Paralleling previous findings from our group, the presence of an
arbitrary distal cation is not sufficient to obtain compounds of high
cytotoxicity. High cytotoxicity was only observed when the compounds
are able to act as mitocans. Furthermore, the combination of a suitable
triterpene (preferentially holding a (2a, 3f) configuration of the acetates
in ring A) together with an ,ideal” amide spacer (derived from a sec-
ondary amine but not from a primary, and with homopiperazine being
better than piperazine) linked at the distal nitrogen to a cationic rhoda-
mine moiety (probably not necessarily limited to rhodamine B) seems
necessary for obtaining compounds of high cytotoxicity combined with
good tumor cell selectivity. These prerequisites are fulfilled for com-
pound 15. This compound held an ECsg for several human tumor cells
lines as low as 1 nM together with a tumor cell/non-tumor cell selectivity
SI = 190.

4. Experimental part
4.1. General

Details of the instrumentation, assays and spectra ("H NMR and '*C
APT NMR) can be found in the supplementary materials file.

European Journal of Medicinal Chemistry Reports 5 (2022) 100043

Table 1

Cytotoxicity of selected compounds; SRB assay ECs, values [pM] after 72 h of
treatment; averaged from three independent experiments performed each in
triplicate; confidence interval CI = 95%. Human cancer cell lines: A375 (mela-
noma), HT29 (colorectal carcinoma), MCF-7 (breast adenocarcinoma), A2780
(ovarian carcinoma), FaDu (hypopharyngeal carcinoma), NIH 3T3 (non-malig-
nant fibroblasts); cut-off 30 pM; n.d. not determined; n.s. not soluble. Betulinic
acid (BA) and doxorubicin (DX) have been used as positive standards.

# A375 HT29 MCF-7 A2780 FaDu NIH 3T3

1 >30 >30 >30 >30 >30 >30

2 >30 >30 >30 >30 >30 >30

3 >30 >30 250+35 242+ >30 >30

0.9

4 >30 >30 >30 >30 >30 >30

5 1.19 + 2.05 + 226 +0.3 1.77 1.43 + 251 +
0.1 0.2 0.1 0.1 0.1

6 1.22+ 225+ 2.50 +0.1 1.78 + 155+ 261 +
0.1 0.1 0.1 0.3 0.2

7 215+ 3.28 + 336+03 257+ 297 £ 4.37 +
0.1 0.2 0.1 0.3 0.6

8 30+£01 49+04 45%06 40+04 39+04 64+04

9 229 + 312+ 271+13 298+ 2.86 +06 283 +
0.5 0.5 0.7 0.5

10 38+01 59+04 5604 57+03 53+03 73+£08

11 0.190 + 0.191 + 0.094 + 0.066 + 0.074 + 0.210 +
0.004 0.011 0.008 0.005 0.006 0.010

12 0.012 + 0.012 £ 0.022 -+ 0.004 £ 0.005 + 0.164 +
0.001 0.002 0.005 0.001 0.001 0.076

13 13.65 = >30 >30 >30 >30 >30
4.3

14 0.141 + 0.162 + 0.0084 + 0.037 + 0.041 + 0.252 +
0.031 0.024 0.014 0.011 0.018 0.017

15 0.006 + 0.005 + 0.008 + 0.001 + 0.001 + 0.190 +
0.001 0.001 0.001 0.000 0.000 0.026

16 12.03 = >30 >30 >30 >30 >30
15

BA 14.4 + 127 + 18.4 +2.0 12.0 + 16.4 + 16.1 +
1.3 1.8 1.7 1.9 14

DX 1.0+£08 0.01=% 0.9 +0.2 1.1+03 1.7+ 0.3 0.008 £

0.01 0.001
4.2. Syntheses

4.2.1. General procedure GP A (acetylation)

To a solution of the triterpenoic acid (1 equiv.) in dry DCM (20 mL),
triethylamine (4.5 equiv.) and a catal. amount of DMAP and acetic an-
hydride (4.0 equiv.) were added, and stirring was continued for 1 day at
25 °C. Usual aqueous work-up followed by chromatography gave the
corresponding acetates.

4.2.2. General procedure GP B (synthesis of amides)

To a solution of the triterpenoic acid [1 equiv. in dry DCM (10 mL)] at
5 °C oxalyl chloride (4 equiv.) was added, and stirring at room temper-
ature was continued for 4 h. Dry DMF (0.24 equiv.) and TEA (0.24 equiv.)
were added, and stirring at room temperature was continued for 2 h. The
solvents were removed under diminished pressure, the residue was dis-
solved in dry DCM (10 mL), and the corresponding amine was added.
After stirring at room temperature until completion of the reaction (as
checked by TLC), the solvents were removed under diminished pressure,
and the residue was subjected to column chromatography.

4.2.3. General procedure GP C (synthesis of the rhodamine B derivatives)
To a solution of rhodamine B (1.5 equiv.) in dry DCM (30 mL) oxalyl
chloride (6 equiv.), DMF (0.2 equiv.) and TEA (0.2 equiv.) were added,
and the mixture was stirred at 25 °C for 3 h. The volatiles were removed
under reduced pressure, and the residue was dissolved in dry DCM (30
mL), the corresponding amide 5-10 (1 equiv.), TEA (1.5 equiv.) and a
catalytical amount of DMAP were added. The mixture was stirred for 2 h
at 25 °C, the solvents were removed under reduced pressure, and the
crude product was purified by column chromatography. Compounds 11,
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12, 14, 15 were obtained as pink solids, and compounds 13 and 16 were
obtained each as a colorless solid.

4.2.4. Euscaphic acid (1) and tormentic acid (2)

Extraction of finely powdered roots of tormentil (purchased from
Dragonspice Naturwaren, Reutlingen, Germany) gave 1 and 2. In short:
The powdered roots of Potentilla erecta (1250 g) were suspended in
ethanol (3500 mL) and extracted at room temperature for 24 h. The so-
lution was decanted, filtered and concentrated under reduced pressure.
This extraction process was repeated 4 times. The extracts were com-
bined, the solvent was evaporated, and the residue was dissolved in 10%
potassium hydroxide solution, boiled under reflux for 12 h, and the so-
lution was neutralized at 25 °C with diluted hydrochloric acid, and the
solvents were again removed under diminished pressure. After drying at
60 °C for two days, the residue was crushed, diethyl ether (1000 mL) was
added, and the mixture was extracted under reflux for 1 h. The solution
was decanted, filtered, and the filtrate was concentrated under reduced
pressure. This process was repeated four more times. The resulting res-
idue was suspended in n-hexane (250 mL), the solution was separated
and discarded. After drying of the residue, the solid was dissolved in
0.5% ammonium hydroxide solution (500 mL) and stirred for 60 min at
80 °C. After cooling, the solution was extracted with diethyl ether (4 x
500 mL). Any residual diethyl ether was removed from the aqueous
phase, and diluted hydrochloric acid was added. The precipitate (4205
mg) was filtered off, dried for 24 h in a desiccator followed by chro-
matographic purification (SiO2, n-hexane/THF, 4:1) to yield 1 (2607 mg)
and 2 (1123 mg) each as a colorless solid.

Data for 1: Ry = 0.33 (n-hexane/THF, 2:1); m.p.: 265-269 °C (lit[44].:
266-268 °C); [a]p = +26.9° (¢ = 0.32, MeOH), [lit[45].: [a]lp = +20°
(c = 0.53, MeOH)].

Data for 2: Ry = 0.23 (n-hexane/THF, 2:1); m.p.: 262-266 °C (lit[44].:
260-262 °C); [alp = +10.6° (¢ = 0.33, MeOH) [lit[45].: [alp =
+11.0° (c = 0.33, MeOH)].

4.2.5. 2a,3a-Diacetyloxy-19f-hydroxyurs-12-en-28-oic acid (3)

Compound 3 (CAS: [52936-88-6]) was obtained from 1 (442 mg,
0.91 mmol) following GP A followed by column chromatography (SiO2,
n-hexane/ethyl acetate, 8:2) as a colorless solid (385 mg, 84%); R¢ = 0.71
(toluene/ethyl acetate/HCOOH/heptane, 80:26:5:10); m.p. 182-184 °C
(lit[28].: 185 °C); [a]p = +4.9° (c = 0.335, MeOH) (lit[28].: [a]p = +8°
(c = 0.6, EtOH); IR (ATR): v = 2927br, 1740s, 1368s, 1231vs, 1030 m
em™!; 'H NMR (400 MHz, CDCl3): & = 5.34 (dd, J = 3.5, 3.5 Hz, 1H,
12-H), 5.23 (ddd, J = 12.4, 4.4, 2.6 Hz, 1H, 2-H), 4.97 (d, J = 2.7 Hz, 1H,
3-H), 2.59-2.47 (m, 2H, 18-H + 16-H,), 2.13-1.93 (m, 2H, 11-H, +
11-Hy), 2.11 (s, 3H, 32-H), 1.98 (s, 3H, 34-H), 1.84-1.50 (m, 8H, 9-H +
22-H, + 15-H, + 21-H, + 22-Hy, + 1-H, + 16-H}, + 7-H,), 1.48-1.18
(m, 6H, 6-Hp + 20-H + 1-Hp + 7-Hp + 21-Hp + 5-H), 1.30 (s, 3H,
27-H), 1.20 (s, 3H, 29-H), 1.10-0.99 (m, 1H, 15-Hy), 1.03 (s, 3H, 25-H),
0.97 (s, 3H, 24-H), 0.96 (d, J = 7.0 Hz, 3H, 30-H), 0.87 (s, 3H, 23-H),
0.72 (s, 3H, 26-H) ppm; 13C NMR (100 MHz, CDCl3): 5 = 184.3 (C-28),
170.8 (C-31), 170.6 (C-33), 138.1 (C-13), 129.0 (C-12), 77.1 (C-3), 73.3
(C-19), 68.4 (C-2), 52.9 (C-18), 49.7 (C-5), 47.9 (C-17), 47.2 (C-9), 41.3
(C-20), 41.2 (C-14), 40.3 (C-8), 38.9 (C-1), 38.6 (C-4), 38.3 (C-10), 37.6
(C-22), 32.6 (C-7), 28.3 (C-15), 27.9 (C-23), 27.5 (C-29), 26.1 (C-21),
25.5 (C-16), 24.8 (C-27), 23.8 (C-11), 21.7 (C-24), 21.3 (C-34), 21.1
(C-32), 18.0 (C-6), 17.2 (C-26), 16.3 (C-30), 16.3 (C-25) ppm; MS (ESI,
MeOH): m/z (%) = 571.3 ([M — HJ, 66), 1143.3 ([2M — H]’, 100),
1165.5 ([2M-2H + Na], 42.

4.2.6. 2a,3p-Diacetyloxy-19a-hydroxyurs-12-en-28-oic acid (4)
Compound 4 [CAS: 13850-14-1] was obtained from 2 (1012 mg, 2.07
mmol) following GP A followed by column chromatography (SiO2, n-
hexane/ethyl acetate, 8:2) as a colorless solid (1022 mg, 86%); R¢ = 0.66
(toluene/ethyl acetate/HCOOH/heptane, 80:26:5:10); m.p. 177-179 °C
(lit[32].: 186-189 °C); [a]p = +11.5° (¢ = 0.35, CHCl3) (lit[34].: +12° (¢
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= 0.5, MeOH); IR (ATR): v = 2936br, 1739s, 1368s, 1231vs, 1031 m
em™!; 'H NMR (500 MHz, CDCl3): § = 5.33 (dd, J = 3.5, 3.5 Hz, 1H,
12-H), 5.09 (ddd, J = 11.0, 10.6, 4.6 Hz, 1H, 2-H), 4.75 (d, J = 10.3 Hz,
1H, 3-H), 2.57-2.47 (m, 2H, 18-H + 16-H,), 2.14-1.93 (m, 3H, 1-H, +
11-H, + 11-Hy), 2.05 (s, 3H, 32-H), 1.97 (s, 3H, 34-H), 1.82-1.46 (m,
8H, 6-H, + 7-H, + 9-H + 15-H, + 16-Hy, + 21-H, + 22-H, + 22-Hp),
1.44-1.17 (m, 4H, 6-Hy, + 7-Hp, + 20-H + 21-Hy), 1.24 (s, 3H, 27-H),
1.19 (s, 3H, 29-H), 1.15-0.87 (m, 3H, 1-H, + 5-H + 15-Hp), 1.06 (s, 3H,
25-H), 0.94 (d, J = 6.6 Hz, 3H, 30-H), 0.89 (s, 6H, 23-H + 24-H), 0.71
(s, 3H, 26-H) ppm; >C NMR (125 MHz, CDCl3): 5 = 184.2 (C-28), 171.0
(C-31),170.7 (C-33), 138.2 (C-13), 129.0 (C-12), 80.8 (C-3), 73.2 (C-19),
70.2 (C-2), 54.9 (C-5), 52.9 (C-18), 47.9 (C-17), 47.2 (C-9), 44.0 (C-1),
41.3(C-14), 41.2 (C-20), 40.1 (C-8), 39.5 (C-4), 38.3 (C-10), 37.6 (C-22),
32.6 (C-7), 28.5 (C-23), 28.3 (C-15), 27.5 (C-29), 26.1 (C-21), 25.4
(C-16), 24.6 (C-27), 23.8 (C-11), 21.3 (C-34), 21.0 (C-32), 18.4 (C-6),
17.8 (C-24), 17.1 (C-26), 16.5 (C-25), 16.3 (C-30) ppm; MS (ESI, MeOH):
m/z (%) = 571.3 (IM — HI, 46), 1143.1 ([2M — HI’, 100), 1165.5
([2M-2H + Na]’, 26).

4.2.7. 2a,3a-Diacetyloxy-19a-hydroxy-N-(1'-piperazinyl)-urs-12-en-28-
amide (5)

Compound 5 was obtained from 3 (286 mg, 0.50 mmol) according to
GP B followed by column chromatography (SiO2, CHCl3/MeOH, 9:1) as a
colorless solid (208 mg, 67%); R¢ = 0.44 (SiO,, CHCl3/MeOH 9:1); m.p.
183-185 °C; [a]lp = —10.6° (¢ = 0.15, MeOH); IR (ATR): v = 2964w,
2933w, 2872w, 1741 m, 1601 m, 1523w, 1445m, 1365 m, 1252s, 1228vs,
1158 m, 1034s, 1021s, 993 m, 948 m, 804 m cm '; 'H NMR (400 MHz,
CDCl3): 6 = 5.24 (dd, J = 3.7, 3.7 Hz, 1H, 12-H), 5.03 (ddd, J = 11.5,
10.2, 4.6 Hz, 1H, 2-H), 4.67 (d, J = 10.2 Hz, 1H, 3-H), 3.69-3.47 (m, 4H,
35-H, + 35-Hp), 2.88-2.71 (m, 6H, 36-H, + 36-Hp +16-H; + 18-H),
2.03-1.87 (m, 3H, 1-H, + 11-H, + 11-Hp), 1.99 (s, 3H, 32-H), 1.91 (s,
3H, 34-H), 1.83-1.70 (m, 1H, 22-H,), 1.66-1.43 (m, 7H, 21-H, + 9-H
+ 15-Ha + 16-Hp + 22-Hp + 6-H, + 7-Ha), 1.42-1.29 (m, 2H, 20-H +
6-Hy), 1.27-1.18 (m, 2H, 7-H}, + 21-Hy), 1.19 (s, 3H, 27-H), 1.14 (s, 3H,
29-H), 1.07-0.95 (m, 2H, 1-Hy, + 15-Hjp), 0.99 (s, 3H, 25-H), 0.95-0.89
(m, 1H, 5-H), 0.87 (d, J = 6.6 Hz, 3H, 30-H), 0.85 (s, 3H, 24-H), 0.83 (s,
3H, 23-H), 0.63 (s, 3H, 26-H) ppm; >C NMR (100 MHz, CDCl3): § =
177.0 (C-28), 171.3 (C-33), 170.9 (C-31), 138.6 (C-13), 128.4 (C-12),
80.9 (C-3), 73.6 (C-19), 70.3 (C-2), 55.5 (C-18), 55.1 (C-17), 54.9 (C-5),
47.2(C-9), 45.6 (C-35), 45.4 (C-36), 43.9 (C-1), 41.7 (C-14), 41.0 (C-20),
39.8 (C-8), 39.4 (C-4), 38.1 (C-10), 34.8 (C-22), 32.8 (C-7), 28.4 (C-23),
28.3 (C-15), 27.7 (C-29), 25.9 (C-21), 25.3 (C-16), 24.3 (C-27), 23.7 (C-
11), 21.1 (C-34), 20.9 (C-32), 18.3 (C-6), 17.6 (C-24), 16.6 (C-26), 16.4
(C-25), 16.0 (C-30) ppm; MS (ESI, MeOH): m/z (%) = 641.3 ([M+H] ",
100); analysis caled for C3gHgoN20g (640.91): C 71.21, H 9.44, N 4.37;
found: C 70.96, H 9.61, N 4.19.

4.2.8. 2a,3a-Diacetyloxy-N-(4'-homopiperazinyl)-19-hydroxyurs-12-en-
28-amide (6)

Compound 6 was obtained from 3 (220 mg, 0.38 mmol) according to
GP B followed by column chromatography (SiO2, CHCl3/MeOH 9:1) as a
colorless solid (220 mg, 89%); R¢ = 0.22 (SiO,, CHCl3/MeOH 9:1); m.p.
161-163 °C; [alp = —31.3° (c = 0.345, MeOH); IR (ATR): v = 2933br,
1740 m, 1615 m, 1456 m, 1366 m, 1232vs, 1156 m, 1033 m, 937w, 752 m
em™; 'H NMR (500 MHz, CDCl3): 6 = 5.34 (dd, J = 3.7, 3.7 Hz, 1H,
12-H), 5.24 (ddd, J = 12.4, 12.4, 4.1 Hz, 1H, 2-H), 4.97 (d, J = 2.7 Hz,
1H, 3-H), 4.08-3.81 (m, 2H, 39-H, + 39-Hy,), 3.69-3.32 (m, 4H, 35-H,
+ 35p + 37-H, + 37-Hp), 3.29-3.22 (m, 2H, 38-H, + 38-Hp), 3.21-3.11
(m, 2H, 36-H, + 36-Hy), 3.05-2.78 (m, 2H, 16-H, + 18-H), 2.11 (s, 3H,
32-H), 2.07-1.97 (m, 2H, 11-H, + 11-Hp), 1.95 (s, 3H, 34-H),
1.91-1.50 (m, 8H, 22-H, + 9-H + 21-H, + 1-H, + 16-Hy, + 22-Hy, +
15-H, + 7-H,), 1.49-1.16 (m, 7H, 6-H, + 20-H + 1-Hy + 6-Hp, +
21-Hy + 7-Hp + 5-H), 1.31 (s, 3H, 27-H), 1.22 (s, 3H, 29-H), 1.11-1.02
(m, 1H, 15-H), 1.03 (s, 3H, 25-H), 0.99 (s, 3H, 24-H), 0.95 (d, J = 6.6
Hz, 3H, 30-H), 0.87 (s, 3H, 23-H), 0.68 (s, 3H, 26-H) ppm; '*C NMR
(125 MHz, CDCl3): § = 184.0 (C-28), 170.8 (C-31), 170.5 (C-33), 137.9
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(C-13), 128.9 (C-12), 81.7 (C-39), 77.3 (C-3), 73.9 (C-19), 68.4 (C-2),
66.2 (C-35), 55.6 (C-18), 49.8 (C-5), 49.7 (C-36), 47.9 (C-17), 47.3 (C-9),
46.7 (C-37), 41.7 (C-14), 41.0 (C-20), 40.1 (C-8), 39.0 (C-1), 38.6 (C-4),
38.3 (C-10), 35.0 (C-22), 33.1 (C-7), 28.6 (C-38), 28.3 (C-15), 28.2 (C-
29), 27.9 (C-23), 26.0 (C-21), 25.2 (C-16), 24.6 (C-27), 23.8 (C-11), 21.7
(C-24), 21.2 (C-34), 21.2 (C-32), 18.1 (C-6), 17.0 (C-26), 16.3 (C-25),
16.2 (C-30) ppm; MS (ESI, MeOH): m/z (%) = 655.4 ([M+H]", 98),
677.3 (IM+Na]*, 38); analysis calcd for C39Hs2N20g (654.93): C 71.52,
H 9.54, N 4.28; found: C 71.37, H 9.81, N 4.03.

4.2.9. 2a,3a-Diacetyloxy-N-(2'-aminoethyl)-19a-hydroxyurs-12-en-28-
amide (7)

Compound 7 was obtained from 3 (270 mg, 0.47 mmol) according to
GP B followed by column chromatography (SiO,, CHCl3/MeOH, 9:1) as a
colorless solid (170 mg, 0.28 mmol, 60%); R¢ = 0.28 (SiO,, CHCl3/MeOH
9:1); m.p. 242-244 °C (decomp.); [a]lp = +5.8° (¢ = 0.31, MeOH); IR
(ATR): v = 3543w, 3494w, 3354w, 2968w, 2946 m, 2871w, 1733s,1723s,
1635s, 1521 m, 1463 m, 1452 m, 1366 m, 1269vs, 1240s, 1157 m, 1039s,
994 m,929m,776 m cmfl; 'H NMR (500 MHz, CDCl3): § = 5.40 (dd, J =
3.7, 3.7 Hz, 1H, 12-H), 5.22 (ddd, J = 12.4, 4.5, 2.8 Hz, 1H, 2-H), 4.96
(d, J = 2.3 Hz, 1H, 3-H), 3.39-3.30 (m, 1H, 35-H,), 3.13-3.05 (m, 1H,
35-Hp), 2.86-2.75 (m, 2H, 36-H, + 36-Hy,), 2.60 (ddd, J = 13.7, 13.7,
4.4 Hz, 1H,16-H,), 2.43 (s, 1H, 18-H), 2.10 (s, 3H, 32-H), 2.08-1.93 (m,
2H, 11-H, + 11-Hy), 1.94 (s, 3H, 34-H), 1.91-1.73 (m, 2H, 9-H +
22-H,), 1.70-1.49 (m, 5H, 21-H, + 15-H,; + 1-Ha + 22-Hyp, + 7-Hp),
1.47-1.35 (m, 4H, 6-H, + 20-H + 1-Hp, + 6-Hp), 1.34-1.23 (m, 2H,
7-Hp, + 21-Hy), 1.31 (s, 3H, 27-H), 1.21 (s, 3H, 29-H), 1.21-1.15 (m,
1H, 5-H), 1.02 (s, 3H, 25-H), 1.04-0.96 (m, 1H, 15-Hjp), 0.98 (s, 3H,
23-H), 0.93 (d, J = 6.7 Hz, 3H, 30-H), 0.86 (s, 3H, 24-H), 0.73 (s, 3H,
26-H) ppm; 13C NMR (125 MHz, CDCl3): 5 = 178.4 (C-28), 170.6 (C-33),
170.4 (C-31), 138.8 (C-13), 128.9 (C-12), 77.1 (C-3), 73.5 (C-19), 68.2
(C-2), 53.5 (C-5), 49.5 (C-18), 47.4 (C-17), 47.0 (C-9), 41.8 (C-35), 41.6
(C-14), 41.2 (C-20), 41.1 (C-36), 40.2 (C-8), 38.8 (C-1), 38.3 (C-4), 38.3
(C-22), 38.1 (C-10), 32.4 (C-7), 28.0 (C-15), 27.7 (C-23), 27.5 (C-29),
26.2 (C-21), 26.0 (C-16), 24.4 (C-27), 23.7 (C-11), 21.6 (C-34), 21.1 (C-
32), 21.0 (C-24), 17.9 (C-6), 17.0 (C-26), 16.2 (C-25), 16.1 (C-30) ppm;
MS (ESI, MeOH): m/z (%) = 615.4 ([M+H]", 100); analysis calcd for
C36Hs58N206 (614.87): C 70.32, H 9.51, N 4.56; found: C70.02, H9.71, N
4.36.

4.2.10. 2a,3p-Diacetyloxy-19a-hydroxy-N-(1"-piperazinyl)-urs-12-en-28-
amide (8)

Compound 8 was obtained from 4 (284 mg, 0.50 mmol) according to
GP B followed by column chromatography (SiO2, CHCl3/MeOH, 9:1) as a
colorless solid (223 mg, 72%); R¢ = 0.38 (SiO2, CHCl3/MeOH 9:1); m.p.
199-202 °C; [a]p = —22.5° (c = 0.34, MeOH); IR (ATR): v = 3469br,
2972w, 2942w, 2879w, 1739s, 1624 m, 1455 m, 1393 m, 1369s, 1253vs,
1233vys, 1157 m, 1033s, 963 m, 934w cm’l; 'HNMR (500 MHz, CDCl3): 6
=5.31(dd, J = 3.7, 3.7 Hz, 1H, 12-H), 5.09 (ddd, J = 11.1,10.9, 4.6 Hz,
1H, 2-H), 4.74 (d, J = 10.3 Hz, 1H, 3-H), 3.99-3.73 (m, 4H, 35-H, +
35-Hp), 3.23-3.05 (m, 4H, 36-H, + 36-Hy), 2.94-2.76 (m, 2H, 16-H, +
18-H), 2.06-1.94 (m, 3H, 1-H, + 11-H, + 11-Hy), 2.04 (s, 3H, 32-H),
1.96 (s, 3H, 34-H), 1.85-1.77 (m, 1H, 22-H,), 1.73-1.47 (m, 7H, 21-H,
+ 9-H + 22-Hy + 15-H, + 16-Hy, + 6-H, + 7-H,), 1.46-1.36 (m, 2H,
20-H + 6-Hp), 1.32-1.26 (m, 2H, 7-Hp, + 21-Hp), 1.24 (s, 3H, 27-H),
1.20 (s, 3H, 29-H), 1.13-0.96 (m, 3H, 1-H}, + 15-Hp+ 5-H), 1.05 (s, 3H,
25-H), 0.94 (d, J = 6.6 Hz, 3H, 30-H), 0.90 (s, 3H, 24-H), 0.89 (s, 3H,
23-H), 0.66 (s, 3H, 26-H) ppm; '*C NMR (125 MHz, CDCl3): & = 177.0
(C-28), 171.0 (C-33), 170.6 (C-31), 138.4 (C-13), 128.7 (C-12), 80.8 (C-
3), 73.8 (C-19), 70.2 (C-2), 55.5 (C-18), 55.0 (C-5), 51.7 (C-17), 47.3 (C-
9), 44.4 (C-35), 44.1 (C-1), 43.6 (C-36), 41.8 (C-14), 41.0 (C-20), 39.9 (C-
8), 39.6 (C-4), 38.4 (C-10), 35.0 (C-22), 32.9 (C-7), 28.6 (C-23), 28.4 (C-
15), 28.1 (C-29), 26.0 (C-21), 25.5 (C-16), 24.4 (C-27), 23.9 (C-11), 21.3
(C-34), 21.0 (C-32), 18.4 (C-6), 17.8 (C-24), 16.8 (C-26), 16.5 (C-25),
16.2 (C-30) ppm; MS (ESI, MeOH): m/z (%) = 641.3 ([M+H]", 100);
analysis caled for Ca3gHgoN20g (640.91): C 71.21, H 9.44, N 4.37; found:
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C70.11, H 9.62, N 4.23.

4.2.11. 2a,3p-Diacetyloxy-N-(4'-homopiperazinyl)-19a-hydroxyurs-12-en-
28-amide (9)

Compound 9 was obtained from 4 (370 mg, 0.65 mmol) according to
GP B followed by column chromatography (SiO2, CHCl3/MeOH, 9:1) as a
colorless solid (210 mg, 50%); R¢ = 0.19 (SiO,, CHCl3/MeOH 9:1); m.p.
166-168 °C; [a]lp = —32.7° (c = 0.305, MeOH); IR (ATR): v = 3458br,
2934 m, 1739s, 1615 m, 1456 m, 1368 m, 1232vys, 1154 m, 1031s, 933 m,
747 m cm™'; 'H NMR (500 MHz, CDCly): § = 5.31 (dd, J = 3.7, 3.7 Hz,
1H, 12-H), 5.09 (ddd, J = 10.7, 10.3, 4.3 Hz, 1H, 2-H), 4.74 (d,J = 10.3
Hz, 1H, 3-H), 3.94-3.69 (m, 2H, 39-H, + 39-Hy), 3.67-3.53 (m, 4H,
35-H, + 35p + 37-Ha + 37-Hp), 3.26-3.00 (m, 4H, 38-H, + 38-Hp +
36-H, + 36-Hy), 2.88 (m, 2H, 18-H + 16-H,), 2.14-1.86 (m, 4H, 1-H, +
11-H, + 11-Hp + 22-H,), 2.05 (s, 3H, 32-H), 1.96 (s, 3H, 34-H),
1.72-1.33 (m, 9H, 21-H, + 9-H + 16-Hp + 22-Hp + 15-H, + 6-Ha +
7-H, + 20-H + 6-Hy), 1.32-1.17 (m, 2H, 21-Hy, + 7-Hy), 1.25 (s, 3H,
27-H), 1.21 (s, 3H, 29-H), 1.11-0.95 (m, 3H, 1-Hy + 15-Hp + 5-H),
1.05 (s, 3H, 25-H), 0.94 (d, J = 6.4 Hz, 3H, 30-H), 0.91 (s, 3H, 24-H),
0.89 (s, 3H, 23-H), 0.70 (s, 3H, 26-H) ppm; '3C NMR (125 MHz, CDCl3):
§=184.4(C-28),171.0 (C-33),170.6 (C-31),138.8 (C-13),128.6 (C-12),
82.0 (C-39), 80.8 (C-3), 73.9 (C-19), 70.2 (C-2), 66.3 (C-35), 55.6 (C-18),
55.0 (C-5), 53.4 (C-17), 49.8 (C-36), 47.4 (C-9), 47.0 (C-38), 46.7 (C-37),
44.1 (C-1), 41.8 (C-14), 41.0 (C-20), 39.9 (C-8), 39.5 (C-4), 38.3 (C-10),
35.0 (C-22), 32.6 (C-7), 28.6 (C-23), 28.4 (C-15), 28.2 (C-29), 26.1 (C-
21),25.0 (C-16), 24.4 (C-27), 23.9 (C-11), 21.3 (C-34), 21.1 (C-32), 18.4
(C-6), 17.8 (C-24), 16.9 (C-26), 16.5 (C-25), 16.2 (C-30) ppm; MS (ESI,
MeOH): m/z (%) = 655.4 ([M+H]", 100); analysis calcd for C39Hg2N20g
(654.93): C 71.52, H 9.54, N 4.28; found: C 71.33, H 9.75, N 4.14.

4.2.12. 2a,3p-Diacetyloxy-N-(2'-aminoethyl)-19a-hydroxyurs-12-en-28-
amide (10)

Compound 10 was obtained from 4 (284 mg, 0.50 mmol) according to
GP B followed by column chromatography (SiO2, CHCl3/MeOH, 9:1) as a
colorless solid (213 mg, 71%); R = 0.22 (SiO2, CHCl3/MeOH, 9:1); m.p.
232-234 °C (decomp.); [alp = —9.2° (¢ = 0.30, MeOH); IR (ATR): v =
3398br, 2970 m, 2934 m, 2877w, 1736s, 1635 m, 1522 m, 1453 m,
1436w, 1368s, 1248vs, 1233vys, 1167 m, 1157 m, 1031s, 963 m, 753 m
cm’l; 'H NMR (400 MHz, CDCl3): 6 = 5.41 (dd, J = 3.7, 3.7 Hz, 1H,
12-H), 5.08 (ddd, J = 10.9, 10.8, 4.5 Hz, 1H, 2-H), 4.74 (d, J = 10.3 Hz,
1H, 3-H), 3.61-3.31 (m, 2H, 35-H, + 35-Hp), 3.12-3.03 (m, 2H, 36-H,
+ 36-Hp), 2.69-2.56 (m, 1H, 16-H,), 2.53 (s, 1H, 18-H), 2.08-1.93 (m,
3H, 1-H, + 11-H, + 11-Hp), 2.05 (s, 3H, 32-H), 1.97 (s, 3H, 34-H),
1.81-1.64 (m, 3H, 9-H + 21-H, + 22-H,), 1.63-1.50 (m, 5H, 22-H}, +
6-H, + 16-Hp + 15-H, + 7-H,), 1.48-1.36 (m, 2H, 20-H + 6-Hjp),
1.34-1.17 (m, 2H, 7-H;, + 21-Hp), 1.25 (s, 3H, 27-H), 1.21 (s, 3H,
29-H), 1.14-0.95 (m, 3H, 1-H}, + 15-H, + 5-H), 1.05 (s, 3H, 25-H),
0.92 (d, J = 6.8 Hz, 3H, 30-H), 0.91 (s, 3H, 24-H), 0.90 (s, 3H, 23-H),
0.69 (s, 3H, 26-H) ppm; '3C NMR (100 MHz, CDCl3): 5 = 180.2 (C-28),
170.9 (C-33), 170.7 (C-31), 138.8 (C-13), 128.9 (C-12), 80.7 (C-3), 73.5
(C-19), 70.2 (C-2), 54.9 (C-5), 53.1 (C-18), 47.6 (C-17), 47.2 (C-9), 44.0
(C-1), 41.6 (C-14), 41.2 (C-20), 40.6 (C-36), 40.2 (C-8), 39.5 (C-4), 38.6
(C-35), 38.3 (C-22), 38.2 (C-10), 32.6 (C-7), 28.6 (C-23), 28.1 (C-15),
27.6 (C-29), 26.4 (C-21), 25.8 (C-16), 24.4 (C-27), 24.0 (C-11), 21.3 (C-
34), 21.1 (C-32), 18.5 (C-6), 17.8 (C-24), 17.0 (C-26), 16.5 (C-25), 16.3
(C-30) ppm; MS (ESI, MeOH): m/z (%) = 615.4 ([M+H] ", 100); analysis
caled for C36HsgN2Og (614.87): C 70.32, H 9.51, N 4.56; found: C 70.13,
H9.73, N 4.26.

4.2.13. 9™-[2'-[[4’-(2a,3a-Diacetyloxy-19a-hydroxyurs-12-en-28-oyD)-1'-
piperazinyljcarbonyl]phenyl]-3',6'-bis(diethylamino)-xanthylium chloride
an

Compound 11 was obtained from 5 (180 mg, 0.28 mmol) according to
GP C followed by column chromatography (SiO,, CHCl3/MeOH, 9:1) as a
pink solid (207 mg, 68%); Ry = 0.38 (SiO2, CHCl3/MeOH 9:1); m.p.
248-252 °C; IR (ATR): v = 3364br, 2932 m, 1733 m, 1628 m, 1586vs,
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1465 m, 1411 m, 1335s, 1245s, 1179vs, 1131 m, 1073 m, 1005 m, 823 m,
773w, 683 m cm”'; UV-Vis (MeOH): max (log €) = 260 (4.37), 309
(3.99), 356 (3.69), 562 (4.88) nm; 'H NMR (500 MHz, CDCl3): & =
7.71-7.63 (m, 2H, 41-H + 40-H), 7.55-7.49 (m, 1H, 39-H), 7.37-7.30
(m, 1H, 42-H), 7.29-7.20 (m, 2H, 47'-H + 47-H), 7.10-6.92 (m, 2H,
46/'-H + 46-H), 6.84-6.74 (m, 2H, 49'-H + 49-H), 5.27 (dd, J = 3.7, 3.7
Hz, 1H, 12-H), 5.20 (ddd, J = 12.4, 4.5, 2.7 Hz, 1H, 2-H), 4.94 (d, J =
2.7 Hz, 1H, 3-H), 3.73-3.56 (m, 8H, 51-H + 51-H), 3.54-3.22 (m, 8H,
35-H, + 35-Hp, + 36-H, + 36-Hp), 2.78 (s, 1H, 18-H), 2.09 (s, 3H,
32-H), 2.23-2.05 (m, 1H, 16-H,), 2.00-1.87 (m, 2H, 11-H, + 11-Hy),
1.92 (s, 3H, 34-H), 1.84-1.70 (m, 2H, 22-H, + 9-H), 1.68-1.46 (m, 5H,
21-H, + 1-H, + 15-H, + 7-H, + 22-Hp), 1.39-1.12 (m, 7H, 6-H, +
20-H + 1-Hp + 6-Hyp + 21-Hy + 7-Hp + 5-H), 1.30 (t, J = 7.1 Hz, 12H,
52'-H + 52-H), 1.26 (s, 3H, 27-H), 1.17 (s, 3H, 29-H), 1.05-0.94 (m,
1H, 15-Hj), 0.98 (s, 3H, 25-H), 0.96 (s, 3H, 24-H), 0.90 (d, J = 6.6 Hz,
3H, 30-H), 0.86 (s, 3H, 23-H), 0.61 (s, 3H, 26-H) ppm; '*C NMR (125
MHz, CDCl3): § = 175.2 (C-28), 170.7 (C-33), 170.5 (C-31), 167.8 (C-37),
157.8 (C-50), 157.8 (C-50), 155.8 (C-48'), 155.8 (C-44), 155.7 (C-48),
138.4 (C-13), 135.2 (C-43), 132.3 (C-47'), 132.3 (C-47), 130.8 (C-38),
130.5 (C-42), 130.3 (C-41), 130.3 (C-40), 128.5 (C-12), 127.7 (C-39),
114.6 (C-46'), 114.3 (C-46), 113.9 (C-45), 113.8 (C-45), 96.6 (C-49),
96.5 (C-49), 77.2 (C-3), 73.7 (C-19), 68.3 (C-2), 55.9 (C-18), 49.8 (C-17),
49.7 (C-5), 47.6 (C-36), 47.1 (C-9), 46.3 (C-51'), 46.3 (C-51), 42.1 (C-35),
41.7 (C-14), 41.0 (C-20), 40.0 (C-8), 38.9 (C-1), 38.5 (C-4), 38.2 (C-10),
34.9 (C-22), 32.9 (C-7), 28.3 (C-15), 28.0 (C-29), 27.9 (C-23), 26.0 (C-
21), 24.6 (C-27), 23.7 (C-11), 21.7 (C-24), 21.3 (C-16), 21.2 (C-34), 21.1
(C-32), 18.0 (C-6), 16.9 (C-26), 16.2 (C-25), 16.2 (C-30), 12.8 (C-52)),
12.8 (C-52) ppm; MS (ESI, MeOH): m/z (%) = 1065.7 ([M — Cl]*, 100);
analysis caled for CeeHgoCIN4Og (1101.91): C 71.94, H 8.14, N 5.08;
found: C 71.73, H 8.41, N 4.96.

4.2.14. 9'-[2'-[[4’-(2a,3a-Diacetyloxy-19a-hydroxyurs-12-en-28-oyl)-4'-
homopiperazinyl]carbonyl]phenyl]-3',6'-bis(diethylamino]-xanthylium
chloride (12)

Compound 12 was obtained from 6 (170 mg, 0.26 mmol) according to
GP C followed by column chromatography (SiO,, CHCl3/MeOH 9:1) as a
pink solid (124 mg, 46%); Ry = 0.20 (SiO,, CHCl3/MeOH 9:1); m.p.
248-252 °C; IR (ATR): v = 3490br, 2933w, 1738 m, 1633 m, 1586vs,
1465 m, 1411 m, 1335s, 1245s, 1179vs, 1134 m, 1073 m, 921 m, 822 m,
683 s cm™!; UV-Vis (MeOH): Amax (log £) = 260 (4.44), 307 (4.11), 355
(3.78), 406 (3.41), 562 (4.99) nm; 'H NMR (500 MHz, CDCl3): & =
7.68-7.56 (m, 2H, 44-H + 43-H), 7.49-7.38 (m, 1H, 42-H), 7.32-7.22
(m, 3H, 45-H + 50'-H + 50-H), 7.21-7.10 (m, 2H, 49'-H + 49-H),
6.87-6.72 (m, 2H, 52'-H + 52-H), 5.33-5.24 (m, 1H, 12-H), 5.06 (ddd,
J=10.9, 10.9, 4.6 Hz, 1H, 2-H), 4.71 (d, J = 10.3, 1H, 3-H), 4.29-3.82
(m, 4H, 39-H + 35-H), 3.75-3.49 (m, 8H, 54'-H + 54-H), 3.38-2.92 (m,
4H, 37-H + 36-H), 2.90-2.66 (m, 2H, 18-H + 16-H,), 2.03-1.90 (m,
3H, 1-H, + 11-H, + 11-Hy), 2.02 (s, 3H, 32-H), 1.94 (s, 3H, 34-H),
1.74-1.42 (m, 6H, 9-H + 16-Hy + 6-H, + 21-H, + 7-H, + 22-H,),
1.42-1.21 (m, 18H, 20-H + 6-Hp, + 22-Hp, + 55'-H + 55-H + 15-H, +
7-Hp + 21-Hyp), 1.21 (s, 3H, 27-H), 1.17 (s, 3H, 29-H), 1.09-0.91 (m,
3H, 1-H,, + 15-H}, + 5-H), 1.01 (s, 3H, 25-H), 0.90 (d, J = 6.4 Hz, 3H,
30-H), 0.87 (s, 3H, 24-H), 0.86 (s, 3H, 23-H), 0.64 (s, 3H, 26-H) ppm;
13C NMR (125 MHz, CDCly): § = 176.6 (C-28), 170.9 (C-33), 170.6 (C-
31), 168.7 (C-40), 157.9 (C-53), 157.8 (C-53), 155.9 (C-47), 155.8 (C-
51°), 155.7 (C-51), 138.8 (C-13), 135.6 (C-46), 132.7 (C-50"), 132.6 (C-
50), 131.7 (C-49"), 131.6 (C-49), 131.1 (C-41), 130.3 (C-44), 130.1 (C-
45), 129.7 (C-43), 128.5 (C-12), 126.8 (C-42), 114.0 (C-48'), 114.0 (C-
48), 96.5 (C-52"), 96.3 (C-52), 80.8 (C-3), 73.8 (C-19), 70.2 (C-2), 55.7
(C-18), 55.0 (C-5), 51.8 (C-37), 51.7 (C-17), 51.1 (C-39), 47.5 (C-36),
47.3(C-9), 46.7 (C-35), 46.4 (C-54'), 46.1 (C-54), 44.0 (C-1), 41.7 (C-14),
41.1 (C-20), 39.8 (C-8), 39.4 (C-4), 38.9 (C-22), 38.2 (C-10), 32.8 (C-7),
31.0 (C-38), 28.5 (C-23), 28.3 (C-15), 28.1 (C-29), 26.1 (C-21), 24.6 (C-
16), 24.5 (C-27), 23.8 (C-11), 21.2 (C-34), 21.0 (C-32), 18.4 (C-6), 17.7
(C-24), 16.7 (C-26), 16.5 (C-25), 16.2 (C-30), 12.8 (C-55), 12.8 (C-55)
ppm; MS (ESI, MeOH): m/z (%) = 1079.7 ([M — Cl]7, 100); analysis
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caled for Cg7Ho1CIN4Og (1115.94): C 72.11, H 8.22, N 5.02; found: C
71.96, H 8.41, N 4.88.

4.2.15. 9-[2-[[4’-(2a,3a-Diacetyloxy-19a-hydroxyurs-12-en-28-oyl)-2'-
aminoethyl]carbonyl]phenyl]-3',6'-bis(diethylamino)-xanthene (13)

Compound 13 (CAS: [2089122-03-0]) was obtained from 7 (145 mg,
0.24 mmol) according to GP C followed by column chromatography
(Si02, n-hexane/ethyl acetate, 7:3) as a colorless solid (170 mg, 66%); R¢
= 0.27 (SiO4, n-hexane/ethyl acetate, 7:3); m.p. 192-194 °C; IR (ATR): v
=2970m, 1740 m, 1615 m, 1513s, 1368 m, 1219vs, 1117s, 1031 m, 821
m, 784 m, 757 m, 703 m cm™'; 'H NMR (500 MHz, DMSO-dg): 6 =
7.81-7.75 (m, 1H, 39-H), 7.52-7.43 (m, 2H, 41-H + 40-H), 7.00-6.94
(m, 1H, 42-H), 6.37 (s, 2H, 47'-H + 47-H), 6.33 (s, 2H, 46'-H + 46-H),
6.39-6.29 (m, 2H, 49'-H + 49-H), 5.17-5.07 (m, 2H, 12-H + 2-H), 4.85
(d, J = 2.8 Hz, 1H, 3-H), 3.39-3.24 (m, 8H, 51'-H + 51-H), 3.15-3.04
(m, 2H, 36-H, + 36-Hy), 2.81-2.63 (m, 2H, 35'-H + 35-H), 2.53-2.42
(m, 1H, 16-H,), 2.32 (s, 1H, 18-H), 2.06 (s, 3H, 32-H), 1.94-1.61 (m,
3H, 11-H, + 11-Hp + 9-H), 1.88 (s, 3H, 34-H), 1.60-1.14 (m, 11H,
21-H, + 1-H, + 15-H, + 22-H, + 7-H, + 6-H, + 16-Hy + 22-H;, +
1-Hy, + 6-Hp + 20-H), 1.26 (s, 3H, 27-H), 1.14-1.00 (m, 18H, 7-Hp +
5-H + 52'-H + 52-H + 29-H + 21-Hy), 0.94 (s, 3H, 24-H), 0.92 (s, 3H,
25-H), 1.08 (d, J = 6.7 Hz, 3H, 30-H), 0.81 (s, 3H, 23-H), 0.78-0.72 (m,
1H, 15-Hp), 0.42 (s, 3H, 26-H) ppm; '*C NMR (125 MHz, DMSO-dg): =
176.5 (C-28), 170.1 (C-33), 169.6 (C-31), 167.6 (C-37), 153.9 (C-43),
152.5 (C-50'), 152.5 (C-50), 148.3 (C-48'), 148.3 (C-48), 138.7 (C-13),
132.7 (C-41), 129.7 (C-38), 128.2 (C-40), 128.0 (C-46"), 127.9 (C-46),
126.4 (C-12), 123.5 (C-42), 122.3 (C-39), 108.1 (C-49'), 108.0 (C-49),
104.7 (C-45'), 104.7 (C-45), 97.4 (C-47"), 97.4 (C-47), 76.1 (C-3), 71.9
(C-19), 67.5 (C-2), 64.2 (C-44), 52.6 (C-18), 49.1 (C-5), 46.5 (C-9), 46.3
(C-17), 43.7 (C-51"), 43.7 (C-51), 41.3 (C-20), 40.9 (C-8), 39.7 (C-14),
39.3(C-10), 39.1 (C-36), 38.3 (C-35), 37.9 (C-1), 37.8 (C-22), 37.6 (C-4),
32.3 (C-7), 27.7 (C-15), 27.5 (C-23), 26.4 (C-29), 26.0 (C-21), 24.5 (C-
16), 24.1 (C-27), 22.9 (C-11), 21.3 (C-24), 20.7 (C-34), 20.6 (C-32), 17.5
(C-6), 16.3 (C-30), 16.2 (C-26), 15.7 (C-25), 12.4 (C-52'), 12.4 (C-52)
ppm; MS (ESI, MeOH): m/z (%) = 1039.7 ([M — Cl]*, 100); analysis
caled for Cg4HggN4Og (1039.41): C 73.96, H 8.34, N 5.39; found: C 73.77,
H 8.56, N 5.17.

4.2.16. 9'-[2’-[[4-(2a,3p-Diacetyloxy-19a-hydroxyurs-12-en-28-0yl)-1'-
piperazinyl]carbonyl]phenyl]-3',6'-bis(diethylamino)-xanthylium chloride
14

Compound 14 was obtained from 8 (237 mg, 0.37 mmol) according to
GP C followed by column chromatography (SiO2, CHCl3/MeOH 9:1) as a
pink solid (209 mg, 51%); Rf = 0.35 (SiO,, CHCl3/MeOH 9:1); m.p.
254-258 °C; IR (ATR): v = 3490br, 2929w, 1737 m, 1633 m, 1586vs,
1466 m, 1411 m, 1334s, 1244s, 1179vs, 1131 m, 1072 m, 1004 m, 921 m,
823w, 772 m ecm”'; UV-Vis (MeOH): Amax (log €) = 259 (4.37), 308
(4.07), 356 (3.74), 562 (4.87) nm; 'H NMR (500 MHz, CDCl3): § =
7.69-7.59 (m, 2H, 41-H + 40-H), 7.54-7.47 (m, 1H, 39-H), 7.34-7.29
(m, 1H, 42-H), 7.25-7.18 (m, 2H, 47'-H + 47-H), 7.06-6.86 (m, 2H,
46'-H + 46-H), 6.81-6.73 (m, 2H, 49'-H + 49-H), 5.22 (dd, J = 3.6, 3.6
Hz, 1H, 12-H), 5.03 (ddd, J = 10.1, 9.4, 4.6 Hz, 1H, 2-H), 4.59 (d, J =
10.7 Hz, 1H, 3-H), 3.61 (m, 8H, 51'-H + 51-H), 3.54-3.15 (m, 8H,
35-H, + 35-Hp, + 36-H, + 36-Hy), 2.74 (s, 1H, 18-H), 2.41-2.18 (m,
1H, 16-H,), 2.00 (s, 3H, 32-H), 2.06-1.86 (m, 3H, 1-H, + 11-H, +
11-Hy), 1.92 (s, 3H, 34-H), 1.86-1.65 (m, 1H, 22-H,), 1.64-1.40 (m, 6H,
21-H, + 9-H + 16-Hy, + 6-H, + 7-H, + 22-Hp), 1.38-1.23 (m, 3H,
6-Hp, + 20-H + 15-H,), 1.28 (t, J = 7.1 Hz, 12H, 52'-H + 52-H),
1.23-1.16 (m, 2H, 7-H, + 21-Hy), 1.18 (s, 3H, 27-H), 1.13 (s, 3H,
29-H), 1.06-0.89 (m, 3H, 1-Hp + 15-Hp + 5-H), 0.98 (s, 3H, 25-H),
0.86 (d, J = 6.7 Hz, 3H, 30-H), 0.86 (s, 6H, 23-H + 24-H), 0.57 (s, 3H,
26-H), ppm; 13CNMR (125 MHz, CDCl3): § = 175.0 (C-28), 170.8 (C-33),
170.5 (C-31), 167.7 (C-37), 157.8 (C-50), 157.8 (C-50), 155.8 (C-44),
155.7 (C-48’), 155.6 (C-48), 139.0 (C-13), 135.1 (C-43), 132.2 (C-47"),
132.2 (C-47), 130.7 (C-38), 130.4 (C-42), 130.3 (C-40), 130.2 (C-41),
128.3 (C-12), 127.7 (C-39), 114.5 (C-46"), 114.2 (C-46), 113.9 (C-45"),
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113.8 (C-45), 96.5 (C-49'), 96.4 (C-49), 80.6 (C-3), 73.6 (C-19), 70.1 (C-
2), 55.3 (C-18), 54.9 (C-5), 50.7 (C-17), 47.5 (C-36), 47.2 (C-9), 46.3 (C-
51'), 46.2 (C-51), 43.9 (C-1), 42.1 (C-35), 41.7 (C-14), 40.9 (C-20), 39.8
(C-8), 39.4 (C-4), 38.1 (C-10), 34.8 (C-22), 32.8 (C-7), 28.5 (C-23), 28.2
(C-15), 27.9 (C-29), 25.9 (C-21), 25.1 (C-16), 24.6 (C-27), 23.7 (C-11),
21.1 (C-34), 20.9 (C-32), 18.3 (C-6), 17.7 (C-24), 16.7 (C-26), 16.4 (C-
25), 16.1 (C-30), 12.7 (C-52'), 12.7 (C-50) ppm; MS (ESI, MeOH): m/z
(%) = 1065.8 ([M — Cl1*, 100); analysis caled for CgeHgoCIN4Og
(1101.91): C 71.94, H 8.14, N 5.08; found: C 71.77, H 8.33, N 4.81.

4.2.17. 9-[2-[[4-(2a,3p-Diacetyloxy-19a-hydroxyurs-12-en-28-oyl)-4'-
homopiperazinyl]carbonyl]phenyl]-3',6'-bis(diethylamino)-xanthylium
chloride (15)

Compound 15 was obtained from 9 (170 mg, 0.26 mmol) according to
GP C followed by column chromatography (SiO,, CHCl3/MeOH 9:1) as a
pink solid (152 mg, 54%); Rf = 0.17 (SiO2, CHCl3/MeOH 9:1); m.p.
256-260 °C; IR (ATR): v = 2934w, 1736 m, 1628 m, 1586vs, 1466 m,
1411 m, 1334s, 1244s,1178vs, 1131s, 1072s, 1009 m, 921 m, 823 m, 683
m em™Y; UV-Vis (MeOH): /max (log €) = 260 (4.31), 309 (4.05), 356
(3.71), 562 (4.87) nm; 'H NMR (500 MHz, CDCl3): 5 = 7.68-7.58 (m, 2H,
44-H + 43-H), 7.41 (m, 1H, 42-H), 7.33-7.21 (m, 3H, 45-H + 50'-H +
50-H), 7.17 (m, 2H, 49-H + 49'-H), 6.86-6.71 (m, 2H, 52'-H + 52-H),
5.33-5.23 (m, 1H, 12-H), 5.07 (ddd, J = 10.9, 10.8, 4.5 Hz, 1H, 3-H),
4.72 (d, J = 10.3 Hz, 1H, 2-H), 4.25-3.82 (m, 4H, 39-H + 35-H),
3.76-3.49 (m, 8H, 54-H + 54-H), 3.33-2.94 (m, 6H, 38-H + 37-H +
36-H), 2.88-2.66 (m, 2H, 18-H + 16-H,), 2.05-1.91 (m, 3H, 1-H, +
11-H, + 11-Hy), 2.02 (s, 3H, 32-H), 1.94 (s, 3H, 34-H), 1.69-1.42 (m,
6H, 9-H + 16-Hp, + 21-H, + 6-H, + 7-H, + 22-H,), 1.40-1.28 (m, 18H,
20-H + 6-Hy, + 55'-H + 55-H + 15-H, + 21-H}, + 7-Hp, + 22-Hy), 1.20
(s, 3H, 27-H), 1.18 (s, 3H, 29-H), 1.09-0.91 (m, 3H, 1-Hp + 15-Hp +
5-H), 1.00 (s, 3H, 25-H), 0.92 (d, J = 6.5 Hz, 3H, 30-H), 0.88 (s, 3H,
24-H), 0.86 (s, 3H, 23-H), 0.65 (s, 3H, 26-H) ppm; *3C NMR (125 MHz,
CDCl3): 6 = 175.4 (C-28), 170.9 (C-33), 170.6 (C-31), 169.6 (C-40),
157.9 (C-53), 157.8 (C-53), 155.9 (C-47), 155.8 (C-51°), 155.7 (C-51),
138.8 (C-13), 135.2 (C-46), 132.8 (C-50"), 132.6 (C-50), 131.9 (C-49),
131.7 (C-49), 130.9 (C-41), 130.3 (C-45), 130.1 (C-44), 129.7 (C-43),
128.3 (C-12), 126.8 (C-42), 114.0 (C-48'), 113.9 (C-48), 96.6 (C-52),
96.3 (C-52), 80.8 (C-3), 73.8 (C-19), 70.2 (C-2), 55.7 (C-18), 55.0 (C-5),
52.6 (C-17), 51.8 (C-37), 51.1 (C-39), 47.4 (C-36), 47.3 (C-9), 46.5 (C-
35), 46.4 (C-54'), 46.1 (C-54), 44.1 (C-1), 41.8 (C-14), 41.1 (C-20), 39.8
(C-8), 39.5 (C-4), 38.9 (C-22), 38.2 (C-10), 32.8 (C-7), 31.0 (C-38), 28.5
(C-23), 28.3 (C-15), 28.2 (C-29), 26.1 (C-21), 25.6 (C-16), 24.4 (C-27),
23.8 (C-11), 21.2 (C-34), 21.0 (C-32), 18.4 (C-6), 17.7 (C-24), 16.9 (C-
26), 16.5 (C-25), 16.2 (C-30), 12.8 (C-55'), 12.8 (C-55) ppm; MS (ESI,
MeOH): m/z (%) = 1079.7 (M — CI]¥, 100); analysis caled for
Cg7Hg1CIN4Og (1115.94): C 72.11, H 8.22, N 5.02; found: C 71.85, H
8.38, N 4.91.

4.2.18. 9-[2’-[[4’-(2a,3p-Diacetyloxy-19a-hydroxyurs-12-en-28-oyl)-2'-
aminoethyl]carbonyl]phenyl]-3',6'-bis(diethylamino)-xanthene (16)
Compound 16 was obtained from 10 (117 mg, 0.19 mmol) according
to GP C followed by column chromatography (SiO,, n-hexane/ethyl ac-
etate, 7:3) as a colorless solid (120 mg, 64%); R¢ = 0.24 (SiO2, n-hexane/
ethyl acetate, 7:3); m.p. 195-198 °C; IR (ATR): v = 2968w, 1743 m, 1614
m, 1512s, 1374 m, 1230vs, 1117s, 1035 m, 821 m, 784 m, 757 m, 703 m
em™'; 'TH NMR (500 MHz, CDCl3): 6 = 7.93-7.87 (m, 1H, 39-H),
7.50-7.43 (m, 2H, 41-H + 40-H), 7.10-7.04 (m, 1H, 42-H), 6.45-6.32
(m, 4H, 46-H + 46-H + 47-H + 47‘-H), 6.31-6.20 (m, 2H, 49-H +
49‘-H), 5.45 (dd, J = 4.2, 4.2 Hz, 1H, 12-H), 5.07 (ddd, J = 11.5, 10.9,
4.5 Hz, 1H, 2-H), 4.74 (d, J = 10.3 Hz, 1H, 3-H), 3.39-3.25 (m, 10H,
51-H + 51°-H + 36-H, + 36-Hjy,), 3.03-2.94 (m, 1H, 35-H,), 2.84-2.75
(m, 1H, 35-Hp), 2.61-2.52 (m, 2H, 18-H + 16-H,), 2.04 (s, 3H, 32-H),
1.97 (s, 3H, 34-H), 2.01-1.85 (m, 3H, 1-H; + 11-H, + 11-Hp),
1.73-1.60 (m, 4H, 22-H, + 21-H, + 9-H + 15-H,), 1.58-1.29 (m, 6H,
16-Hp + 22-Hp + 6-Ha + 7-H, + 20-H + 6-Hp), 1.26 (s, 3H, 29-H),
1.29-1.12 (m, 2H, 7-Hp, + 21-Hp), 1.24 (s, 3H, 27-H), 1.17 (t,J = 7.0 Hz,
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12H, 52-H + 52‘-H), 1.07 (t, J = 12.2 Hz, 1H, 1-H}), 1.02-0.92 (m, 2H,
5-H + 15-Hy), 0.98 (s, 3H, 25-H), 0.94 (d, J = 6.7 Hz, 3H, 30-H), 0.88
(s, 3H, 23-H), 0.88 (s, 3H, 24-H), 0.62 (s, 3H, 26-H) ppm; '°C NMR (125
MHz, CDCls): § = 177.8 (C-28), 170.9 (C-33), 170.7 (C-31), 170.0 (C-37),
153.9 (C-43), 153.4 (C-50°), 153.3 (C-50), 149.9 (C-48), 149.9 (C-48),
138.6 (C-13), 133.0 (C-41), 130.4 (C-38), 128.8 (C-12), 128.5 (C-46°),
128.5 (C-46), 128.4 (C-40), 124.0 (C-42), 122.9 (C-39), 108.4 (C-49°),
108.4 (C-49), 97.9 (C-47°) 97.8 (C-47), 96.3 (C-45"), 96.3 (C-45), 80.8 (C-
3),73.7 (C-19), 70.2 (C-2), 65.8 (C-44), 54.9 (C-5), 53.0 (C-18), 47.3 (C-
9), 47.1 (C-17), 44.5 (C-51°), 44.5 (C-51), 44.0 (C-1), 41.5 (C-35), 41.3
(C-14), 41.3 (C-20), 40.1 (C-8), 40.0 (C-36), 39.5 (C-10), 38.5 (C-22),
38.2 (C-4), 32.6 (C-7), 28.6 (C-23), 28.0 (C-15), 27.7 (C-29), 26.4 (C-21),
25.6 (C-16), 24.7 (C-27), 23.9 (C-11), 21.3 (C-34), 21.0 (C-32), 18.5 (C-
6), 17.7 (C-24), 17.1 (C-26), 16.4 (C-25), 16.4 (C-30), 12.8 (C-52°),12.7
(C-52) ppm; MS (ESI, MeOH): m/z (%) = 1039.7 ([M — ClI]*, 100);
analysis caled for Co4HgeN4Og (1039.41): C 73.96, H 8.34, N 5.39; found:
C73.71, H8.51, N 5.12.
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Abstract: Due to their manifold biological activities, natural products such as triterpenoids have
advanced to represent excellent leading structures for the development of new drugs. For this
reason, we focused on the syntheses and cytotoxic evaluation of derivatives obtained from gypso-
genin, hederagenin, and madecassic acid, cytotoxicity increased—by and large—from the parent
compounds to their acetates. Another increase in cytotoxicity was observed for the acetylated amides
(phenyl, benzyl, piperazinyl, and homopiperazinyl), but a superior cytotoxicity was observed for the
corresponding rhodamine B conjugates derived from the (homo)-piperazinyl amides. In particular, a
madecassic acid homopiperazinyl rhodamine B conjugate 24 held excellent cytotoxicity and selec-
tivity for several human tumor cell lines. Thus, this compound was more than 10,000 times more
cytotoxic than parent madecassic acid for A2780 ovarian cancer cells. We assume that the presence of
an additional hydroxyl group at position C—6 in derivatives of madecassic, as well as the (2c, 33)
configuration of the acetates in ring A, had a beneficial effect onto the cytotoxicity of the conjugates,
as well as onto tumor/non-tumor cell selectivity.
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1. Introduction

Despite all efforts and tremendous achievements in the fight against cancer, in 2020
10 million people worldwide died as a consequence of this disease [1], and 19.3 million
new cases were reported by the International Agency for Research on Cancer [2]. Many
chemotherapeutic agents hitherto used for the therapy of cancer are natural products
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or derived from them. Several compounds derived from pentacyclic triterpenes were
successfully encountered as highly cytotoxic as well as exhibiting pronounced tumor-
selectivity [3-7]. A closer look into this class of compounds, however, revealed that research

was mainly focused on derivatives of betulinic, ursolic, and oleanolic acid and—to a minor
extent—of glycyrrhetinic acid [8-15]. The number of investigations dealing with cytotoxic
agents derived from gypsogenin, hederagenin, or madecassic acid, however, remained
small over many years [16-19]. This may be due to the fact that the availability of these
compounds is considered to be worse than that of, for example, betulinic acid [20-22]. This
has changed as gypsogenin can now be obtained in good yields from the corresponding
saponin (which is available in large technical quantities). Hederagenin was previously
only available from extracts from the pericarp of the soap tree [23,24]. However, it is
now even more convenient, obtained by a partial synthesis from also readily available
gypsogenin [23]. Furthermore, hederagenin and gypsogenin can be interconverted into
each other by a short sequence and in good yields [23].

Recently, we were able to show that acetylated pentacyclic triterpenoid amides are
highly cytotoxic for many human tumor cell lines [24-27], while parent triterpenoic acids
Attribution (CC BY) license (https://  POssess low cytotoxicity. The cytotoxicity of these compounds, however, intensifies upon
creativecommons.org/licenses /by / acetylation and amidation, and even more by linking them with rhodamine B [28]. Thus,
40/). the synthesis of different rhodamine B conjugates has moved into the focus of scientific
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interest [25-27,29]. For example, benzyl-, piperazinyl-, and homopiperazinyl-amides
and their resulting rhodamine B conjugates show cytotoxic effects even in nanomolar
concentration. The presence of an extra cationic moiety such as a rhodamine B scaffold
enhances their cytotoxic activity tremendously. However, many of these conjugates were
also less cytotoxic to non-malignant fibroblasts (NIH 3T3) [26-28,30]. As a consequence of
these promising results, and to have a closer look into this class of compounds, gypsogenin
and hederagenin were chosen as starting materials for further studies. For comparison,
madecassic acid was also included to investigate the possible influence of the presence of
extra hydroxyl groups onto cytotoxic activity and selectivity. During our work, different
acetylated triterpenoic derivatives modified at their carboxylic group were accessed, such
as substituted benzyl, piperazinyl, and homopiperazinyl amides which were subsequently
linked at their distal amino group as an amide to a rhodamine B moiety. Previous studies
showed an increase in malignant cells’ membrane potential in relation to non-malignant
cells. Thus, cationic compounds such as rhodamine B conjugates accumulate in these areas
and cause selective cell death [31,32]. This is regarded as the main reason for the selective
cell death of tumor cells upon incubation with the rhodamine B conjugates.

Our main objective was to find out whether triterpene amides, as well as spacered
triterpene rhodamine conjugates, exhibit good cytotoxicity when the pentacyclic triterpene
skeleton holds a vicinal hydroxyl groups in ring A, and optionally another hydroxyl group
at another position. These requirements are fulfilled, for example, by the compounds
gypsogenin, hederagenin, or madecassic acid. This should also allow a comparison with
the conjugates of ursolic, oleanolic, and maslinic acid presented earlier.

Thus, a set of novel terpenoic amides and their rhodamine B conjugates was synthesized,
and the cytotoxicity of the compounds was determined by sulforhodamine B (SRB) assays.

2. Results and Discussion
2.1. Chemistry

Hydrolysis of Gypsophila saponin provided gypsogenin as previously reported (1,
Scheme 1), whose reduction with NaBH4 gave hederagenin (2) in 78% isolated yield [23];
madecassic acid (3) was purchased from different local suppliers.

Acetylation of 1-3 gave acetates 4-6, respectively [16,24,27]. These compounds were
each treated with oxalyl chloride followed by the addition of benzylamine, aniline, piper-
azine, or homopiperazine to furnish amides 7-18, respectively.

Coupling amides 9, 10, 13, 14, 17, and 18 with rhodamine B (after having being
activated in situ with oxalyl chloride) gave the rhodamine B conjugates 19-24, respectively
(Scheme 2) [33].

Thus, compounds 19-24 can be regarded as analogs of previously reported piper-
azinyl and homopiperazinyl rhodamine B conjugates [26,33], whereas 7, 8, 11, 12, 15,
and 16 are structurally similar to the benzyl- and phenylamides previously reported by
Siewert et al. [30] and Kaminskyy et al. [34] However, compounds of this study differ from
those previously synthesized from ursolic, oleanolic, glycyrrhetinic, betulinic, or platanic
acid inasmuch as the conjugates of this study hold (an) extra hydroxyl group(s) (protected,
in part, as an acetate).

2.2. Biological Evaluation

To assess their cytotoxicity parent, triterpenoic acids 1-3, their acetates 4-6, the
amides 7-18, as well as the respective rhodamine B conjugates 19-24 were subjected to
SRB assays employing several human tumor cell lines (A375, HT29, MCF-7, A2780, and
HeLa) as well as non-malignant fibroblasts (NIH 3T3). The results from these assays are
compiled in Table 1. The ECsg values in uM from SRB assays were determined after 72 h of
treatment, and the values are averaged from three independent experiments performed
each in triplicate, confidence interval CI = 95%; mean =+ standard mean error).
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a
Saponin  —»

4R'=H; R?=CHO; R*=H; R* =H; R® = CH,
2R'=H; R? = CH,0H; R® = H; R* = H; R% = CH,3 5R' = H; R? = CH,0Ac; R®= H; R* =H; R® = CH;3
3R"=OH; R? = CH,0H; R® = OH; R* = CH3; R°=H 6 R' = OAc; R? = CH,0Ac; R® = OH; R* = CH3; R® = H

7R"=H; R? = CHO; R® = H; R* = H; R% = CH;3; R® = Bn
8R'=H; R?=CHO; R’ = H; R* = H; R® = CH;; R® = Ph
9 R'=H; R? = CHO; R® = H; R* = H; R® = CH3; R® = Pip
10 R' = H; R? = CHO; R® = H; R* = H; R® = CH3; R® = HoPip

6

11 R" = H; R? = CH,0Ac; R® = H; R* = H; R® = CH;; R® = Bn
12R' = H; R? = CH,0Ac; R® = H; R* = H; R® = CH;; R® = Ph
13 R" = H; R? = CH,0ACc; R® = H; R* = H; R® = CHj,; R® = Pip
14 R' = H; R? = CH,0Ac; R® = H; R* = H; R® = CHj; R® = HoPip

15 R" = OAc; R? = CH,0Ac; R® = OH; R* = CH3; R = H; R® = Bn

16 R' = OAC; R? = CH,0Ac; R® = OH; R* = CH,; R® = H; R® = Ph

17 R' = OAc; R? = CH,0Ac; R® = OH; R* = CHj; R® = H; R® =Pip

18 R' = OAc; R? = CH,0Ac; R® = OH; R* = CHj; R® = H; R® = HoPip
Scheme 1. Reactions and conditions: (a) aq. HCI, 60 °C, 5 d, 2%; (b) NaBH,, THF/MeOH, 0 °C, 2 h,
72%; (c) Ac20, NEt;, DMAP (cat.), DCM, 23 °C, 1 h, 4 (79%), 5 (94%), 6 (78%); (d) (COCl),, DCM,
DMF (cat.), then amine, 23 °C, 1 h; — 7 (81%), 8 (65%), 9 (64%), 10 (83%), 11 (52%), 12 (98%), 13 (80%),
14 (41%), 15 (41%), 16 (60%), 17 (41%), and 18 (81%).

9or10
130r14

230r24

19 R' = H; R2 = CHO; R® = H; R* = H; R® = CHy; n = 1
20R'=H; R? = CHO; R®=H; R* = H; RS = CHy; n =2

21 R"=H; R? = CH,0Ac; R®=H; R* =H; R®=CHg; n=1
22R'=H; R? = CH,0Ac; R®*=H; R* =H; R®=CHg; n=2

23 R' = OAc; R? = CH,OAc; R® = OH; R* = CH3; R®=H; n=1
24 R' = OAc; R? = CH,0Ac; R® = OH; R* = CH3; RS =H; n=2

Scheme 2. Reactions and conditions: rhodamine B, (COCl);, DCM, NEt; (cat.), DMF (cat.), 23 °C, 1 h,
then starting material, 0 °C — 23 °C, 1 h; — 19 (64%), 20 (56%), 21 (47%), 22 (31%), 23 (56%), and 24 (48%).
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Table 1. SRB assay: EC50 values (uM) after 72 h of treatment; averaged from three independent
experiments performed each in triplicate; confidence interval CI = 95%. Human cancer cell lines:
A375 (melanoma), HT29 (colorectal carcinoma), MCF7 (breast adenocarcinoma), A2780 (ovarian
carcinoma), HeLa (cervical carcinoma), and (NIH 3T3 (non-malignant fibroblasts); cut-off 30 uM, n.d.
not determined. Doxorubicin (DX) has been used as a positive standard.

# A375 HT29 MCF7 A2780 HeLa NIH 3T3
1 17316 >30 185 =22 13.0+ 1.6 250+ 4.1 16.7 28
2 263+ 1.8 >30 25719 19.6 £ 1.6 >30 >30

3 >30 >30 >30 >30 n.d. >30

4 >30 >30 246 +4.7 187 2.7 >30 13.0+15
5 17311 19.0 £ 0.6 9.8+ 1.0 119+ 05 124 +0.7 9.6 +£0.6
6 35+05 145+1.1 71 +0.6 81+0.7 n.d. 7.6 £0.8
7 3.3+03 107 £ 1.8 88+ 1.6 44+03 n.d. 185+ 4.6
8 78433 >30 >30 199+14 n.d- >30

9 1.5:£02 1.7 +03 21403 1.6 £0.2 n.d. 234+03
10 1.6 £ 0.6 0.7 +£0.1 20+02 17 =05 1L.7+03 14 +:02
11 1.1+£06 38+£0.7 34+04 1303 n.d. >30

12 0.6 +0.2 19+ 0.6 1.9+0.1 08+0.2 n.d. >30

13 1.3+04 19+05 19+04 14+0.2 n.d. 20+03
14 12 03 19+0.1 L7+02 20+0.2 2.2 +03 1.7 +03
15 1.0£+0.1 23+0.2 27+04 14+0.1 n.d. 179421
16 18k 01 37+04 45+09 2201 n.d. 211811
17 19+04 21+0.6 20+04 21+03 n.d. 24 +0.6
18 22403 24+04 24+03 28+03 n.d. 25402
19 n.d. n.d. n.d. n.d. n.d. n.d.

20 0.0319 +£0.0036  0.0566 +0.0123  0.0558 + 0.0072  0.0131 + 0.0007  0.1021 £ 0.0263  0.1600 =+ 0.0226
21 0.055 + 0.01 0.086 + 0.01 0.066 + 0.008 0.025 + 0.002 - 0.305 + 0.06
22 0.031 £ 0.007 0.083 + 0.02 0.086 + 0.01 0.018 + 0.001 - 0.441 +0.12
23 0.055 + 0.01 0.108 + 0.02 0.054 + 0.01 0.015 + 0.001 - 0.277 4+ 0.03
24 0.0095 + 0.0015  0.0127 £+ 0.0038  0.0162 + 0.0045  0.0029 + 0.0005  0.0526 + 0.0151  0.1013 + 0.0231
DX n.d. 09+0.2 11.2:03 0.02 +0.01 n.d. 1.7 =03

As a result, and as expected, the parent compounds 1-3 (holding unsubstituted hy-
droxyl groups) were—by and large—less cytotoxic than their corresponding acetates 4-6.
The former compounds showed some cytotoxicity for all human tumor cell lines and
moderate selectivity.

The latter compounds, however, holding one or more acetyl groups at positions 2, 3,
and 23, showed an increased cytotoxic activity for all cancer lines, with ECs values as low
as ECsg = 3.50 uM (for A375 and compound 6).

Transforming the carboxyl group into an amide led to compounds of increased cy-
totoxic effects onto the tumor cells. Benzylamides (7, 11, and 15), phenyl amides (8, 12,
and 16), piperazinyl amides (9, 13, and 17) and homopiperazinyl amides (10, 14, and 18)
held high cytotoxicity and moderate selectivity. In this series of compounds, hederagenin
derived phenyl amide 12 was most cytotoxic with an ECs value of 0.66 uM for A375
tumor cells. Comparing the cytotoxic effects of phenyl- and benzyl amides conjugates
with those measured for the corresponding piperazinyl and homopiperazinyl analogues
showed the former of higher cytotoxicity but also of an improved selectivity (malignant vs.
non-malignant cells).

Rhodamine B analogues 19-24 showed both an increased cytotoxicity but also improved
selectivity. The lowest ECsy value was determined for 24 with ECsp = 0.0029 £ 0.0005 for
A2780 ovarian tumor cells.

The selectivity between malignant cells and the non-malignant cells was also af-
fected by the kind of spacer linking the triterpene with the rhodamine B moiety. Thereby,
a significant difference in cytotoxicity was detected between compounds holding a ho-
mopiperazinyl (20, 22, and 24) instead of piperazinyl spacer (19, 21, and 23).
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As a result, compound 24, the most active as well as selective compound with homopiper-
azinyl spacer, was nearly 10,000 times more cytotoxic than parent madecassic acid.

The mode of action—as previously shown for several triterpene-rhodamine B
conjugates—is to act as mitocans. To demonstrate this also for 24—the most cytotoxic com-
pound of this study—A375 cells were stained with acridine orange (AO), rhodamine 123,
and Hoechst 33,342. Thereby, Hoechst 33,342 binds selectively to DNA while rhodamine
123 is usually applied for dying mitochondria. The results of these staining experiments are
depicted in Figure 1 and prove that 24 also acts as a mitocan, as this compound is localized
within the cells exactly in the same area as rhodamine 123, while a location in the nucleus
can be ruled out from the staining experiments using Hoechst 33,342.

A

Figure 1. Staining experiments: A375 cells, 48 h; (A): control; (B): in the presence of 24; (C): Hoechst
33,342 staining; (D): merged (Hoechst 33,342, control); and (E): in the presence of rhodamine 123.

The influence of an extra hydroxyl group in ring B can best be seen from the cytotoxicity
of the analogs of madecassic acid. The results from the SRB assays showed compounds 3,
6,15, 16, 17, 18, 23, and 24 as cytotoxic with ECsg values as low as 0.015 £ 0.001 puM; for
compound 24 and A2780 cells, a selectivity index SIgcsg, Nir 313/EC50, A2780 Of approximately
20 can be calculated. From these results, we conclude that the presence of an additional
hydroxyl group at position C-6 in the triterpenoid skeleton might be responsible for a
significantly improved cytotoxicity.

As compounds holding two acetyl groups in ring A with (2«, 33) configuration (such
as 24 or the analogues prepared earlier from maslinic or tormentic acid) are clearly more
cytotoxic than those bearing only one acetyl group (such as oleanolic and ursolic, but also
glycyrrhetinic, betulinic, or platanic acid), this confirms our original working hypothesis. At
present, triterpenes with a larger number of hydroxyl or acetyl groups are being converted
to the corresponding spacered rhodamine B conjugates in our laboratories in order to verify
whether the trend shown here has general validity.

3. Materials and Methods
3.1. General

A detailed description of materials and methods can be found in the Supplementary
Materials File. For biological screening, the cell lines were obtained from ATCC: A375
(CRL-1619), HT29 (HTB-38), MCF7 (HTP-22), A2780 (HTP-77), HeLa (CCL-2), and NIH
3T3 (CRL-1573) 13C NMR spectra (Supplementary Materials) were recorded as APT spectra
showing CH and CH3 groups as positive signals and CH; groups and quaternary carbons
as negative signals.
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3.2. General Procedure for the Acetylation of Triterpenoic Acids (GPA)

The triterpenoic acids 1-3 (1 eq.) were each dissolved in dry DCM (20 mL), treated
with TEA (4.5 eq.), DMAP (cat.), and acetic anhydride (4.0 eq.). The mixture was stirred
at room temperature for 24 h; for work-up, aq. ammonium hydroxide (7 M, 0.5 mL) was
added. After 30 min, the mixture was diluted with Et;O (250 mL), washed with HC1 (0.1 M,
1 x 250 mL), water (2 x 250 mL), and brine (1 x 125 mL), dried with MgSQOy, and the
organic phase was concentrated under reduced pressure. The crude product was subjected
to column chromatography (SiO,, n-hexane/ethyl acetate) to afford compounds 4-6, each
as a colorless solid.

3.3. General Procedure for the Synthesis of of Triterpenoic Amides 7-18 (GPB)

To a solution of 4-6 (1 eq.) in dry DCM (10 mL), oxalyl chloride (4 eq.), DMF (0.24 eq.),
and TEA (0.24 eq.) were added. After stirring for 2 h at room temperature, the solvent was
removed under reduced pressure, re-evaporated with DCM (3 x 10 mL), and the residue
was dissolved in dry DCM (10 mL). A solution of the respective amine or diamine (3 eq.) in
dry DCM, TEA (1 eq.), and DMAP (cat.) was added, and stirring at room temperature was
continued until completion of the reaction (as indicated by TLC). The solvent was removed
under reduced pressure, and the crude product was subjected to column chromatography
to yield compounds 7-18.

3.4. General Procedure for Synthesis of Rhodamine B Conjugates 19-24 (GPC)

A solution of rhodamine B (1.5 eq.), oxalyl chloride (6 eq.), DMF (0.2 eq.), and TEA
(0.2 eq.) in dry DCM (30 mL) was stirred at ambient temperature for 3 h. The solvent
was removed under reduced pressure, re-evaporated with dry DCM (3 x 30 mL), and the
residue was dissolved in dry DCM (30 mL). To this solution, compounds 9, 10, 13, 14, 17,
or 18 (1 eq.), TEA (1.5 eq.), and DMAP (cat.) were added. After stirring for 1h, the solvent
was removed under reduced pressure, and the resulting solid was subjected to column
chromatography (SiO,, chloroform/methanol, 9:1 or n-hexane/ethyl acetate, 7:3) to yield
compounds 19-24, each as a purple solid.

3.5. (3p,4a) 3-Hydroxy-23-o0xoolean-12-en-28-oic Acid (1) [639-14-5]

The saponin of Gypsophila (300 g; Dr. H. Schmittmann GmbH, Velbert, Germany)
was treated with aq. hydrochloric acid (15%, 1000 mL) at 60 °C for 120 h. The solvent
was removed under reduced pressure, the residue was air dried, grounded, and extracted
with ethyl acetate (2 L) under reflux. The solvent was evaporated, and the dark brown
residue was subjected to column chromatography (SiO,, n-hexane/ethyl acetate, 7:3) to
yield 1 (6.2 g) as a colorless solid; m.p.: 275-278 °C (lit.: [24] 274-276 °C); [oc]g] = +89.5°
(c = 0.5, EtOH), [lit.: [35] [oc]%) = 491.4° (c = 1.45, EtOH)]; and MS (ESI): m/z (%) 491.0
([M + Na]*, 100).

3.6. (3p,4a) 3,23-Dihydroxyolean-12-en-28-oic Acid (2) [465-99-6]

To an ice-cold solution of 1 (2.0 g, 4.23 mmol) in THF/MeOH (100 mL, 1:1) NaBH4
(193 mg, 5.1 mmol) was added, and the reaction was stirred for 2 h, quenched with aq.
hydrochloric acid (2 M, 50 mL) and extracted with chloroform (3 x 50 mL). The combined
organic phases were dried over MgSQOy, the solvent was removed under reduced pressure,
and the crude product was subjected by column chromatography (SiO,, n-hexane/ethyl
acetate, 7:3) to yield 2 (1.4 g, 72%) as a colorless solid; m.p.: 331-334 °C (lit.: [23] 332-335 °C);
[oc]%) =+80.3° (c = 0.52, pyridine), [lit.: [36] [oc]zDO = +81.2° (pyridine)]; and MS (ESI): m/z
(%) 471.1 ((M-H]~, 100).

3.7. Madecassic Acid (3)

This compound was obtained from different local suppliers and used as received.
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3.8. (3p,4a) 3-(Acetyloxy)-23-oxoolean-12-en-28-oic Acid (4) [27706-38-3]

Following GPA from 1 (1500 mg, 3.18 mmol) followed by column chromatography
(5i0y, n-hexane/ethyl acetate, 8:2), 4 (2.40 mmol, 79%) was obtained as a colorless solid;
m.p.: 175-178 °C (lit.: [24] 177-178 °C); [oc]%] =+77° (¢ = 0.6, CHCly), [lit.: [37] [oc]%) =+78°
(c = 0.6, CHCl3)]; and MS (ESI): m/z (%) 511.6 ((IM—H]—, 90).

3.9. (3B,4a) 3,23-Bis(acetyloxy)olean-12-en-28-oic Acid (5) [5672-32-2]

Following GPA from 2 (2000 mg, 4.23 mmol) followed by column chromatogra-
phy (§iO,, n-hexane/ethyl acetate, 8:2), 5 (1880 mg, 94%) was obtained as a colorless
solid; m.p.: 185-189 °C (lit.: [38] 173175 °C); [“]12)0 = +76.8° (¢ = 0.17, CHCl3) [lit.: [39]
[cx]f)0 =+78° (CHCL)]; Rg = 0.37 (SiO,, n-hexane/ ethyl acetate, 8:2); IR (ATR): v = 2944br, 1738s,
1692s, 1467w, 13665, 1239vs, 1040s, 771w cm™!; TH NMR (500 MHz, CDClz): § = 5.29-5.24
(m,1H, 12-H), 4.79 (dd, ] = 11.6, 4.8 Hz, 1H, 3-H), 3.87 (d, ] = 11.6 Hz, 1H, 23-H,), 3.70 (d,
] =11.6 Hz, 1H, 23-Hy,), 2.82 (dd, ] = 13.9, 4.6 Hz, 1H, 18-H), 2.06 (s, 3H, 15-H, + 16-H, +
22-H,), 2.04 (s, 3H, 34-H), 2.02 (s, 3H, 32-H), 1.97 (dd, ] = 13.4, 4.0 Hz, 2H, 11-H, + 11-Hy,),
1.92-1.86 (m, 3H, 16-Hy, + 2-H, + 2-Hy,), 1.79 (d, ] =4.4 Hz, 1H, 22-H,)), 1.77 (d, ] =44 Hz,
1H, 7-H,), 1.65-1.56 (m, 5H, 7-Hy, + 19-H, + 9-H +1-H, + 5-H), 1.43-1.33 (m, 3H, 6-H, +
6 —Hp, + 21-H,), 1.24-1.16 (m, 3H, 19-Hy, + 21-Hy, + 15-Hy,), 1.12 (s, 1H, 1-Hj,) 1.11 (s, 3H,
27-H), 0.97 (s, 3H, 25-H), 0.92 (s, 3H, 29-H), 0.90 (s, 3H, 30-H), 0.82 (s, 3H, 24-H), 0.74 (s,
3H, 26-H) ppm; 13C NMR (125 MHz, CDCly): § = 184.0 (C-28), 171.0 (C-31), 170.7 (C-33),
143.6 (C-13), 122.4 (C-12), 74.5 (C-3), 65.4 (C-23), 52.0 (C-5), 47.7 (C-9), 46.5 (C-17), 45.8
(C-19), 41.5 (C—4), 40.9 (C-14), 40.5 (C-18), 39.3 (C-8), 37.7 (C-1), 36.8 (C-10), 33.8 (C-21),
33.0 (C-30), 32.4 (C-7), 32.2 (C-20), 30.7 (C-15), 27.6 (C-2), 25.8 (C-27), 23.6 (C-29), 23.4
(C-11), 22.9 (C-16) 22.8 (C-22), 21.2 (C-32), 20.9 (C-34), 17.9 (C-6), 17.1 (C-26), 15.8 (C-25),
13.1 (C-24) ppm; and MS (ESI): m/z (%) 555.6 ((M—H]~, 90).

3.10. (20,3B,4w,6) 2,3,23-Tris(acetyloxy)-6-hydroxyurs-12-en-28-oic Acid (6) [99598-46-6]

Following GPA from 3 (500 mg, 0.99 mmol) followed by column chromatography
(SiO,, n-hexane/ethyl acetate, 8:2), 6 (392 mg, 78%) was obtained as a colorless solid; m.p.:
188-194 °C (lit.: [40] 189-192 °C); [oc}ZDO = +15.0° (¢ =0.18, CHCl3) [lit.: [41] [oc]ZD0 = +19.5°
(CHCI3)]; Rg =0.19 (SiO,, CHCl3/MeOH 100:1); IR (ATR): v = 3533br, 3230br, 2921br, 2875w,
17555, 1726s, 1707s 1458w, 1363w, 1230s, 1031s cm~1; TH NMR (400 MHz, CDCl3): § = 5.28
(t,] =3.6 Hz, 1H, 12-H), 5.23 (ddd, ] = 11.6, 10.3, 4.8 Hz, 1H, 2-H), 5.01 (d, ] = 10.2 Hz, 1H,
3-H),4.34(d, ] =39Hz, 1H, 6-H),3.94 (d, ] = 12.0 Hz, 1H, 23-H,), 3.71 (d, ] = 12.0 Hz, 1H,
23-Hy), 2.29-2.14 (m, 1H, 18-H), 2.06 (s, 3H, 36-H), 2.03 (s, 3H, 32-H), 1.98 (s, 3H, 34-H),
2.05-1.97 (m, 2H, 16-H, + 16-Hy,), 1.95-1.78 (m, 2H, 11-H, + 11-Hy), 1.77-1.60 (m, 4H,
22-H, + 22-Hy, + 15-H, + 5-H), 1.58-1.48 (m, 2H, 21-H,, 20-H), 1.46 (d, ] = 2.6 Hz, 3H,
29-H), 1.37 (d, ] = 1.8 Hz, 1H, 9-H), 1.35-1.28 (m, 5H, 21-Hy, + 1-H, + 1-Hy, + 7-Ha + 7-Hy,),
1.26 (s, 3H, 26-H), 1.22 (s, 1H, 19-H), 1.08 (s, 1H, 15-H,,), 1.05 (s, 3H, 25-H), 1.04 (s, 3H,
27-H), 0.95 (d, ] = 6.2 Hz, 3H, 30-H), 0.86 (s, 3H, 24-H) ppm; 13C NMR (100 MHz, CDCl3):
5 =183.3 (C-28), 170.8 (C-35), 170.4 (C-31), 170.3 (C=33), 137.2 (C-13), 125.6 (C-12), 74.9
(C-3), 69.9 (C-2), 67.9 (C-6), 65.4 (C-23), 52.4 (C-18), 48.2 (C-5), 47.9 (C-17), 47.8 (C-9),47.1
(C-10), 45.8 (C-4), 42.4 (C-1),40.7 (C-20), 39.0 (C-19), 38.8 (C-8), 38.6 (C-7), 37.3 (C-14),
36.6 (C-22), 30.6 (C-21), 27.9 (C-15), 24.0 (C-16), 23.5 (C-11), 23.3 (C-27), 21.1 (C-30), 21.0
(C-34),20.9 (C-32), 20.8 (C-36), 18.6 (C-29), 18.5 (C-25), 16.9 (C-26), 15.3 (C-24) ppm; and
MS (ESI): m/z (%) 629.3 ((IM—H]~, 90); analysis calculated for C3sHs409 (630.81): C 68.54,
H 8.63; found: C 68.36, H 8.90.

3.11. (3B,4a) 3-Acetyloxy-N-(benzyl)-23-oxo-olean-12-en-28-amide (7)

Following GPB from 4 (300 mg, 0.58 mmol) and benzylamine (186 mg, 1.74 mmol)
followed by chromatography (SiO,, n-hexane/ethyl acetate, 8:2), 7 (242 mg, 81%) was
obtained as a colorless solid; m.p.: 119-121 °C; [oc]zD0 = +35.1° (¢ = 0.15, CHCl3); Rg = 0.30
(Si0,, n-hexane/ethyl acetate, 8:2); IR (ATR): v = 3391br, 2944w, 2872w, 1732s, 1645s, 1513s,
1452s, 1363s, 12330vs, 1028s, 696w cm~!; UV-Vis (CHCl3): Amax (log €) = 245 nm (2.37); 'H
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NMR (400 MHz, CDCl3): 6 =9.27 (s, 1H, 23-H), 7.38-7.17 (m, 6H, 35-H + 39-H + 37-H +
36-H + 38-H), 5.31 (t, ] = 3.6 Hz, 1H, 12-H), 4.96 (t, ] = 5.7 Hz, 1H, 3-H), 4.96 (t, ] = 5.7 Hz,
1H, 33-H,), 4.59 (dd, ] = 14.7, 6.2 Hz, 1H, 33-H,,), 2.61-2.52 (m, 1H, 18-H), 2.03 (s, 1H, 32-H),
1.95 (s, 2H, 16-Ha + 16-Hy), 1.92-1.84 (m, 2H, 11-H, + 11-Hy), 1.84-1.62 (m, 9H, 9-H +
19-H, + 1-H, + 7-H, + 7-Hy, + 15-H, + 15-H,, + 2-H, + 2-Hy,), 1.60-1.49 (m, 2H, 22-H,
+6-H,), 1.43-1.37 (m, 1H, 21-H,), 1.36-1.31 (m, 1H, 5-H), 1.25 (t, ] = 7.1 Hz, 2H, 22-H,, +
21-Hy), 1.21-1.17 (m, 1H, 19-Hy,), 1.16 (s, 3H, 27-H), 1.12-1.00 (m, 2H, 15-Hj, + 1-Hy), 1.08
(s, 3H, 24-H), 0.97-0.82 (m, 2H, 6-H, + 6-Hy,), 0.98 (s, 3H, 26-H), 0.94 (s, 3H, 29-H), 0.90 (s,
3H, 30-H), 0.66 (s, 3H, 25-H) ppm; 13C NMR (100 MHz, CDCl3): § = 204.4 (C-23), 177.8
(C-28), 170.3 (C-31), 144.9 (C-13), 138.4 (C-34), 128.6 (C-35), 128.6 (C-39), 127.8 (C-36),
127.8 (C-38), 127.4 (C-37), 122.3 (C-12), 73.3 (C-3), 54.2 (C—4), 47.8 (C-5), 47.5 (C-9), 46.6
(C-17), 46.3 (C-19), 43.6 (C-33), 42.3 (C-14), 42.1 (C-18), 39.7 (C-80), 37.8 (C-1), 35.7 (C-10),
34.1 (C=21), 33.0 (C=29), 32.7 (C~7), 31.7 (C=22), 30.7 (C=20), 27.3 (C-15), 25.7 (C-27), 23.8
(C-30), 23.6 (C-11), 22.5 (C-2), 21.0 (C-16), 21.0 (C-32), 20.4 (C-6), 16.9 (C-25), 15.6 (C-26),
9.5 (C-24) ppm; MS (ESI): m/z (%) 602.6 ([M + H]*, 20); 624.6 (IM + Na]*, 60); and 640.6
([M +K]*, 30); analysis calculated for C39Hs5NOy (601.87): C 77.83, H 9.21, N 2.33; found:
C77.59,H9.43, N 2.08.

3.12. (3B,4a) 3-Acetyloxy-N-(phenyl)-23-oxo-olean-12-en-28-amide (8)

Following GPB from 4 (300 mg, 0.58 mmol) and aniline (162 mg, 1.74 mmol) followed
by chromatography (SiO,, n-hexane/ethyl acetate, 9:1), 8 (194 mg, 65%) was obtained
as a colorless solid; m.p.: 150-152 °C; [oc]%;) = +85.3° (¢ = 0.17, CHCl3); R = 0.20 (SiO,,
n-hexane/ethyl acetate, 9:1); IR (ATR): v = 3385br, 2941br, 2857w, 1735s, 1596s, 1239vs, 1025s,
751vs, 690vs cm™!; UV-Vis (CHCl3): Amax (log €) = 243 nm (0.4); "H NMR (500 MHz, CDCl3):
5 =9.28 (s, 1H, 23-H), 7.50-7.44 (m, 2H, 34-H + 38-H), 7.35-7.29 (m, 2H, 35-H + 37-H),
7.17-7.15 (m, 1H, 36-H), 5.56 (q, ] = 2.8, 1.9 Hz, 1H, 12-H), 5.03 (d, ] = 4.6 Hz, 1H, 3-H),
2.73-2.65 (m, 1H, 18-H), 2.14-2.01 (m, 3H, 32-H), 1.98 (s, 2H, 16-H, + 16-H},), 1.88-1.77 (m,
3H, 11-H, + 11-Hy, + 7-H,), 1.76-1.54 (m, 7H, 9-H + 19-H, + 1-H, + 7-H,, + 15-H, + 2-H,
+ 2-Hy), 1.53-1.46 (m, 2H, 22-H, + 6-H,), 1.42-1.32 (m, 1H, 21-H,), 1.30-1.24 (m, 1H, 5-H),
1.23-1.21 (m, 2H, 22-Hy, + 21-H,, + 6-Hy,), 1.23 (s, 1H, 19-Hj,), 1.20 (s, 3H, 27-H), 1.10-1.04
(m, 2H, 15-Hy, + 1-H,), 1.07 (s, 3H, 24-H) 1.02 (s, 3H, 26-H), 0.94 (s, 3H, 29-H), 0.92 (s, 3H,
30-H), 0.73 (s, 3H, 25-H) ppm; 13C NMR (125 MHz, CDCl3): § = 177.0 (C-28), 171.3 (C-33),
170.9 (C-31), 138.6 (C-13), 128.4 (C-12), 80.9 (C-3), 73.6 (C-19), 70.3 (C-2), 55.5 (C-18), 55.1
(C-17), 54.9 (C-5), 47.2 (C-9), 45.6 (C-35), 45.4 (C-36), 43.9 (C-1), 41.7 (C-14), 41.0 (C-20),
39.8 (C-8), 39.4 (C4), 38.1 (C-10), 34.8 (C-22), 32.8 (C-7), 28.4 (C-23), 28.3 (C-15), 27.7
(C-29), 25.9 (C-21), 25.3 (C-16), 24.3 (C-27), 23.7 (C-11), 21.1 (C-34), 20.9 (C-32), 18.3 (C-6),
17.6 (C-24), 16.6 (C-26), 16.4 (C-25), 16.0 (C-30) ppm; and MS (ESI): m/z (%) 586.7 ((M-H] ~,
90); analysis calculated for C3sHs3NOy (587.85): C 77.64, H9.09, N 2.38; found: C 77.41,
H9.23, N 2.05.

3.13. (3B,4n) 3-Acetyloxy-N-(piperazinyl)-23-oxo-olean-12-en-28-amide (9)

Following GPB from 4 (300 mg, 0.58 mmol) and piperazine (150 mg, 1.74 mmol)
followed by chromatography (SiO,, chloroform/methanol, 9:1), 9 (243 mg, 81%) was
obtained as a colorless solid; m.p.: 150-154 °C; [oc]zD0 =+36.5° (c = 1.15, CHCl3); Rg = 0.27
(Si0,, CHCl3/MeOH, 95:5); IR (ATR): v = 3325br, 2947br, 2855w, 1735s, 1625s, 1239vs,
754s cm~1; TH NMR (400 MHz, CDCl3): & = 9.26 (s, 1H, 23-H), 5.21 (¢, ] = 3.7 Hz, 1H, 12-H),
498 (dd, ] = 11.0, 5.3 Hz, 1H, 3-H), 3.71-3.56 (m, 4H, 34-H, + 34-H,, + 35-H, + 35-H,,),
3.31-3.29 (m, 4H, 33-H, + 33-H}, + 36-H, + 36-Hy,), 3.08-2.83 (m, 1H, 18-H), 2.15-2.13 (m,
4H, 11-H, + 11-Hy, + 16-H, + 16-Hy,), 1.93 (s, 3H, 32-H), 1.82-1.54 (m, 8H, 9-H + 19-H, +
1-H, + 7-H, + 7-Hy, + 15-H, + 2-H, + 2-Hy), 1.50-1.40 (m, 3H, 22-H, + 6-H, + 21-H,),
1.29-1.25 (m, 1H, 5-H), 1.25-1.20 (m, 2H, 22-H}, + 21-Hy,), 1.20 (s, 3H, 27-H), 1.18-1.16
(m, 1H, 19-Hy), 1.06 (s, 3H, 24-H), 1.08-1.0 (m, 2H, 15-Hy, + 1-H), 1.02 (s, 3H, 25-H),
0.98-0.84 (m, 1H, 6-Hy,), 0.94 (s, 3H, 30-H), 0.91 (s, 3H, 29-H), 0.77 (s, 3H, 26-H) ppm; 13¢
NMR (100 MHz, CDCl3): & = 204.9 (C-23), 175.8 (C-28), 170.5 (C-31), 144.6 (C-13), 121.2
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(C-12),73.4 (C-3), 54.0 (C—4), 48.2 (C-33), 48.2 (C-36), 48.0 (C-17), 47.8 (C-5), 47.6 (C-9),
46.9 (C-19), 45.0 (C-34), 45.0 (C-35), 43.7 (C-18), 41.7 (C-14), 39.4 (C-8), 37.4 (C-1), 35.6
(C-10), 33.5 (C-21), 33.0 (C-7), 32.1 (C-29), 31.9 (C-22), 29.8 (C-20), 27.7 (C-15), 25.1 (C-27),
23.0 (C=30), 22.9 (C-11), 22.6 (C-16), 22.1 (C-2), 20.2 (C-32), 19.4 (C-6), 16.2 (C-26), 14.6
(C-25), 8.5 (C-24) ppm; and MS (ESI): m/z (%) 581.6 (M + H]*, 90); analysis calculated for
C3Hs56N,04 (580.85): C 74.44, H9.72, N 4.82; found: C 74.06, H 9.98, N 4.61.

3.14. (3B,4a) 3-Acetyloxy-N-(homopiperazinyl)-23-oxo-olean-12-en-28-amide (10)

Following GPB from 4 (300 mg, 0.58 mmol) and homopiperazine (174 mg, 1.74 mmol)
followed by chromatography (SiO,, chloroform/methanol, 9:1), 10 (286 mg, 83%) was
obtained as a colorless solid; m.p.: 176-179 °C; [oc]lZ)O = —4.39° (¢ =0.145 CHCl3); Rg = 0.34
(SiO,, CHCl3/MeOH, 9:1); IR (ATR): v = 2923w, 1741s, 1621w, 1455w, 1368m, 1230vs, 1156w,
1087w, 1043m, 1029m, 964w, 920w, 751m, 665w, 460w, 422w cm~1; TH NMR (400 MHz,
CDCl3): 8 =9.26 (s, 1H, 23-H), 5.27-5.22 (m, 1H, 12-H), 5.00-4.91 (m, 1H, 3-H), 3.97-3.37
(m, 6H, 33-H + 35-H + 37-H), 3.36-2.90 (m, 3H, 34-H + 18-H), 2.34-2.00 (m, 3H, 36-H +
16-H), 1.98-1.81 (m, 2H, 11-H), 1.94 (s, 3H, 32-H), 1.79-1.58 (m, 8H, 2-H + 1-H, + 16-H}, +
19-H, + 22-H + 9-H), 1.57-1.39 (m, 3H, 15-H, + 6-H, + 7-H,), 1.39-1.26 (m, 2H, 21-H, +
5-H), 1.26-0.99 (m, 5H, 21-H,, + 7-Hy, + 19-H,, + 1-H}, + 15-H,,), 1.14 (s, 3H, 27-H), 1.06
(s, 3H, 24-H), 0.99-0.88 (m, 1H, 6-Hy,), 0.96 (s, 3H, 26-H), 0.93 (s, 3H, 30-H), 0.89 (s, 3H,
29-H), 0.73 (s, 3H, 25-H) ppm; 13C NMR (100 MHz, CDCl3): & = 204.5 (C-23), 176.2 (C-28),
170.3 (C=31), 144.7 (C-13), 121.3 (C-12), 73.4 (C=3), 54.3 (C-4), 49.2 (C-35), 47.9 (C-5), 47.8
(C-17), 47.7 (C-9), 47.2 (C-34), 46.5 (C-33 + C-37), 46.3 (C-19), 43.6 (C-18), 42.0 (C-14), 39.4
(C-8), 37.7 (C-1), 35.9 (C-10), 33.9 (C-21), 33.0 (C-29), 32.1 (C-7), 30.4 (C-20), 30.0 (C-22),
27.8 (C-15), 26.6 (C-36), 25.9 (C~27), 24.0 (C-30), 23.3 (C-11), 22.5 (C-16), 22.5 (C-2), 21.0
(C-32),20.4 (C-6), 16.9 (C-25), 15.6 (C-26), 9.5 (C-24) ppm; and MS (ESI): m/z (%) = 595.1
([M + HJ*, 100); analysis calculated for C37HssN>O4 (594.87): C 74.71, H9.82, N 4.71; found:
C 7450, H10.02, N 4.55.

3.15. (3p,4a) 3,23-Bis(acetyloxy)-N-(benzyl)-olean-12-en-28-amide (11)

Following GPB from 5 (450 mg, 0.81 mmol) and benzylamine (260 mg, 2.43 mmol)
followed by chromatography (SiO;, n-hexane/ethyl acetate, 8:2), 11 (117 mg, 26%) was
obtained as a colorless solid; m.p.: 210-214 °C; [oc]lz)o =+39.22° (¢ = 0.159, CHCl3); R = 0.20
(Si0,, n-hexane/ethyl acetate, 8:2); IR (ATR): v = 3432w, 2950br, 1726vs, 1631s, 1253vs,
1034s, 745vs cm™!; UV-Vis (CHCl3): Amax (log €) = 260 nm (3.28); "H NMR (400 MHz,
CDCl3): § =7.35-7.27 (m, 2H, 37-H + 41-H), 7.25-7.19 (m, 3H, 38-H + 40-H + 39-H), 5.30 (¢,
J =3.6 Hz, 1H, 12-H), 4.76 (dd, ] = 11.3, 49 Hz, 1H, 3-H), 4.63—4.57 (m, 1H, 35-H,), 4.14 (dd,
J =14.7,44 Hz, 1H, 35-Hy), 3.86 (d, ] = 11.6 Hz, 1H, 23-H,), 3.70 (d, ] = 11.7 Hz, 1H, 23-Hy),
2.60-2.50 (m, 1H, 18-H), 2.05 (s, 3H, 15-H, + 16-H, + 22-H,), 2.05 (s, 3H, 34-H), 2.01 (s,
3H, 32-H), 1.99-1.91 (m, 5H, 11-H, + 11-H, + 16-Hy,), 1.87-1.77 (m, 1H, 22-Hy,), 1.76-1.54
(m, 5H, 7-H, + 7-Hy, + 19-H, + 9-H + 1-H,), 1.52 (d, ] = 4.2 Hz, 1H, 2-H,), 1.45-1.31 (m,
3H, 6-H, + 6-Hy, + 21-H,), 1.28-1.15 (m, 4H, 19-H,, + 21-H}, + 15-H,, + 5-H), 1.14-0.95
(m, 2H, 1-H,, + 2-Hy) 1.13 (s, 3H, 27-H), 0.93 (s, 3H, 25-H), 0.91 (s, 3H, 29-H), 0.90 (s, 3H,
30-H), 0.83 (s, 3H, 24-H), 0.66 (s, 3H, 26-H) ppm; 13C NMR (100 MHz, CDCl3): 6 = 177.9
(C-28), 170.9 (C-31), 170.6 (C-33), 144.9 (C-13), 138.4 (C-36), 128.6 (C-37), 128.6 (C-41),
127.8 (C-38), 127.8 (C—40), 127.3 (C-39), 122.7 (C-12), 74.4 (C-3), 65.4 (C-23), 47.8 (C-5), 47.6
(C9), 46.6 (C-17), 46.3 (C-19), 43.6 (C-35), 42.3 (C—4), 42.0 (C-14), 40.5 (C-18), 39.3 (C-8),
37.8 (C-1), 36.6 (C-10), 34.1 (C-21), 33.0 (C=30), 32.6 (C-7), 32.0 (C-20), 30.7 (C-15), 27.3
(C-2), 25.6 (C-27), 23.8 (C-29), 23.6 (C-11), 23.4 (C-16), 22.9 (C-22), 21.2 (C-32), 20.9 (C-34),
17.9 (C-6), 16.9 (C-26), 15.8 (C-25), 13.1 (C-24) ppm; and MS (ESI): m/z (%) 646.8 (M + H]*,
(23)), 668.7 (IM + Na]*, 55), 684.6 (IM + K]*, 60); analysis calculated for C4 H59NOs5 (645.93):
C76.24,H9.21, N 2.17; found: C 75.98, H9.44, N 2.02.
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3.16. (3B,4a) 3,23-Bis(acetyloxy)-N-(phenyl)-olean-12-en-28-amide (12)

Following GPB from 5 (450 mg, 0.81 mmol) and aniline (226 mg, 2.43 mmol) followed
by chromatography (SiO», n-hexane/ethyl acetate, 8:2), 12 (440 mg, 98%) was obtained
as a colorless solid; m.p.: 210-214 °C; [oc]%) =+39.2° (¢ = 0.16, CHClI3); Rg = 0.20 (SiO3,
n-hexane/ethyl acetate, 8:2); IR (ATR): v = 2947br, 1744s, 1657s, 12675, 1028w, 748s cm™1;
UV-Vis (CHCl3): Amax (log €) = 237 nm (0.4); '"H NMR (400 MHz, CDCl3): § = 7.49-7.46
(m, 2H, 36-H + 40-H), 7.35-7.24 (m, 2H, 37-H + 39-H), 7.10-7.05 (m, 1H, 38-H), 5.55 (t,
J=3.6 Hz, 1H, 12-H), 4.78 (dd, ] = 11.5,4.9 Hz, 1H, 3-H), 3.85 (d, ] = 11.6 Hz, 1H, 23-H,),
3.70 (d, ] = 11.6 Hz, 1H, 23-H,,), 2.72-2.64 (m, 1H, 18-H), 2.06 (s, 3H, 15-H, + 16-H, +
22-H,), 2.05 (s, 3H, 34-H), 2.02 (s, 3H, 32-H), 1.98 (d, ] = 3.6 Hz, 2H, 11-H, + 11-Hy),
1.88-1.69 (m, 5H, 16-H, + 2-H, + 2-Hy, + 22-Hy, + 7-H,), 1.64-1.59 (m, 5H, 7-Hy, + 19-H,
+9-H + 1-H, + 5-H), 1.47-1.33 (m, 3H, 6-H, + 6-Hy, + 21-H,), 1.31-1.22 (m, 3H, 19-H}, +
21-H,, + 15-Hy), 1.19 (s, 3H, 27-H), 1.10 (tq, ] = 10.8, 3.5 Hz, 1H, 1-Hy,), 0.94 (s, 3H, 29-H),
0.94 (s, 3H, 30-H), 0.94 (s, 3H, 25-H), 0.81 (s, 3H, 24-H), 0.72 (s, 3H, 26-H) ppm; 3C NMR
(100 MHz, CDCly): § = 176.4 (C-28), 170.9 (C-31), 170.7 (C=33), 145.1 (C-13), 138.0 (C=35),
128.8 (C-37), 128.8 (C-39), 124.1 (C-38), 123.1 (C-12), 119.8 (C-36), 119.8 (C-40), 74.4 (C-3),
65.4 (C=23), 47.8 (C-5), 47.6 (C=9), 47.2 (C=17), 46.7 (C-19), 42.6 (C—4), 42.1 (C-14), 40.5
(C-18), 39.4 (C-8), 37.8 (C-1), 36.7 (C-10), 34.2 (C-21), 33.0 (C-30), 32.5 (C-7), 32.0 (C-20),
30.7 (C-15), 27.3 (C-2), 25.6 (C-27), 24.1 (C-29), 23.6 (C-11), 23.6 (C-16), 22.9 (C-22), 21.2
(C-32), 20.9 (C-34), 17.8 (C-6), 16.9 (C-26), 15.9 (C-25), 13.1 (C-24) ppm; and MS (ESI): m/z
(%) 632.7 (IM + HJ]*, 40), 654.7 (IM + Na]*, 35), 670.7 (IM + K]*, 25); analysis calculated for
C40Hs57NOs5 (631.90): C 76.03, H9.09, N 2.22; found: C 75.81, H9.27, N 1.97.

3.17. (3 4a)3,23-Bis(acetyloxy)-N-(piperazinyl)-olean-12-en-28-amide (13)

Following GPB from 5 (450 mg, 0.81 mmol) and piperazine (210 mg, 2.43 mmol)
followed by chromatography (SiO,, n-hexane/ethyl acetate, 8:2), 13 (360 mg, 80%) was
obtained as a colorless solid; m.p.: 183-187 °C; [cx][z)o = +37.9° (¢ = 0.18, CHCl3); Rg = 0.20
(SiO», n-hexane/ethyl acetate, 8:2); IR (ATR): v = 3354br, 2947br, 1735s, 1625s, 1410w, 1242vs,
1002s, 754w cm~1; TH NMR (500 MHz, CDCl3): & = 5.25 (t, ] = 3.3 Hz, 1H, 12-H), 4.78 (dd,
J =115, 5.0 Hz, 1H, 3-H), 3.87 (dd, ] = 11.6, 2.1 Hz, 1H, 23-H.,), 3.71-3.51 (m, 5H, 23-Hj,
+ 35-H, + 35-Hy, + 38-H, + 38-Hy,), 3.37-2.96 (m, 4H, 36-H, + 36-H,, + 37-H, + 37-Hy),
2.96-2.75 (m, 1H, 18-H), 2.44 (dd, ] = 17.5, 9.9 Hz, 1H, 5-H), 2.22-2.08 (m, 1H, 22-H,),
2.08-2.05 (m, 5H, 15-H, + 16-H,), 2.05 (s, 3H, 34-H), 2.01 (s, 3H, 32-H), 1.88 (td, ] = 17.7,
16.0, 11.8 Hz, 5H, 11-H, + 11-H,, + 16-H,, + 2-H, + 2-H,,), 1.76-1.54 (m, 6H, 22-Hy, + 7-H,
+7-Hp, + 19-H, + 9-H + 1-H,), 1.41-1.27 (m, 3H, 6-H, + 6-Hy, + 21-H,), 1.26-1.13 (m, 3H,
19-H,, + 21-Hy, + 15-Hy,), 1.11 (s, 3H, 27-H), 1.04 (dd, ] = 13.7, 4.0 Hz, 1H, 1-Hy,), 0.95 (s, 3H,
25-H), 0.91 (s, 3H, 29-H), 0.89 (s, 3H, 30-H), 0.82 (s, 3H, 24-H), 0.73 (s, 3H, 26-H) ppm; 13C
NMR (125 MHz, CDCls): § = 174.9 (C-28) 171.0 (C-31), 170.6 (C-33), 144.9 (C-13), 121.3
(C-12), 74.6 (C-3), 65.5 (C-23), 51.6 (C-5), 47.9 (C-35), 47.9 (C-38), 47.9 (C-9), 47.3 (C-17),
46.4 (C-19), 46.2 (C-36), 46.2 (C-37), 45.0 (C4), 41.8 (C-14), 40.5 (C-18), 39.1 (C-8), 37.7
(C-1), 36.8 (C-10), 34.0 (C-21), 33.0 (C-30), 32.5 (C-7), 32.2 (C-20), 30.4 (C-15),29.9 (C-2),
27.9 (C-27),25.8 (C-29), 24.1 (C-11), 23.4 (C-16), 22.9 (C-22), 21.2 (C-32),20.9 (C-34), 17.9
(C-6), 16.9 (C-26), 15.8 (C-25), 13.1 (C-24) ppm; and MS (ESI): m/z (%) 626.0 (M + H]*,
80); analysis calculated for C3sHgoN2Os (624.91): C 73.04, H 9.68, N 4.48; found: C 72.84,
H9.82, N 4.15.

3.18. (3B,41)3,23-Bis(acetyloxy)-N-(homopiperazinyl)-olean-12-en-28-amide (14)

Following GPB from 5 (450 mg, 0.81 mmol) and homopiperazine (243 mg, 2.43 mmol)
followed by chromatography (SiO,, chloroform/methanol, 9:1), 14 (186 mg, 41%) was ob-
tained as a colorless solid; m.p.: 176-180 °C; [oc]éo =+31.2° (¢ =0.11, CHCl3); Rg = 0.36 (SiO,,
CHCl3/MeOH 9:1); IR (ATR): v = 2944br, 1738s, 1622w, 1467w, 1239s,1034s, 745w cm~1; 1H
NMR (400 MHz, CDCls): § = 5.27-5.22 (m, 1H, 12-H), 4.77 (dd, ] = 11.5, 5.0 Hz, 1H, 3-H),
4.02-3.82 (m, 1H, 23-H,), 3.69 (d, ] = 11.7 Hz, 1H, 23-H,,), 3.44-3.14 (m, 2H, 39-H, + 39-H,,),
3.06 (d, ] = 13.4 Hz, 2H, 35-H, + 35-Hj,), 2.83- 2.50 (m, 5H, 36-H, + 36-H}, + 37-H, + 37-H,,
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+ 18-H), 2.18-2.08 (m, 2H, 16-H, + 22-H,), 2.05 (s, 3H, 34-H), 2.01 (s, 3H, 32-H), 2.00-1.79
(m, 2H, 11-H, + 11-Hy,), 1.77-1.44 (m, 10H, 16-Hy, + 15-H, + 38-H, + 38— H}, + 22-H, +
2-H, + 2-H,, + 19-H, + 1-H, + 5-H), 1.40-1.33 (m, 5H, 7-H, + 19-H}, + 6-H, + 6-H}, +
21-H,), 1.26-1.14 (m, 5H, 7-Hy, + 9-H + 1-H}, + 21-Hy, + 15-Hy,), 1.11 (s, 3H, 27-H), 0.94
(s, 3H, 25-H), 0.93 (s, 3H, 29-H), 0.89 (s, 3H, 30-H), 0.82 (s, 3H, 24-H), 0.71 (s, 3H, 26-H)
ppmy; 13C NMR (100 MHz, CDCly): § = 176.4 (C-28), 170.9 (C-31), 170.6 (C-33), 144.5 (C-13),
121.7 (C-12), 74.5 (C=3), 65.5 (C-23), 56.6 (C-39), 47.8 (C-5), 47.8 (C-9), 47.0 (C-36), 46.6
(C-17),45.7 (C-19), 46.3 (C-37), 43.7 (C-35), 41.9 (C—4), 40.9 (C-14), 40.5 (C-18), 39.1 (C-8),
37.7 (C-1), 36.8 (C-10), 33.8 (C-21), 33.0 (C-30), 32.4 (C-7), 31.9 (C-20), 30.0 (C-15), 27.8
(C-2), 25.9 (C-38), 25.5 (C-27), 24.0 (C-29), 23.3 (C-11), 22.9 (C-16), 21.2 (C-32), 20.9 (C-34),
22.9 (C-22),17.9 (C-6), 16.9 (C-26), 15.8 (C-25), 13.1 (C-24) ppm; and MS (ESI): m/z (%)
639.7 (IM + HJ*, 90); analysis calculated for C39HgN,Os (638.93): C 73.31, H9.78, N 4.38;
found: C 73.05, H9.93, N 4.11.

3.19. (2a,3B,40,6B) 2,3,23-Tris(acetyloxy)-N-(benzyl)-6-hydroxyurs-12-en-28-amide (15)

Following GPB from 6 (150 mg, 0.24 mmol) and benzylamine (77 mg, 0.72 mmol)
followed by chromatography (SiO,, n-hexane/ethyl acetate, 8:2), 15 (186 mg, 41%) was
obtained as a colorless solid; m.p.: 90-95 °C; [oc]2D0 =—11.7° (c=0.12, CHCl3); Rg = 0.25 (SiO;,
n-hexane/ethyl acetate, 8:2); IR (ATR): v = 3388br, 2924br, 1741vs, 1643s, 1371s, 1233vs,
1028vs, 601w cm™!; UV-Vis (CHCl3): Amax (log €) = 260 nm (0.1); '"H NMR (400 MHz,
CDCls): 6 = 7.32 (dd, ] = 8.0, 6.3 Hz, 2H, 40-H + 42-H), 7.30-7.22 (m, 3H, 39-H + 43-H +
41-H), 5.33-5.26 (m, 2H, 12-H + 2-H), 5.134.99 (m, 1H, 3-H), 4.50 (d, ] = 5.7 Hz, 1H, 6-H),
447 (d, ] =5.6 Hz, 2H, 1-H, + 37-H,), 4.26-4.19 (m, 3H, 23-H, + 1-H}, + 37-Hy,), 3.69 (d,
J =12.0 Hz, 1H, 23-Hy), 2.34 (dd, ] = 19.0, 6.4 Hz, 1H, 18-H), 2.05 (s, 3H, 36-H), 2.00 (s, 3H,
32-H), 2.00 (s, 1H, 16-H,), 1.98 (s, 3H, 34-H), 1.95-1.80 (m, 3H, 11-H, + 11-H,, + 16-Hy,),
1.70-1.56 (m, 4H, 22-H, + 22-H}, + 15-H, + 5-H), 1.56-1.44 (m, 2H, 21-H, + 20-H), 1.40-1.28
(m, 4H, 9-H + 19-H + 21-Hy, + 7-H,), 1.25 (s, 3H, 24-H), 1.20 (s, 3H, 26-H), 1.18-1.15 (m,
1H, 15-Hy,), 0.95 (d, ] = 5.9 Hz, 1H, 7-H,,), 0.95 (s, 3H, 29-H), 0.88 (s, 3H, 25-H), 0.84 (s, 3H,
27-H), 0.83 (s, 3H, 24-H), 0.82 (d, ] = 5.7 Hz, 3H, 30-H) ppm; 13C NMR (100 MHz, CDCl3):
5 =177.6 (C-28), 171.0 (C-35), 170.4 (C-31), 170.2 (C-33), 141.0 (C-38), 138.3 (C-13), 128.7
(C-39), 128.7 (C-43), 128.0 (C-40), 128.0 (C—42), 127.5 (C—41), 126.2 (C-12), 73.4 (C-3), 69.1
(C-2), 67.9 (C-6), 64.9 (C-23), 54.4 (C-18), 48.1 (C-5), 47.2 (C-10), 46.0 (C-17), 45.0 (C—4),
43.9 (C-1),43.8 (C-37),42.3 (C-9), 39.0 (C-19), 38.9 (C-8), 38.4 (C-7), 38.2 (C-14), 37.0 (C-20),
32.3 (C-22), 30.8 (C-21), 27.1 (C-15), 24.7 (C-16), 23.4 (C-11), 22.3 (C-26), 21.9 (C-34), 21.2
(C-30), 21.1 (C-25), 21.0 (C-27), 20.9 (C-32), 20.8 (C-36), 17.3 (C-29), 14.1 (C-24) ppm; and
MS (ESI): m/z (%) 702.3 (M + H—H,0]~, 90), 724.2 (IM + H— H,O + Na]*, 85); analysis
calculated for C43Hg1 NOg (719.96): C 71.74, H 8.54, N 1.95; found: C 71.55, H 8.71, N 1.68.

3.20. (2a,3B,40,6B) 2,3,23-Tris(acetyloxy)-N-(phenyl)-6-hydroxyurs-12-en-28-amide (16)

Following GPB from 6 (150 mg, 0.24 mmol) and aniline (67 mg, 0.72 mmol) fol-
lowed by chromatography (SiO,, n-hexane/ethyl acetate, 8:2), 16 (170 mg, 60%) was
obtained as a colorless solid; m.p.: 135-139 °C; [oc]%)o =+10.9° (¢ = 0.08, CHCI3); R =0.15
(SiOy, n-hexane/ethyl acetate, 8:2); IR (ATR): v = 3403br, 2927br, 1741s, 1438s, 1233vs,
1031s, 757s, 690s cm~1; UV-Vis (CHCl3): Amax (log €) = 246 nm (0.3); 'H NMR (500 MHz,
CDCls): & =7.50-7.42 (m, 2H, 38-H + 42-H), 7.33-7.24 (m, 2H, 39-H + 41-H), 7.10-7.05 (m,
1H, 40-H), 5.62 (d, ] = 3.7 Hz, 1H, 12-H), 5.33-5.25 (m, 1H, 2-H), 5.15 (d, | = 10.4 Hz, 1H,
3-H), 4.34 (4, =3.9 Hz, 1H, 6-H), 423 (d, ] = 11.9 Hz, 1H, 23-H,), 3.70 (d, ] = 12.0 Hz, 1H,
23-H,), 2.38 (s, 1H, 21-H,), 2.36 (dd, ] = 18.9, 6.4 Hz, 1H, 18-H), 2.07 (s, 3H, 36-H), 2.06
(s, 3H, 32-H), 2.02 (s, 3H, 34-H), 2.00-1.98 (1, 3H, 16-H, + 16-H}, + 7-H,), 1.91-1.79 (m,
4H, 11-H, + 11-H,, + 5-H + 9-H), 1.72 (td, ] = 13.8, 4.3 Hz, 1H, 15-H,), 1.66-1.53 (m, 3H,
22-H, + 22-H,, + 7-Hy), 1.50-1.42 (m, 2H, 21-Hy, + 19-H), 1.42-1.30 (m, 3H, 1-H, + 1-H,, +
20-H), 1.26-1.22 (m, 1H, 15-Hy,), 1.21 (s, 3H, 26-H), 1.12 (s, 3H, 27-H), 1.02 (s, 3H, 25-H),
0.99 (d, ] = 2.0 Hz, 3H, 29-H), 0.92 (d, ] = 6.4 Hz, 3H, 30-H), 0.87 (s, 3H, 24-H) ppm; 13C
NMR (125 MHz, CDCls): § = 176.1 (C-28), 170.9 (C-35), 170.4 (C-31), 170.3 (C-33), 141.4
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(C=13), 138.1 (C=37), 129.1 (C-39) 129.1 (C—41), 126.6 (C-12), 124.1 (C-40), 119.7 (C-38), 119.7
(C-42), 73.5 (C-3), 69.1 (C-2), 67.6 (C—6), 64.9 (C-23), 54.7 (C-18), 48.0 (C-5), 47.8 (C-17),
46.1 (C-9), 45.0 (C—4), 4.1 (C-10), 42.4 (C-1), 39.1 (C-19), 38.7 (C-8), 38.5 (C-7), 38.2 (C-20),
37.3 (C-14), 36.8 (C-22), 32.3 (C-21), 27.1 (C-15), 24.9 (C~16), 23.7 (C-11), 22.4 (C-27), 21.9
(C=30), 21.1 (C-34), 20.9 (C-32), 20.8 (C-36), 18.6 (C-29), 17.4 (C-25), 17.2 (C-26), 15.3
(C-24) ppm; and MS (ESI): m/z (%) 686.1 ([M-H-H,0]~, 90), 704.2 (IM-H] ", 17); analysis
calculated for C4HsoNOg (705.93): C 71.46, H 8.42, N 1.98; found: C 71.21, H 8.57, N 1.62.

3.21. (20,3B,4w,6p) 2,3,23-Tris(acetyloxy)-N-(piperazinyl)-6-hydroxyurs-12-en-28-amide (17)

Following GPB from 6 (500 mg, 0.79 mmol) and piperazine (204 mg, 2.37 mmol)
followed by chromatography (SiO,, chloroform/methanol, 9:1), 17 (206 mg, 41%) was
obtained as a colorless solid; m.p.: 133-138 °C; [oc]g) = +20.25° (¢ = 0.08, CHCl3); Rg = 0.66
(SiO,, CHCl3/MeOH, 9:1); IR (ATR): v = 3414br, 2932br, 1741s, 1631s, 1366s, 1233vs, 1025s,
748s cm~1; TH NMR (500 MHz, CDCl3): & = 5.36-5.23 (m, 1H, 12-H), 5.13 (d, ] = 10.4 Hz, 2H,
3-H +2-H),4.24 (d, ] = 11.9 Hz, 2H, 6-H + 23-H,), 3.73-3.57 (m, 1H, 23-H,)), 3.42-3.24 (m,
4H, 37-H, + 37-Hy, + 40-H, + 40-Hy,), 2.89-2.46 (m, 4H, 38-H, + 38-H}, +39-H, + 39-Hy),
244 (d,] =11.2 Hz, 1H, 18-H), 2.33 (dd, ] = 18.8, 6.2 Hz, 1H, 22-H,), 2.03 (s, 3H, 36-H), 1.99
(s,3H, 32-H), 1.98 (s, 3H, 1-H,, 16-H, + 16-Hy,), 1.98 (s, 3H, 34-H), 1.93-1.79 (m, 2H, 11-H,
+11-Hy,), 1.75 (dd, ] =11.7, 5.3 Hz, 1H, 9-H), 1.68-1.58 (1, 2H, 22-H,, + 5-H), 1.52-1.46 (m,
1H, 21-H,), 1.36-1.26 (m, 5H, 1-H}, + 21-H,, + 20-H + 19-H + 7-H,), 1.21 (s, 3H, 26-H), 1.16
(] =3.6 Hz, 1H, 15-H,), 1.12 (s, 3H, 29-H), 1.09-0.98 (m, 1H, 7-Hy), 0.95 (s, 3H, 25-H),
0.96-0.92 (m, 1H, 15-Hy,), 0.94 (s, 3H, 27-H), 0.88 (s, 3H, 30-H), 0.85 (s, 3H, 24-H) ppm; 13¢c
NMR (125 MHz, CDCl3): & = 175.3 (C-28), 171.1 (C-35), 170.4 (C-31), 170.2 (C-33), 143.9
(C-13),126.1 (C-12), 73.6 (C=3), 69.1 (C=2), 67.9 (C-6), 65.0 (C-23), 58.8 (C-18), 48.8 (C=37),
48.8 (C-40), 46.1 (C-17), 45.9 (C-9), 45.8 (C-4), 45.5 (C-5), 45.4 (C-10), 45.0 (C-38), 45.0
(C-39), 42.3 (C-1), 40.5 (C-20), 39.5 (C-19), 38.7 (C-8), 38.3 (C-7), 38.3 (C-14), 32.3 (C-22),
30.4 (C-21), 30.3 (C-16), 27.4 (C-15), 25.4 (C-11), 23.4 (C-25), 23.3 (C-27), 22.4 (C-26),22.3
(C=30), 21.9 (C-34), 21.2 (C-29), 20.9 (C-32), 20.6 (C-36), 17.5 (C-24) ppm; and MS (ESI):
m/z (%) 681.3 (IM + H—H,O]*, 90); analysis calculated for C49Hg»N2Og (698.94): C 68.74,
H 8.94, N 4.01; found: C 68.45, H9.13, N 3.83.

3.22. (2a,3B,4,6B) 2,3,23-Tris(acetyloxy)-N-(homopiperazinyl)-6-hydroxyurs-12-en-28-amide (18)

Following GPB from 6 (500 mg, 0.79 mmol) with homopiperazine (254 mg, 2.37 mmol)
followed by chromatography (SiO,, chloroform/methanol, 9:1), 18 (437 mg, 81%) was
obtained as a colorless solid; m.p.: 146.5-150.5 °C; [oc]ZD0 = +14.38 (c = 0.142 CHCl3);
Rr = 0.45 (Si0O,, CHCl3/MeOH, 9:1); IR (ATR): v = 2943m, 1731s, 1620m, 1464m, 1402m,
1371m, 1237vs, 1210m, 1180m, 1044m, 1029s, 9761, 938m, 749s cm~1; TH NMR (500 MHz,
CDCly): & =5.24-5.09 (m, 2H, 12-H, 2-H), 5.08-5.01 (m, 1H, 3-H), 3.83 (d, ] = 11.8 Hz, 1H,
23-H,), 3.55 (d, ] = 11.8 Hz, 1H, 23-Hy,), 4.02-2.87 (m, 10H, 38-H + 41-H + 40-H + 37-H +
39-H), 2.50-2.11 (m, 2H, 18-H + 16-H.), 2.06 (s, 3H, 32-H), 1.99 (s, 3H, 36-H), 2.09-1.84
(m, 3H, 1-H + 11-H), 1.95 (s, 3H, 34-H), 1.83-1.68 (m, 1H, 22-H,), 1.66-1.54 (m, 2H, 9-H
+22-Hy), 1.53-1.18 (m, 8H, 21-H + 7-H + 19-H + 6-H + 5-H), 1.15-0.98 (m, 3H, 1-Hj, +
15-H), 1.07 (s, 3H, 25-H), 1.05 (s, 3H, 27-H), 0.93 (d, ] = 5.9 Hz, 3H, 30-H), 0.86 (s, 3H,
24-H), 0.84 (d, ] = 5.7 Hz, 3H, 29-H), 0.70 (s, 3H, 26-H) ppm; *C NMR (125 MHz, CDCl,):
§ = 176.6 (C-28), 171.0 (C-35), 170.5 (C-31), 170.5 (C-33), 138.7 (C~13), 124.9 (C-12), 75.0
(C=-3),70.0 (C-2), 65.4 (C-23), 55.2 (C-18), 49.1 (C—-41), 47.8 (C-40), 47.7 (C-39), 47.7 (C-5),
47.7 (C-9), 47.7 (C-38), 46.5 (C-17), 43.8 (C-1), 43.8 (C-37), 42.4 (C-14), 42.0 (C4), 39.5
(C-19), 38.7 (C-20), 38.0 (C-8), 37.9 (C-10), 34.4 (C-22),32.5 (C-7), 30.5 (C-21), 28.1 (C-15),
26.1 (C-16), 23.4 (C-11), 23.4 (C-27), 21.3 (C=30), 21.2 (C-34), 21.0 (C-36), 20.9 (C-32), 18.0
(C-6), 17.4 (C-29), 17.2 (C-25), 17.1 (C-26), 14.0 (C-24) ppm; and MS (ESI): n/z (%) 701.5
([M + HJ*, 100); analysis calculated for C40HgsN2Og (712.97): C 69.07, H 9.05, N 3.93; found:
C 68.86, H9.28, N 3.70.
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3.23. N-[9-[2-({4-(3B 4)-3-Acetyloxy-23,28-dioxours-12-en-28-yl]-1-piperazinyl jcarbonyl)
phenyl]-6-diethylamino-3H-xanthen-3-ylidene]-N-ethylethanaminium Chloride (19)

Following GPC from 9 (186 mg, 0.32 mmol) followed by chromatography (SiO,, chlo-
roform/methanol, 9:1), 19 (213 mg, 64%) was obtained as a purple solid; m.p.: 243-247 °C;
R = 0.29 (SiO,, CHCI3/MeOH, 9:1); IR (ATR): v = 2928w, 1633m, 1586vs, 1481m, 1411s,
1335s, 1273m, 1244s, 1179vs, 11325, 1044w, 921m, 788w, 482w, 410w cm~1; UV-Vis (CHCl3):
Amax (log €) = 260 (4.54), 307 (4.20), 356 (3.90), 561 (5.08) nm; 'H NMR (400 MHz, CDCl3):
5 =9.25 (s, 1H, 23-H), 7.71-7.59 (m, 1H, 38-H), 7.56-7.46 (m, 1H, 37-H), 7.37-7.20 (m, 1H,
39-H), 7.16-6.89 (m, 2H, 44-H + 44'-H), 6.82-6.70 (m, 2H, 47-H + 47'-H), 5.23-5.17 (m,
1H, 12-H), 4.99-4.90 (m, 1H, 3-H), 3.84-3.13 (m, 16H, 49-H + 49'-H + 34-H + 33-H),
3.07-2.80 (m, 1H, 18-H), 2.20-1.98 (m, 1H, 16-H,), 1.93 (s, 3H, 32-H), 1.91-1.82 (m, 2H,
11-H), 1.78-1.51 (m, 6H, 2-H + 1-H, + 19-H, + 9-H + 22-Hj,), 1.49-1.36 (m, 3H, 6-H, +
15-H, + 7-Ha), 1.29 (t, ] = 7.0 Hz, 13H, 49-H + 49'-H + 5-H), 1.25-1.16 (m, 2H, 22-H,)),
1.09 (s, 3H, 27-H), 1.16-1.00 (m, 4H, 19-Hy, + 21-Hy, + 7-H,, + 1-Hy), 1.04 (s, 3H, 23-H),
0.92 (s, 3H, 25-H), 1.00-0.78 (m, 3H, 15-H), 0.85 (s, 3H, 30-H), 0.83 (s, 3H, 29-H), 0.63 (s,
3H, 26-H) ppm; 3C NMR (100 MHz, CDCl3): 5 = 204.6 (C-24), 175.7 (C-28), 170.4 (C-31),
167.8 (C-35), 157.8 (C-48), 157.8 (C-48'),155.9 (C-46), 155.8 (C—46'), 155.7 (C-42), 144.9
(C-13), 135.1 (C-41), 132.4 (C—-45), 132.4 (C-45'), 130.8 (C-36), 130.4 (C-39), 130.3 (C-40),
130.3 (C-38), 127.7 (C-37), 121.1 (C-12), 114.4 (C—44), 114.4 (C—44'), 113.9 (C-43), 113.9
(C—43'),96.4 (C-47), 96.4 (C—47'), 73.5 (C-3), 54.4 (C—4), 47.9 (C-5), 47.9 (C-34), 47.9 (C-41),
47.7 (C-9), 47.6 (C-17), 46.3 (C-49), 46.3 (C—49'), 46.3 (C-19), 43.7 (C-18), 42.0 (C-14), 42.0
(C-33), 42.0 (C-39), 39.5 (C-8), 37.8 (C-1), 36.0 (C-10), 34.0 (C-21), 33.0 (C-29), 32.3 (C-7),
30.4 (C-20), 29.8 (C-22), 27.9 (C-15), 25.9 (C-27), 24.1 (C-30), 23.4 (C-11), 22.6 (C-2), 22.4
(C-16), 21.1 (C-32), 20.5 (C-6), 16.98 (C-26), 15.7 (C-25), 12.8 (C-50), 12.8 (C-50'), 9.5 (C-24)
ppm; and MS (ESI): m/z (%) 1005.7 ((M—CI]*, 100); analysis calculated for Cs4HgsCIN4Og
(1041.86): C 73.78, H 8.22, N 5.38; found: C 73.49, H 8.47, N 5.08.

3.24. N-[9-[2-({4-(3B, 4a)-3-Acetyloxy-23,28-dioxours-12-en-28-yl]-1,4-diazepan-1-yl jcarbonyl)
phenyl]-6-diethylamino-3H-xanthen-3-ylidene]-N-ethylethanaminium Chloride (20)

Following GPC from 10 (176 mg, 0.30 mmol) followed by chromatography (SiO,, chlo-
roform/methanol, 9:1), 20 (171 mg, 56%) was obtained as a purple solid; m.p.: 270-276 °C;
R = 0.29 (SiO,, CHCl3/MeOH, 9:1); IR (ATR): v = 2927w, 1739m, 1650w, 1644w, 1625m,
1587vs, 1529w, 1468m, 1412s, 1381m, 1336s, 1245s, 1180vs, 1074m, 975m, 824w, 748m, 620w,
472w, 412w cm~1; UV-Vis (CHCl3): Amax (10g €) = Amax (log €) = 260 (4.19), 308 (3.89), 356
(3.59), 562 (4.75) nm; 'H NMR (400 MHz, CDCls): & = 9.25 (s, 1H, 24-H), 7.73-7.53 (m, 1H,
41-H), 7.49-7.37 (m, 1H, 40-H), 7.36-7.08 (m, 3H, 48-H + 42-H), 7.04-6.58 (m, 2H, 50-H +
50'~H), 5.31-5.16 (m, 1H, 12-H), 5.05-4.86 (m, 1H, 3-H), 4.22-3.47 (m, 8H, 52-H + 52'-H +
33-H + 35-H + 37-H), 3.45-2.94 (m, 1H, 34-H + 18-H), 2.41-2.17 (m, 2H, 36-H), 1.93 (s, 3H,
32-H), 2.15-1.80 (m, 2H, 11-H), 1.79-1.56 (m, 6H, 16-H + 1-H, + 19-H, + 22-H, + 9-H),
1.56-1.24 (m, 4H, 7-H, + 5-H + 2-H), 1.31 (t, ] = 6.2 Hz, 12H, 53-H + 53/-H), 1.23-0.99
(m, 5H, 21-H + 7-Hy, + 19-H}, + 1-H,), 1.10 (s, 3H, 27-H), 1.04 (s, 3H, 23-H), 1.04-0.80
(m, 15-H + 6-H), 0.94 (s, 3H, 25-H), 0.90 (s, 3H, 30-H), 0.85 (s, 3H, 29-H), 0.67 (s, 3H,
26-H) ppm; 13C NMR (100 MHz, CDCl3): 5 = 204.5 (C-24), 175.6 (C-28), 170.3 (C-31), 167.7
(C-38), 157.7 (C-51), 157.7 (C-51'), 155.8 (C-49), 155.7 (C-49"), 155.6 (C—45), 144.8 (C-13),
135.0 (C—44), 132.3 (C—48), 130.7 (C-39), 130.3 (C-43), 130.2 (C-42), 130.2 (C-41), 127.6
(C—40), 121.0 (C-12), 114.3 (C-47), 114.3 (C-47"), 113.8 (C—46), 113.8 (C46'), 96.4 (C-50), 96.3
(C=50'), 73.4 (C-3), 54.3 (C—4), 49.2 (C-35), 47.8 (C=5), 47.6 (C=9), 47.4 (C-17), 47.2 (C-34),
46.5 (C-33 + C-37), 46.2 (C-19), 46.2 (C-52), 46.1 (C-52'), 43.5 (C-18), 41.9 (C-14), 39.4 (C-8),
37.7 (C-1), 35.8 (C-10), 33.9 (C-21), 32.9 (C-29), 32.2 (C~7), 30.3 (C-22), 27.7 (C~15), 26.6
(C-36), 25.8 (C-27), 24.0 (C-30), 23.2 (C-11), 22.4 (C-16), 21.9 (C-2), 21.0 (C-32), 20.4 (C-6),
16.9 (C-26), 15.5 (C-25), 12.7 (C-53), 12.7 (C-53'), 9.4 (C-23) ppm; and MS (ESI): m1/z (%)
1019.1 (IM—Cl]*, 100); analysis calculated for Ce5HgyCIN4Og (1055.88): C 73.94, H 8.31,
N 5.31; found: C 73.76, H 8.57, N 5.05.
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3.25. N-9-[2-({4-[(33,4«)-3,23-Bis(acetyloxy)-28-oxours-12-en-28-yll-1-piperazinyl jcarbonyl)
phenyl]-6-diethylamino-3H-xanthen-3-ylidene]-N-ethylethanaminium Chloride (21)

Following GPC from 13 (500 mg, 0.80 mmol) followed by chromatography (SiO,, chlo-
roform/methanol, 9:1), 21 (237 mg, 47%) was obtained as a purple solid; m.p.: 236-243 °C;
Rg = 0.19 (SiO,, CHCl3/MeOH 95:5); IR (ATR): v = 3340br, 2938br, 1728s, 1585vs, 1338vs,
12400s, 1005s, 686w cm~1; UV-Vis (CHCl3): Amax (log €) = 258 (0.3), 306 (0.1), 354 (0.1), 561
(1.0) nm; '"H NMR (500 MHz, CDCl3): & = 7.72-7.43 (m, 3H, 42-H + 43-H + 41-H), 7.38-7.29
(m, 1H, 44-H), 7.36-7.24 (m, 2H, 49-H + 49'-H), 7.04 (d, ] = 37.5 Hz, 2H, 48-H + 48'-H),
6.83-6.63 (m, 2H, 51-H + 51'-H), 5.21 (d, ] = 3.6 Hz, 1H, 12-H), 4.76 (dd, | = 11.5, 4.9 Hz,
1H, 3-H), 3.96-3.80 (m, 1H, 23-H,), 3.69-3.57 (m, 3H, 23-H}, + 53-H + 53'-H), 3.41-3.32 (1,
2H, 36-H, + 36-H}, + 37-H, + 37-Hy), 3.27-3.22 (m, 2H, 35-H, + 35-H, + 38-H, + 38-Hy),
3.02-2.83 (m, 1H, 18-H), 2.63-2.40 (m, 1H, 5-H), 2.05 (d, ] = 2.6 Hz, 3H, 32-H), 2.02 (s, 3H,
34-H), 1.96-1.75 (m, 2H, 11-H, + 11-Hy), 1.72-1.38 (m, 14H, 16-Ha + 16-Hy, + 19-H, + 7-Ha
+7-Hy, + 2-H, + 2-Hy, + 1-H, + 9-H + 6-H, + 6-H, + 15-H, + 22-H, + 21-H,), 1.31 (¢,
J = 6.9 Hz, 2H, 54-H + 54'-H), 1.24-1.08 (m, 5H, 19-H}, + 15-Hy, + 22-H, + 1-H}, + 21-Hy),
1.07 (s, 3H, 27-H), 1.00 (d, ] = 23.5 Hz, 3H, 29-H), 0.92 (s, 3H, 25-H), 0.86 (d, ] = 1.9 Hz, 3H,
30-H), 0.81 (s, 3H, 24-H), 0.64 (s, 3H, 26-H) ppm; *C NMR (125 MHz, CDCly): § = 175.7
(C-28), 171.0 (C-31), 170.6 (C-33), 167.7 (C-37), 157.7 (C-52), 157.7 (C-52), 155.8 (C—46),
155.7 (C-50), 155.6 (C-50"), 144.6 (C-13), 135.1 (C—45), 132.3 (C49), 132.3 (C-49'), 130.7
(C—40), 130.4 (C—44), 130.2 (C—42), 130.2 (C—43), 127.6 (C—41), 121.4 (C-12), 114.3 (C—48),
114.3 (C-48'), 113.8 (C—47), 113.8 (C-47'), 96.3 (C-51), 96.3 (C-51'), 74.5 (C-3), 65.4 (C-23),
55.8 (C=5), 47.9 (C-9), 47.7 (C-17), 47.5 (C-36), 47.5 (C=37), 46.2 (C-19), 46.1 (C-53), 46.1
(C-53"), 45.4 (C—4), 43.5 (C-18), 41.7 (C-35), 41.7 (C-38), 40.5 (C-14), 39.0 (C-8), 37.7 (C-1)
36.8 (C-10), 34.0 (C-21), 32.9 (C-30), 32.5 (C-7), 32.3 (C-20), 30.3 (C-15), 29.9 (C-2), 27.8
(C-27),25.7 (C-29), 24.0 (C-11), 23.4 (C-16), 22.9 (C-22), 21.2 (C-32), 20.9 (C-34), 17.9 (C-6),
16.9 (C-26), 15.8 (C-25), 13.1 (C-24) 12.7 (C-54), 12.7 (C-54') ppm; and MS (ESI): m1/z (%)
1049.86 (IM—CIl]*, 60); analysis calculated for C¢HggCIN4O;7 (1085.91): C 73.00, H 8.26, N
5.16; found: C 72.84, H 8.41, N 4.87.

3.26. N-9-[2-({4-1(3B,4«)-3,23-Bis(acetyloxy)-28-oxours-12-en-28-yll-1,4-diazepan-1-yl}
carbonyl)phenyl]-6-diethylamino-3H-xanthen-3-ylidene]-N-ethylethanaminium Chloride (22)
Following GPC from 14 (156 mg, 0.24 mmol) followed by chromatography (SiO>, chlo-
roform/methanol, 9:1), 22 (49 mg, 31%) was obtained as a purple solid; m.p.: 243-248 °C;
Rg = 0.29 (SiO,, CHCl3/MeOH, 9:1); IR (ATR): v = 3424br, 2941br, 17325, 1640w,1588s,
1338w, 1244s, 690w cm~!; UV-Vis (CHCl3): Amax (log €) = 256 (0.2), 304 (0.1), 354 (0.1), 558
(0.5) nm; TH NMR (500 MHz, CDCl3): & = 7.84-7.68 (m, 1H, 42-H), 7.67-7.55 (m, 2H, 43-H
+44-H),7.43 (d, ] = 6.6 Hz, 1H, 45-H), 7.26 (s, 2H, 50-H + 50'-H), 7.05 (¢, ] = 11.1 Hz, 2H,
49-H + 49'-H), 6.89-6.70 (m, 2H, 52-H + 52'-H), 5.31-5.17 (m, 1H, 12-H), 4.80-4.69 (m, 1H,
3-H), 3.84 (t, ] = 10.3 Hz, 1H, 23-H,), 3.74-3.40 (m, 5H, 23-H,, + 54-H+ 54/-H + 39-H, +
39-Hy), 3.13 (d, ] = 75.5 Hz, 2H, 35-H, + 35-H},), 2.94-2.82 (m, 5H, 18-H + 36-H, + 36-H}, +
37-Ha+ 37-Hy,), 2.18-2.07 (m, 1H, 16-H, + 22-H,) 2.05 (s, 3H, 34-H), 2.00 (s, 3H, 32-H), 1.87
(tq,] =18.0,9.1, 8.6 Hz, 2H, 11-H, + 11-Hy,), 1.74-1.35 (m, 14H, 16-H,, + 19-H, + 19-H,, +
15-H, + 38-H, + 38-H}, + 2-H, + 2-H}, + 22-H}, + 1-H, + 7-H, + 6-H, + 6-H}, +21-H,),
1.26-1.13 (m, 5H, 7-H,, + 9-H + 1-H,, + 21-Hy, + 15-Hy, + 55-H + 55'-H), 1.12 (s, 3H, 27-H),
0.94 (s, 3H, 25-H), 0.93 (s, 3H, 29-H), 0.89 (s, 3H, 30-H), 0.81 (s, 3H, 24-H), 0.74 (s, 3H, 26-H)
ppm; 13C NMR (125 MHz, CDCl3): & = 174.5 (C-28), 171.0 (C=31), 170.7 (C-33), 166.8 (C—-40),
157.7 (C-53), 157,7 (C-53'), 155.7 (C-47), 155.7 (C-51), 155,6 (C-51'), 144.7 (C-13), 135.0
(C—46), 132.2 (C-50), 132.2 (C-50"), 130.6 (C—41), 130.4 (C—45),130.3 (C-43), 130.2 (C—44),
127.8 (C—42), 121.4 (C-12), 114.3 (C—49), 114.3 (C—49'), 113.9 (C-48), 113.9 (C-48/), 96.2
(C-52), 96.2 (C-52'), 74.6 (C-3), 65.5 (C-23), 56.3 (C-39), 48.0 (C-5), 47.9 (C-9), 47.8 (C-36),
46.6 (C-17), 46.3 (C-37), 46.2 (C-54), 46.2 (C-54"), 45.5 (C-19), 43.7 (C-35), 41.9 (C-4), 40.6
(C-14), 40.5 (C-18), 39.1 (C-8), 37.7 (C-1), 36.8 (C-10), 34.1 (C-21), 33.0 (C=30), 32.4 (C-7),
32.3 (C=20), 30.3 (C-15), 30.0 (C-2), 27.9 (C-27), 25.8 (C-29), 23.9 (C-11), 23.4 (C-16), 22.9
(C-22), 21.2 (C-32), 20.9 (C-34), 18.0 (C-6), 16.8 (C-26), 15.8 (C-25), 13.1 (C-24), 12.9 (C-55),
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12.9 (C-55") ppm; and MS (ESI): m/z (%) = 1064.1 (IM—Cl]*, 70); analysis calculated for
Cg7Hy1 CIN4O7 (1099.94): C 73.16, H 8.34, N 5.09; found: C 72.87, H 8.53, N 4.85.

3.27. N-{6-Diethylamino-9-[2-({4[ (2a,3B,4«,6)-2,3,23-tris(acetyloxy)-6-hydroxy-28-oxours-
12-en-28-yl)-1-piperazinyllcarbonyllphenyl]-3H-xanthen-3-ylidene)-N-ethylethanaminium
Chloride (23)

Following GPC from 17 (156 mg, 0.22 mmol) followed by chromatography (SiO,, chlo-
roform/methanol, 9:1), 23 (88 mg, 56%) was obtained as a purple solid; m.p.: 228-233 °C;
Rg = 0.20 (SiO,, CHCl3 /MeOH, 95:5); IR (ATR): v = 2915w, 2897w, 1735s, 1568s, 1466s, 1340s,
12325, 11600s, 10775 cm™~1; UV-Vis (CHCl3): Amax (log €) = 256 (0.4), 305 (0.2), 354 (0.1), 560
(1.0) nm; 'H NMR (500 MHz, CDClg): § = 7.84-7.61 (m, 2H, 44-H, 45-H), 7.54-7.47 (m, 1H,
43-H), 7.35-7.27 (m, 3H, 46-H, 51-H, 51’-H), 7.18-6.93 (m, 2H, 50-H, 50'-H), 6.92-6.67 (m,
2H, 53-H, 53/-H), 5.32-5.24 (m, 1H, 12-H), 5.13 (dd, ] = 10.4, 6.7 Hz, 2H, 3-H, 2-H), 4.23
(dd, ] =11.9,7.7 Hz, 2H, 6-H, 23-H,), 3.78-3.51 (m, 3H, 55-H, 55'-H, 23-Hy,), 3.49-3.18 (m,
8H, 37-Ha,, 37-Hy, 40-H,, 40-Hy,, 38-H,, 38-Hy, 39-H,, 39-Hy,), 2.23-2.11 (m, 1H, 22-H,),
2.09 (s, 3H, 36-H), 2.16-2.07 (m, 2H, 18-H, 16-H.), 2.02 (s, 3H, 32-H), 2.00 (s, 3H, 34-H),
1.98 (s, 3H, 1-H,, 16-H), 1.92-1.77 (m, 2H, 11-H,, 11-H,,), 1.80-1.54 (m, 1H, 9-H), 1.66-1.27
(m, 14H, 6-H,, 6-Hy, 7-Ha, 7-Hy, 16-Hy, 22-Hy,, 21-H,, 1-Hy, 15-Ha, 21-Hy, 20-H, 19-H,,
56-H, 56'-H), 1.25 (s, 3H, 26-H), 1.22-0.92 (m, 2H, 15-Hy,, 19-H,), 1.12 (s, 3H, 29-H), 0.99 (s,
3H, 25-H), 0.93 (s, 3H, 27-H), 0.86 (s, 3H, 30-H), 0.82-0.75 (m, 1H, 5-H), 0.83 (s, 3H, 24-H)
ppm; 13C NMR (125 MHz, CDClg): § = 174.6 (C-28), 171.0 (C-35), 170.5 (C-31), 170.2 (C-33),
167.7 (C-41), 157.7 (C-54), 157.7 (C-54'), 155.9 (C—48), 155.6 (C-52), 155.6 (C-52'), 144.7
(C-13), 135.0 (C-47), 132.3 (C-51), 132.3 (C-51'), 130.7 (C—42), 130.3 (C—46), 130.2 (C-44),
130.1 (C—45), 127.7 (C-43), 126.0 (C-12), 114.3 (C-50), 114.3 (C-50), 113.9 (C-49), 113.9
(C—49'),96.2 (C-53), 96.2 (C-53'), 73.5 (C-3), 69.1 (C-2), 67.5 (C-6), 64.9 (C-23), 58.7 (C-18),
48.7 (C-37), 48.7 (C-39), 46.2 (C-17), 45.9 (C-55), 45.9 (C-55'), 45.9 (C-9), 45.7 (C—4), 45.5
(C-5), 45.3 (C-10), 45.0 (C-38), 45.0 (C-39), 42.3 (C-1), 40.6 (C-20), 39.3 (C~19), 38.6 (C-8),
38.3 (C—7), 38.2 (C=14), 32.3 (C-22), 30.4 (C-21), 30.3 (C=16), 27.4 (C-15), 25.4 (C-11), 23.4
(C-25), 23.3 (C-27), 22.4 (C-26), 22.3 (C-30), 21.9 (C-34), 21.1 (C-29), 20.9 (C-32), 20.7 (C-36)
17.4 (C-24), 12.7 (C-56), 12.7 (C-56') ppm; and MS (ESI): m/z (%) = 1123.7 ((M—Cl]~, 35);
analysis calculated for CegHg1CIN4O1 (1159.94): C 70.41, H 7.91, N 4.83; found: C 7021,
H8.13, N 4.74.

3.28. N-{6-Diethylamino-9-[2-({4[ (2x,3B,4a,6)-2,3,23-tris(acetyloxy)-6-hydroxy-28-oxours-12-
en-28-yl)-1,4-diazepan-1-yljcarbonyllphenyl]-3H-xanthen-3-ylidene)-N-ethylethanaminium
Chloride (24)

Following GPC from 18 (250 mg, 0.35 mmol) followed by chromatography (SiO,, chlo-
roform/methanol, 9:1), 24 (197 mg, 48%) was obtained as a purple solid; m.p.: 269-273 °C;
Rg = 0.34 (S5i0,, CHCl3/MeOH 9:1); IR (ATR): v = 2925w, 1739m, 1645w, 1626m, 1587vs,
1412s, 1395m, 13365, 1244s, 1179vs, 1160m, 1073m, 1029m, 97611, 7465, 683s, 472w, 410w cm™;
UV-Vis (CHCl3): Amax (log €) = 260 (4.43), 307 (4.10), 355 (3.80), 562 (4.98) nm; TH NMR
(500 MHz, CDCl3): & =7.72-7.54 (m, 2H, 46-H + 45-H), 7.50-7.37 (m, 1H, 44-H), 7.33-7.07
(m, 3H, 47-H + 51-H + 51'-H), 6.96-6.62 (m, 2H, 54-H + 54'-H), 5.58-5.46 (m, 1H, 12-H),
5.38-5.20 (m, 1H, 2-H), 5.11 (d, ] = 10.4 Hz, 1H, 3-H), 4.21 (d, ] = 11.8 Hz, 1H, 23-H,),
4.15-2.81 (m, 19H, 56-H + 56'-H + 23-H}, + 37-H + 38-H + 39-H + 40-H + 41-H), 2.52-2.22
(m, 4H, 18-H + 22-H, + 16-H), 2.20-1.84 (m, 3H, 1-H, + 11-H), 2.02 (s, 3H, 36-H), 1.97
(s, 3H, 34-H), 1.96 (s, 3H, 32-H), 1.83-1.66 (m, 1H, 9-H), 1.64-1.50 (m, 1H, 22-H), 1.31 (s,
12H, 57-H + 57/-H), 1.49-1.22 (m, 5H, 21-Hy, + 1-H}, + 19-H + 6-H +20-H), 1.18 (s, 3H,
25-H), 1.10 (s, 3H, 24-H), 1.03-0.87 (m, 1H, 5-H), 0.93 (s, 3H, 27-H), 0.91 (s, 3H, 29-H), 0.83
(s, 3H, 26-H), 0.82 (s, 3H, 30-H) ppm; 13C NMR (125 MHz, CDCly): § = 176.8 (C-28), 171.1
(C-35), 170.5 (C-31), 170.4 (C-33), 168.1 (C-42), 157.9 (C-55), 157.9 (C-55"), 155.9 (C-53),
155.9 (C-53'), 155.8 (C—49), 143.1 (C-13), 134.1 (C—48), 132.5 (C-51), 132.5 (C-51'), 131.4
(C-52), 131.4 (C-52'), 130.2 (C—46), 130.1 (C-47), 129.7 (C-45), 126.9 (C—44), 122.7 (C-12),
114.2 (C-51), 114.2 (C-51'), 114.0 (C-50), 113.8 (C-50'), 96.4 (C-54), 96.4 (C-54), 73.7 (C-3),
69.3 (C-2), 65.1 (C=23), 55.8 (C—18), 49.4 (C=37), 49.4 (C—41), 46.6 (C—40), 46.4 (C-39), 46.3
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(C-56), 46.6 (C-56'), 46.2 (C-38), 46.2 (C-17), 46.0 (C-9), 45.1 (C-4), 43.9 (C-14),42.4 (C-1), 38.8
(C-19), 38.6 (C-5), 38.5 (C-20), 38.4 (C-6), 38.4 (C-8), 38.3 (C-10), 34.2 (C-7),32.4 (C-22), 30.4
(C-21), 27.4 (C-15), 25.4 (C-16), 23.5 (C-11), 23.1 (C-27), 22.4 (C-25), 22.0 (C-24), 21.3 (C-29),
21.2 (C-26), 21.0 (C-34), 21.0 (C-32), 20.8 (C-36), 17.7 (C-30), 12.8 (C-57 + C-57') ppm; and
MS (ESI): m/z (%) 1137.7 ((IM—Cl]*, 25); analysis calculated for Ce9Ho3CIN4O1¢ (1173.97):
C70.59, H7.99, N 4.77; found: C 70.33, H 8.16, N 4.52.

4. Conclusions

Several amides and rhodamine B conjugates derived from parent triterpenoic acids
gypsogenin, hederagenin, and madecassic acid were synthesized and their cytotoxicity
was evaluated in SRB assay. While the parent acids exhibited very low cytotoxicity, their
corresponding acetates proved better. Acetylated amides, however, gave significantly
lower ECs values than the acetates. A significant increase in cytotoxicity was observed for
the corresponding rhodamine B conjugates obtained from the latter. While rhodamine B
is not cytotoxic (cut-off 30 uM), triterpenoic conjugates of rhodamine B holding a piper-
azinyl or homopiperazinyl spacer were cytotoxic, even in nano-molar concentration, with
compound 24 being the most cytotoxic one. In comparison, homopiperazinyl-spacered
compounds were more tumor-cell selective than their piperazinyl-spacered analogs. The
preparation of benzyl and phenylamides succeeded in generating compounds holding
similar bioactivity as previously reported for some analogs derived from betulinic, ursolic,
glycyrrhetinic, or oleanolic acid. Our present studies showed spacered conjugates derived
from madecassic acid of excellent cytotoxicity in single-digit nanomolar concentration
combined with a noteworthy tumor/non-tumor cell selectivity.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10.3
390/ijms23084362 /51, Supplementary File S1: details of the SRB assay, and depicted NMR ('H, 13C).
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Amides and rhodamine B conjugates of different pentacyclic triterpene acids have been shown outstanding
cytotoxicity for human tumor cells. Starting from asiatic acid, a new rhodamine B hybrid has been synthesized,
and its cytotoxic activity was investigated employing several human tumor cell lines (A375 (melanoma), HT29
(colorectal carcinoma), MCF7 (breast adenocarcinoma), A2780 (ovarian carcinoma), HeLa (cervical carcinoma),
(NIH 3T3 (non-malignant murine fibroblasts). For these conjugates of this kind it has been established that the
spacer attached to the carboxyl group at ring E governs the magnitude of the cytotoxicity. These asiatic acid -
rhodamine B conjugates were highly cytotoxic for human tumor cell lines but also selective. For example, 7, an
acetylated homopiperazinyl spacered rhodamine B conjugate, held an ECso = 0.8 nM for A2780 ovarian carci-
noma cells. Additional staining experiments showed the rhodamine B conjugates to act as mitocans and to effect
apoptosis. In further tests using 3D spheroid models of colorectal- and mamma carcinoma, 7 demonstrated ac-
tivity in the lower nanomolar range and the ability to overcome resistance to clinically used standard chemo-
therapeutic drugs. Therefore 7 induces cytotoxic effects leading to an equal response in the chemotherapy of both
sensitive and resistant tumor models. Analyses of mitochondrial function and glycolysis and respiration derived
ATP production confirmed compound 7 to act as mitocan but also revealed a rapid perturbation of the cellular
energy metabolism as the primary mechanism of action, which is completely different to conventional chemo-
therapeutic drugs and thereby explains the ability of compound 7 to overcome chemotherapeutic drug resistance.

1. Introduction currently of great and unbroken interest. As early as 1924, O. Warburg

[12] put forward a hypothesis on the connection between the impair-

For millennia, people have utilized the beneficial effects of natural
substances to alleviate and even to heal diseases [1-5]. Thereby, the
health-promoting effects of predominantly herbal substances were used;
the positive properties attributed to these compounds are demonstrably
based on their content of secondary plant metabolites.[6-8] These
substances, were also used to treat non-communicable diseases such as
high blood pressure, inflammation or to act as immune-modulators
[9-11]. Several of them also hold anti-carcinogenic, antioxidant and
anti-inflammatory effects. Consequently, they are predestinated to
develop derivatives of even higher bioactivity and increased selectivity.

Especially their cytotoxic activity towards malignant tumor cells is

* Corresponding author.
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ment of mitochondrial function and the growth of tumor cells. Recently,
his assumptions have entered the scientific focus again and triggered the
development of theory-based methods to treat cancer. Compounds that
act preferentially on the mitochondria are now referred as so-called
mitocans [13,14], and their mode of action is primarily based on tar-
geted apoptosis in the mitochondria [15,16]. One way to develop new
mitocans was found in the synthesis of triterpenoic acid derived car-
boxamides, holding an extra rhodamine moiety. As in 2014 works by B.
Siewert et al. and S. Sommerwerk et al. dealt with the cytotoxic activity
of selected triterpene carboxylic acid derivatives [17-22]. Thereby,
various compounds derived from betulinic, oleanolic, ursolic,
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glycyrrhetinic, boswellic and maslinic acid were investigated regarding
their cytotoxic activity and tumor cell/non-tumor cell selectivity [17,
23-25].

While the unsubstituted triterpenoic acids held no or only low
cytotoxic activity, their corresponding conjugates demonstrated activity
even at single-digit nanomolar concentrations [17,26]. Recent studies
from our group also revealed that the attachment of a benzylamine,
phenylamine and especially of a rhodamine moiety to a triterpenoic acid
dramatically improves cytotoxicity [15,27-31]. Thus, a madecassic acid
derived conjugate, held ECsg (0.0029 + 0.0005 pM) values even in
extremely low nanomolar ranges [30]. Thereby, this conjugate was
more than 2.4 times higher cytotoxic than an analog derived from
maslinic acid conjugate and it was of almost the same cytotoxicity as an
analog derived from corosolic acid [17,32]. In terms of structure, mas-
linic and corosolic acid differ only in the number hydroxyl groups when
compared to madecassic or asiatic acid. Therefore, we assumed that the
presence of an additional hydroxyl group is essential for obtaining
compounds of increased cytotoxicity while retaining high selectivity
[33,34]. Thus, it becomes evident, that the synthesis of novel asiatic acid
derived derivatives offers a great possibility to access compounds of high
anticarcinogenic activity. In this work, a variety of asiatic acid de-
rivatives was synthesized and their cytotoxicity was examined by SRB
assays.

2. Results and discussion

Asiatic acid (1) was selected as starting material. This triterpenoic
acid is available in large quantities and very good purity from a local
supplier (Carbolution GmbH). Acetylation of asiatic acid gave triacety-
lated 1 whose reaction with oxalyl chloride followed by the addition of
piperazine or homopiperazine yielded the corresponding amides 3 and
4. Compounds 3 and 4 were coupled with rhodamine B acid chloride (in
situ prepared from 5) to afford conjugates 6 and 7 (Scheme 1), respec-
tively. Compounds 1-7 were subjected to SRB assays employing a se-
lection of human tumor cell lines and non-malignant fibroblasts (NIH
3T3) to assess both their cytotoxicity and their tumor cell/non-tumor
cell selectivity [18-20,31,35]. The results from these assays are
compiled in Table 1.

In general, derivatives of asiatic acid are higher cytotoxic than their
analogs derived from oleanolic, ursolic or maslinic acid [17,19,27].
Compounds 3-5 are similar in cytotoxicity but 6 and especially 7,
however, are significantly more cytotoxic (Fig. 1). This increase in

—_—

R'0O—
3 ( 1 R' = H (asiatic acid)
2R'=Ac

5 (rhodamine B)
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Table 1

SRB assay: ECgq values [pM] after 72 h of treatment; averaged from three in-
dependent experiments performed each in triplicate; confidence interval CI =
95%. Human cancer cell lines: A375 (melanoma), HT29 (colorectal carcinoma),
MCF7 (breast adenocarcinoma), A2780 (ovarian carcinoma), HeLa (cervical
carcinoma), (NIH 3T3 (non-malignant murine fibroblasts); cut-off 30 pM, n.d.
not determined. Doxorubicin (Dox) has been used as a positive standard.

# A375 HT29 MCF7 A2780 HeLa NIH 3T3
1 >30 >30 >30 282 % n.d. 26.2 +
0.3 25
2 n.d. 89+08 70+14 58+08 nd 6.2 £ 0.2
3 1.3+02 1.3+0.1 20+0.1 0.8 £ n.d. 1.8+
0.09 0.04
4 0.58 + 1.35+ 1.63 = 112+ n.d. 1.44 =
0.1 0.05 0.5 0.2 0.2
5 >30 >30 >30 >30 n.d. >30
6 n.d. 0.017 + 0.012 £ 0.008 + n.d. 0.178 +
0.013 0.002 0.002 0.027
7 0.0028 0.0055 0.0071 0.0008 0.0177 0.0650
+0.0005  +0.0023 + 0.0021 +0.0001 =+ 0.0049 + 0.0262
Dox nd 0.9 + 0.2 11403 0.02+ n.d. 1.7 £ 0.3
0.01

cytotoxicity might be caused by a higher bioavailability, due to an
increased solubility resulting from the presence of an extra acetyl group
at position 23 in asiatic acid derived compounds paralleling the solu-
bility behavior of the parent compounds inasmuch as asiatic acid is
about 5 times better soluble than maslinic acid. Their tumor
cell/non-tumor cell selectivity is also nearly the same, but significantly
better for 7 than of the other conjugates.

The results of some extra staining experiments employing A375 cells
and compound 7 are depicted in Fig. 2; they allow a quantification of the
ratio apoptosis/necrosis. Thereby, cells found in R1 are found to be
necrotic, late apoptotic cells show up in R2, while viable cells are
measured in R3 and apoptotic cells are found in R4. Treatment of A375
cells with 7 for 24 h showed 81.4% of the cells being viable; after 2 days
44.1% of the cells were apoptotic, and only 3.9% of the cells were
necrotic. This clearly indicates that A375 cells die rather by apoptosis
than by necrosis.

However, the results revealed the asiatic acid conjugates to be more
cytotoxic than the corresponding analogs obtained from oleanolic,
ursolic, maslinic or madecassic acid and above all, better than those
previously described derivatives from betulinic and glycyrrhetinic acid.

Scheme 1. Synthesis of compounds: (a) Ac,0, NEt3, DMAP (cat.), DCM, 23 °C, 1 h, 1 (98%); (b) (COCI),, DCM, DMF (cat.), then piperazine or homopiperazine,
23 °C, 1 h; 3 (90%), 4 (79%); rhodamine B (5), (COCI),, DCM, NEt; (cat.), DMF (cat.), 23 °C, 1 h, then 3 or 4, 0 °C = 23 °C, 1 h; = 6 (73%) and 7 (56%).
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Fig. 1. Comparison of cytotoxicity and selectivity of compounds for A2780
(tumor cell line) and NIH 3T3 (non-malignant murine fibroblasts). Selectivity
index (SI) is defined as: SI = ECso (NIH 3T3)/ECso (A2780).

This confirms our initial assumption that not only the triterpene skeleton
and the type of amide, but also the number of acetoxy groups and the
linking position of the rhodamine residue significantly influences the
cytotoxic activity and tumor cell selectivity.

The most active compound 7 was further investigated in 3D spheroid
models to prove potential antitumor activity and the ability to overcome
resistance to conventional chemotherapeutic drugs. Tumor spheroids
are useful in vitro models representing several important aspects of real
tumor tissues, i.e., three-dimensional growth with structural organiza-
tion and physiologically relevant cell-cell and cell-matrix interactions,
establishment of tumor microenvironmental characteristics such as
nutrient gradients, hypoxia, and acidosis, as well as in terms of drug
resistance mechanisms [36,37]. Our model comprises two colorectal
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carcinoma- and two mamma carcinoma cell line derived spheroid types
with one of each showing resistance to the clinically relevant drugs
5-FU, oxaliplatin and irinotecan or doxorubicin and paclitaxel, respec-
tively. In addition, the tumor cells stably express luciferase enabling
analysis of spheroid growth and response to therapy by measurement of
bioluminescent signal intensity.

As exemplary depicted in Fig. 3 and summarized in Table 2, treat-
ment with compound 7 resulted in a dose dependent inhibition of
spheroid growth in all spheroid types with an overall activity in the
lower nanomolar range. The dose-dependent drug accumulation could
be visualized employing the intrinsic fluorescence of compound 7
(Fig. 3). Interestingly, there was no cross-resistance to the clinically used
standard chemotherapeutic drugs, i.e., chemo-sensitive and -resistant
spheroids of each model were comparably sensitive to compound 7
resulting in nearly equal ICs( values (Table 2). In addition, compound 7
showed an about 4-fold higher activity in models of mamma carcinoma
compared to colorectal carcinoma. In contrast, spheroids formed from
non-malignant fibroblasts were 15 to 58-fold less sensitive indicating a
pronounced tumor selective activity of compound 7, which further
confirmed the observations from the 2D model.

To investigate the processes induced by compound 7 which even-
tually led to the inhibition of spheroid growth within spheroids, we
analysed time-dependent drug accumulation, cell proliferation and the
induction of cell death during treatment on tissue slides prepared from
the spheroids. Identification and tracking of compound 7 were accom-
plished by multispectral fluorescence microscopy and using spectral
unmixing. Markers of proliferation (Ki67) and apoptosis (cleaved PARP)
were analysed immunohistochemically. Compound 7 completely pene-
trated the spheroid tissue within 24h and showed interstitial and cellular
accumulation, but not nuclear accumulation, and became more
concentrated in the periphery compared to the core of the spheroids in
the following days (Fig. 4). The treatment led to a clear reduction of
Ki67-positive proliferating cells within 48h and occurrence of numerous
apoptotic cells after 96h, but without considerable occurrence of ne-
crosis (Fig. 5). Thus, the main effect by which compound 7 affects
spheroid growth comprises inhibition of tumor cell proliferation

Fig. 2. FITC/Annexin V/Propidium iodide assay employing compound 7 (A375 cells, 24h and 48 h, 2 x ICso concentration).
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Fig. 3. Dose-dependent inhibition of spheroid growth and drug accumulation of compound 7 in DLD1 spheroids on day7. Scale bar: 0.5 mm.

Table 2

Spheroid cytotoxicity assay: ICsq values after 7 days of treatment; averaged from
at least 3 independent experiments, comprising 8 spheroids per concentration;
Drugs: 5-fluorouracil (5-FU), oxaliplatin (Oxa), irinotecan (Irino), doxorubicin
(Dox), paclitaxel (Pac), compound 7 (C7); human cell line derived spheroids:
LS1034 (colorectal carcinoma, multi-resistant), DLD1 (colorectal carcinoma),
MDA-MB-231 (triple negative breast cancer), Hs578T (mamma carcinoma),
CCD18Co (non-malignant fibroblasts); Resistance index (RI): IC g0 ratio of
DLD1/LS1034 and Hs578T/MDA-MB-231, Selectivity index (SI): ICsq ratio of
DLD1/CCD18Co and Hs578T/CCD18Co; n.d. - not determined.

# 1LS1034 DLD1 MDA Hs578T CCD18Co RI
MB-231 (fold)
SI
(fold)
5-FU 0.11 + 4.16 + n.d. n.d. n.d. 37.8
(»M) 0.02 1.19
Oxa 0.37 + 4.10 £ n.d. n.d. n.d. 11.1
(»M) 0.14 0.84
Irino 4.09 + 1317 n.d. n.d. nd. 3.2
(uM) 0.52 + 2.50
Dox n.d. nd. 22.2 + 1345.5 + n.d. 60.6
(nM) 9.5 240.0
Pac n.d. n.d. 0.7 £ 14.8 + n.d. 21.1
(nM) 0.3 5.1
7 (nM) 93+ 11.1 + 2.7+ 2.8+0.5 164.2 £+ 1.19/
4.9 25 1.0 82.3 1.02
14.8/
58.6

accompanied by induction of apoptosis, which apparently do not differ
from those effects induced by conventional chemotherapeutic drugs.
Notably, all five chemotherapeutic drugs have distinct primary targets

UTC (24h)

and mechanisms. Therefore, it is not unlikely that compound 7 might act
by a completely different primary mechanism of action to induce cyto-
toxic effects leading to an equal response in chemotherapy sensitive and
-resistant tumor models. This is supported by the postulated feature of
compound 7 to act as a mitocan.

To further explore the underlying mode of action of compound 7
compared to chemotherapeutic drugs, we employed the Seahorse cell
analysis technology platform from Agilent enabling real time automatic
measurement of the energy metabolism in live cells. We performed the
Seahorse XF Cell Mito Stress Test combined with the Seahorse XF Real-
Time ATP Rate assay, which provide complementary and confirmative
data. The assays are based on the measurement of oxygen consumption
rate (OCR) and extracellular acidification rate (ECAR) of live cells dur-
ing sequential manipulation with specific chemicals to obtain informa-
tion about mitochondrial function and to quantify cellular bioenergy
level (ATP), which are mainly fuelled by the processes of mitochondrial
respiration and glycolysis. To this end, the tumor cells were treated with
ICs doses of drugs based on a 72h cytotoxicity assay, but were analysed
after 24h, before apparent signs of cytotoxicity can be observed, to
preferentially analyse early processes, which eventually lead to cyto-
toxic effects. The results are summarized in Fig. 6. All measured pa-
rameters associated with functional mitochondrial respiration were
strongly or completely decreased after treatment with compound 7,
whereas those of chemotherapeutic drugs showed comparable levels
with untreated control cells. This is confirmed by the ATP production
rate assay revealing that mitochondrial respiration derived ATP pro-
duction is almost lacking after treatment with compound 7 and glycol-
ysis derived ATP compensates this to some extent. Interestingly, the
intrinsic characteristic of analysed tumor cells to generate ATP by
respiration and glycolysis in the relation of about one third and two

96h

. % t2

h_ Sawie ; "‘ Tissue
DAPI/ 7
(merged)

Fig. 4. Pattern of tissue accumulation of compound 7 in DLD1 spheroids at indicated time points. Depicted are images of the same spheroid (vertical), generated
under violet and green fluorescent light and after spectral dependent isolation of signals of the tissue background (upper row), and of DAPI and compound 7, shown

as merged version of both (lower row). Scale bar: 50 pm.
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PARP

(cleaved)

of tissue slides prepared from DLD1 spheroids treated with compound 7 and harvested after indicated time

points. Upper row: hematoxylin/eosin (HE) staining showing compact tissue with signs of damage after 72h and 96h but without occurrence of necrotic areas. Middle

row: Ki67-positive, proliferating cells, which are typically found in the peripheral areas of sph

within 48h. Lower row: Occurrence of

ids (arrows), disapp

numerous apoptotic cells (arrows) after 96h stained for cleaved PARP with first apoptotic cells occurring after 48h.
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Fig. 6. Analyses of mitochondrial function and ATP
production in DLD1 cells 24h after start of treatment
with cc d 7 and ch apeutic drugs. (A)
Parameters obtained from the Seahorse XF Cell Mito
Stress Test. Basal ion: oxygen ption
used to meet cellular ATP demand resulting from
mitochondrial respiration at baseline; Maximal

piration: oxygen ¢ ption rate (OCR) attained
by stimulating the respiratory chain to operate at
maximum capacity, shows the maximum rate of
respiration that the cell can achieve. Spare respira-

tory capacity: indicates the capability of the cell to
respond to an energetic demand and how closely the
cell is to respiring to its theoretical maximum. ATP
production: oxygen consumption linked cellular ATP
production rate. (B) Seahorse XF Real-Time ATP Rate
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third, is not altered in cells treated with the chemotherapeutic drugs,
although decreasing level of overall ATP could already be observed in
doxorubicin treated cells. These data strongly confirm that compound 7
to act as a mitocan. Hence, the primary mechanism of action comprises a
rapid perturbation of the cellular energy metabolism, which is
completely different to conventional chemotherapeutic drugs and which
explains the ability of compound 7 to overcome chemotherapeutic drug
resistance.

assay. Shows the proportion of ATP production rate
from glycolysis and mitochondrial respiration.

3. Conclusion

Different triterpene conjugates derived from asiatic acid were syn-
thesized and screened for their cytotoxicity and tumor cell/non-tumor
cell selectivity. This work builds on previous results and knowledge of
similar compounds derived from triterpenoic acid such as betulinic,
glycyrrhetinic, boswellic, oleanolic, ursolic, maslinic or madecassic acid
which are also mitocans of high cytotoxicity. As a result, the conjugates
reported herein show, that the presence of an additional acetyl group led
to an even better performance concerning their cytotoxic activity.
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Thereby, the most active compound 7 — an asiatic acid homopiperazinyl
rhodamine B conjugate, held an EC5y = 0.8 nM for A2780 ovarian
carcinoma cells. Additional staining experiments showed that this
rhodamine B conjugate of asiatic acid led to apoptosis. Furthermore,
compound 7 demonstrated high activity in 3D spheroid models com-
bined with the ability to overcome chemotherapeutic drug resistance.
This is achieved by acting as a mitocan comprising a completely
different primary mechanism compared to conventional chemothera-
peutic drugs. Furthermore, this compound holds equal activity in the
chemotherapy in sensitive as well as in resistant tumor models.

4, Experimental
4.1. General

NMR spectra were recorded using the Varian spectrometers (Darm-
stadt, Germany) DD2 and VNMRS (400 and 500 MHz, respectively). MS
spectra were taken on a Advion expression" CMS mass spectrometer
(Ithaca, NY, USA; positive ion polarity mode, solvent: methanol, solvent
flow: 0.2 mL/min, spray voltage: 5.17 kV, source voltage: 77 V, APCI
corona discharge: 4.2 pA, capillary temperature: 250 °C, capillary
voltage: 180 V, sheath gas: Ny). Thin-layer chromatography was per-
formed on pre-coated silica gel plates supplied by Macherey-Nagel
(Diiren, Germany). IR spectra were recorded on a Spectrum 1000 FT-
IR-spectrometer from Perkin Elmer (Rodgau, Germany). The UV/Vis-
spectra were recorded on a Lambda 14 spectrometer from Perkin
Elmer (Rodgau, Germany); optical rotations were measured at 20 °C
using a JASCO-P2000 instrument (JASCO Germany GmbH, Pfungstadt,
Germany) The melting points were determined using the Leica hot stage
microscope Galen III (Leica Biosystems, Nussloch, Germany) and are
uncorrected. The solvents were dried according to usual procedures.
Microanalyses were performed with an Elementar Vario EL (CHNS) in-
strument (Elementar Analysensysteme GmbH, Elementar-Strafe 1, D-
63505, Langenselbold, Germany).

All dry solvents were distilled over respective drying agents except
for DMF which was distilled and stored under argon and molecular
sieve. Reactions using air- or moisture-sensitive reagents were carried
out under argon atmosphere in dried glassware. Triethylamine was
stored over potassium hydroxide. Biological assays were performed as
previously reported employing cell lines obtained from the Department
of Oncology [Martin-Luther-University Halle Wittenberg; they were
bought from ATCC: malignant: A 375, HT29, MCF7, A2780 and HeLa;
non-malignant: NIH 3T3]. Asiatic acid was obtained from local vendors.

For the SRB assay: cells were seeded into 96 well plates on day zero at
appropriate cell densities to prevent confluence of the cells during the
period of the experiment. After 24 h, the cells were treated with different
concentrations (1, 3, 7, 12, 20 and 30 pM), but the final concentration of
DMSO/DMF never exceeded 0.5%, which was non-toxic to the cells.
After 72 h treatment, the supernatant media from the 96 well plates
were discarded, then the cells were fixed with 10% trichloroacetic acid
and allowed to rest at 4 °C. After 24 h of fixation, the cells were washed
in a strip washer and then dyed with SRB solution (200 pL, 10 mM) for
20 min. Then the plates were washed four times with 1% acetic acid to
remove the excess of the dye and allowed to air-dry overnight. Tris base
solution (200 pL, 10 mM) was added to each well. The absorbance was
measured with a 96 well plate reader from Tecan Spectra.

4.2. Syntheses

4.2.1. (2a,3p,4a,6p) 2,3,23-Tris(acetyloxy)-urs-12-en-28-oic acid (2)
[57688-73-0]

Asiatic acid (1, 1120 mg, 2.30 mmol. 1 eq.) was dissolved in dry DCM
(20 mL), treated with TEA (4.5 eq.), DMAP (cat.) and acetic anhydride
(4.0 eq.). The mixture was stirred at room temperature for 24h; for
work-up, ag. ammonium hydroxide (7 M, 0.5 mL) was added. After 30
min, the mixture was diluted with Et,0 (250 mL), washed with HCI (0.1
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M, 1 x 250 mL), water (2 x 250 mL) and brine (1 x 125 mL), dried
(MgS04), and the organic phase was concentrated under reduced pres-
sure. The crude product was subjected to column chromatography (SiO»,
n-hexane/ethyl acetate, 8:2) to afford compound 2 (1380 mg, 98%) as a
colourless solid; m.p.: 159-161 °C (lit.: [38]: 160-163 °C); [a]|2)° =
+35.4° (c = 0.50, CHCl3)] (lit.: [38]: [a]2’ = +34.71° (c = 0.35 CHCl3)];
MS (ESD): m/z (%) 615.0 ([M+H]" (90)).

4.2.2. General procedure for the synthesis of triterpenoic amides 3 and 4
(GPA)

To a solution of 2 (1 eq.) in dry DCM (10 mL), oxalyl chloride (4 eq.),
DMF (0.24 eq.) and TEA (2.4 eq.) were added. After stirring for 2h at
room temperature, the solvent was removed under reduced pressure, re-
evaporated with DCM (3 x 10 mL), and the residue was dissolved in dry
DCM (10 mL). A solution of the respective diamine (3 eq.) in dry DCM,
TEA (1 eq.) and DMAP (cat.) was added, and stirring at room temper-
ature was continued until completion of the reaction (as indicated by
TLC). The solvent was removed under reduced pressure, and the crude
product was subjected to column chromatography to yield compounds 3
and 4.

4.2.3. (2a,3f,4a)-2,3,23-Tris(acetyloxy)-N-(piperazinyl)-urs-12-en-28-
amide (3) [2247305-89-9]

Following GPA from 2 (200 mg, 0.30 mmol) and piperazine (77 mg,
0.90 mmol) followed by chromatography (SiO3, chloroform/methanol,
9:1) 3 (184 mg, 90%) was obtained as a colourless solid; m.p.:
158-160 °C (lit.: [39]: 157-160 °C); [affy = +16.3° (c = 0.18, CHCl3)
[lit.: [39]: [a]2’ = +17.48° (c = 0.27, CHCl3); MS (ESI): m/z (%) 683.1
(IM+H]" (95)).

4.2.4. (2a,3p,4a)-2,3,23-Tris(acetyloxy)-N-(homopiperazinyl)-urs-12-en-
28-amide (4)

Following GPA from 2 (500 mg, 0.81 mmol) and homopiperazine
(210 mg, 2.43 mmol) followed by chromatography (SiO», chloroform/
methanol, 9:1) 4 (446 mg, 79%) was obtained as a colourless solid; m.p.:
185.3-186.3 °C; Ry = 0.41 (SiOz, chloroform/methanol, 9:1); [a]2’ =
14.38° (¢ = 0.145 CHCl3); IR (ATR): v = 2923w, 1741s, 1621w, 1455w,
1368 m, 1230vs, 1156w, 1087w, 1043 m, 1029 m, 964w, 920w, 751 m,
665w, 460w, 422w cm'; 'H NMR (500 MHz, CDCl3): 6 = 5.21-5.07 (m,
2H, 12-H + 2-H), 5.02 (d, J = 10.3 Hz, 1H, 3-H), 4.20-2.80 (m, 11H,
37-H + 38-H + 39-H + 40-H + 41-H + 23-H,), 3.79 (d, J = 11.8 Hz,
1H, 23-Hy), 2.49-2.31 (m, 1H, 18-H), 2.21-2.06 (m, 2H, 16-H),
2.09-1.81 (m, 3H, 1-H, + 11-H), 2.03 (s, 3H, 36-H),1.97 (s, 3H, 32-H),
1.93 (s, 3H, 34-H),1.79-1.47 (m, 1H, 9-H), 1.42-1.17 (m, 10H, 21-H +
7-H + 6-H + 22-H + 19-H + 5-H), 1.13-0.95 (m, 4H, 1-Hj, + 15-H +
20-H), 1.03 (s, 3H, 25-H), 1.00 (s, 3H, 27-H), 0.94-0.86 (m, 3H, 30-H),
0.83 (s, 3H, 24-H), 0.82 (s, 3H, 29-H), 0.82 (s, 3H, 29-H), 0.67 (s, 3H,
26-H) ppm;13C NMR (125 MHz, CDCl3): 5 = 204.5 (C-23), 176.2 (C-28),
170.3 (C-31), 144.7 (C-13), 121.3 (C-12), 73.4 (C-3), 65.4 (C-23), 54.3
(C-4), 49.2 (C-35), 47.9 (C-5), 47.8 (C-17), 47.7 (C-9), 47.2 (C-34), 46.5
(C-33 + C-37), 46.3 (C-19), 46.2 (C-38), 46.2 (C-39), 46.1 (C-40), 46.1
(C-41), 43.6 (C-18), 42.0 (C-14), 39.4 (C-8), 37.7 (C-1), 35.9 (C-10),
33.9 (C-21), 33.0 (C-29), 32.1 (C-7), 30.4 (C-20), 30.0 (C-22), 27.8 (C-
15), 26.6 (C-36), 25.9 (C-27), 24.0 (C-30), 23.3 (C-11), 22.5 (C-16), 22.5
(C-2), 21.0 (C-32), 20.4 (C-6), 16.9 (C-25), 15.6 (C-26), 9.5 (C-24) ppm;
MS (ESI): m/z (%) 697.5 ([M+H] ", 100); analysis calcd for C41Hg4N207
(696.97): C 70.66, H 9.26, H 4.02; found: C 70.42, H 9.41, N 3.85.

4.2.5. General procedure for synthesis of rhodamine B derivates 6 and 7
(GPB)

A solution of rhodamine B (1.5 eq.), oxalyl chloride (6 eq.), DMF (0.2
eq.) and TEA (0.2 eq.) in dry DCM (30 mL) was stirred at ambient
temperature for 3h. The solvent was removed under reduced pressure,
re-evaporated with dry DCM (3 x 30 mL), and the residue was dissolved
in dry DCM (30 mL). To this solution compounds 3 and 4 (1 eq.), TEA
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(1.5 eq.) and DMAP (cat.) were added. After stirring for 1h, the solvent
was removed under reduced pressure, and the resulting solid was sub-
jected to column chromatography (SiO», chloroform/methanol, 9:1 or n-
hexane/ethyl acetate, 7:3) to yield compounds 6 and 7 each as a purple
solid.

4.2.6. N-{6-diethylamino-9-[2-({4[(2a,3f,4a)-2,3,23-tris(acetyloxy)-28-
oxours-12-en-28-yl)-1-piperazinyl}carbonylJphenyl]-3H-xanthen-3-
ylidene)-N-ethylethanaminium chloride (6)

Following GPB from 3 (250 mg, 0.36 mmol) followed by chroma-
tography (SiO3, chloroform/methanol, 9:1) 6 (304 mg, 73%) was ob-
tained as a purple solid; m.p.: 244-246 °C (lit.: [27]: 244-246 °C); MS
(ESI): m/z (%) 1107.7 ([M — CI] (45)).

4.2.7. N-{6-diethylamino-9-[2-({4[ (2a,3p,4a)-2,3,23-tris(acetyloxy)-
28-oxours-12-en-28-yl)-1,4-diazepan-1-yl}carbonyl]phenyl]-3H-xanthen-
3-ylidene)-N-ethylethanaminium chloride (7)

Following GPB from 4 (181 mg, 0.26 mmol) followed by chroma-
tography (SiO,, chloroform/methanol, 9:1) 7 (169 mg, 56%) was ob-
tained as a purple solid; m.p.: 254-258 °C; Rg = 0.31 (SiO2, chloroform/
methanol, 9:1); IR (ATR): v = 2935w, 1731w, 1624 m, 1586vs, 1529w,
1481 m, 1466 m, 1412s, 1335s, 1244s, 1179vs, 1160 m, 1132 m, 1045w,
746 m, 683s, 628w, 427w cm'; UV-Vis (CHCl3): Amax (log ¢) = 260
(4.36), 307 (4.04), 356 (4.74), 562 (4.91) nm; H NMR (500 MHz,
CDCl3): 6 = 7.69-7.51 (m, 2H, 46-H + 45-H), 7.47-7.35 (m, 1H, 44-H),
7.28-7.02 (m, 5H, 47-H + 51-H + 51’-H + 52-H + 52'-H), 6.98-6.66
(m, 2H, 54-H + 54'-H), 5.21-5.07 (m, 2H, 12-H + 2-H), 5.02 (d, J =
10.3 Hz, 1H, 3-H), 4.20-2.80 (m, 18H, 37-H + 38-H + 39-H + 40-H +
41-H + 56-H + 56'-H + 23-Hy), 3.79 (d, J = 11.8 Hz, 1H, 23-H,),
2.49-2.31 (m, 1H, 18-H), 2.21-2.06 (m, 2H, 16-H), 2.09-1.81 (m, 3H,
1-H, + 11-H), 2.03 (s, 3H, 36-H), 1.97 (s, 3H, 32-H), 1.93 (s, 3H,
34-H), 1.79-1.47 (m, 1H, 9-H), 1.28 (t, J = 4.9 Hz, 12H, 57-H + 57‘-H),
1.42-1.17 (m, 10H, 21-H + 7-H + 6-H + 22-H + 19-H + 5-H),
1.13-0.95 (m, 4H, 1-Hy, + 15-H + 20-H), 1.03 (s, 3H, 25-H), 1.00 (s,
3H, 27-H), 0.94-0.86 (m, 3H, 30-H), 0.83 (s, 3H, 24-H), 0.82 (s, 3H,
29-H), 0.67 (s, 3H, 26-H) ppm; 13C NMR (125 MHz, CDCl3): 6 = 176.0
(C-28), 170.9 (C-35), 170.5 (C-31), 170.4 (C-33), 167.7 (C-42), 157.8
(C-55), 157.8 (C-55’), 155.9 (C-53), 155.7 (C-53'), 138.8 (C-13), 136.1
(C-50), 135.9 (C-50"), 132.3 (C-51), 132.2 (C-51"), 131.9 (C-52), 131.8
(C-52'), 130.3 (C-43), 130.2 (C-47), 130.1 (C-46), 129.7 (C-45), 126.9
(C-44), 124.7 (C-12), 114.0 (C-49'), 113.9 (C-49), 113.8 (C-48), 113.7
(C-48), 96.1 (C-54), 96.0 (C-54"), 75.0 (C-3), 70.0 (C-2), 65.4 (C-23),
55.3 (C-18), 47.7 (C-5), 47.6 (C-9), 46.9 (C-17), 46.3 (C-37), 46.3 (C-
56), 46.3 (C-56'), 46.2 (C-38), 46.2 (C-39), 46.2 (C-54), 46.2 (C-54"),
46.1 (C-40), 46.1 (C-41), 43.8 (C-1), 42.4 (C-14), 42.0 (C-4), 39.4 (C-8),
39.4 (C-19), 38.7 (C-20), 37.9 (C-10), 32.4 (C-7), 30.4 (C-21), 30.1 (C-
22),28.0 (C-15), 23.4 (C-11), 23.4 (C-27), 21.3 (C-30), 21.1 (C-34), 20.9
(C-36), 20.9 (C-16), 20.8 (C-32), 17.9 (C-6), 17.5 (C-29), 17.1 (C-25),
17.1 (C-26), 14.0 (C-24), 12.8 (C-57), 12.8 (C-57") ppm; MS (ESI) m/z
(%) = 1121.1 ([M — CI]*, 100); analysis caled for CeoHo3CIN4Og
(1156.66): C 71.57, H 8.10, N 4.84; found: C 71.36, H 8.31, N 3.65.

4.2.8. Cell culture/spheroid assays and analyses

Cell lines and derived spheroids were cultivated in RPMI medium
(Sigma-Adrich, Taufkirchen, Germany) containing 10% fetal bovine
serum (BioWest, Nuaillé, France) and 10% penicillin/streptomycin
(Sigma-Adrich) at 37 °C/5% CO; in a humid atmosphere. Luciferase
expressing variants of the cell lines LS1034, DLD1 (colorectal carci-
noma) and MDA-MB-231, Hs578T (mamma carcinoma) were used. For
generation of single tumor spheroids, tumor cells re-suspended in cul-
ture medium were seeded into 96-well plates, which were coated before
with 0.7% agarose (SeaKem® GTG™ Agarose, Lonza, Basel,
Switzerland). After formation of spheroids (48h) they were treated with
serial dilutions of the following drugs: 5-fluoruracil (5-FU medac, 50
mg/mL), irinotecan (Irinotecan-Actavis, 20 mg/mL), and oxaliplatin
(Eloxatin, 5 mg/mL), Doxorubicin (Adrimedac, 2 mg/mL), Taxol/
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Paclitaxel (NeoTaxan, 6 mg/mL) all provided from our own hospital
pharmacy, and compound 7. Measurements of luciferase activity were
performed on day 7. Generation of dose-response curves and calculation
of ICg( values including standard deviations were accomplished using
GraphPad Prism8.

To analysed time-dependent drug accumulation, cell proliferation
and induction of cell death, spheroids were treated with 1 pyM compound
7 and harvested after 24h, 48h, 72h and 96h. An untreated control was
harvested after 24h. Spheroids were rinsed and formalin-fixed,
embedded in paraffin and sliced to perform histological analysis. He-
matoxylin/eosin (HE) staining and immunohistochemistry for detection
of Ki67 and cleaved PARP was performed according to standard pro-
tocols and as previously performed [40]. Following primary antibodies
were used: Ki67 (rabbit monoclonal, ab 16667, 1:100, Abcam, Cam-
bridge, UK), cleaved PARP (rabbit monoclonal, Cat. 1051-1, 1:100,
Epitomics Inc, Burlingame, CA, USA). For fluorescence analyses, slides
were stained with DAPI to visualize cell nuclei. Tracking of compound 7
was accomplished by multispectral fluorescence microscopy using the
Nuance® Ex multispectral imaging system from PerkinElmer (Hopkin-
ton, MA, 01748, USA) as previously described [41]. For cube acquisition
to get spectral information of compound 7, the green filter set was used.
DAPI was detected using the violet filter set. The obtained single spectral
species were separated from spectra of background and tissue auto-
fluorescence using the Nuance™ software (version: 3.0.2.). Composite
images of compound 7 and DAPI were created using GIMP.

To investigate the drug induced alteration in cellular energy meta-
bolism, the Seahorse cell analysis technology platform from Agilent was
utilized, applying the Seahorse XF Cell Mito Stress Test Kit combined
with the Seahorse XF Real-Time ATP Rate Assay Kit (Agilent Technol-
ogies, Inc., Santa Clara, CA, USA). The analyses were performed in the
Core Facility “Analyse” in the Center for Basic Medical Research (ZMG)
of the Medical Faculty on a Seahorse XF 96 - Extracellular Flux Analyzer.
DLD1 cells were seeded in specific 96 well plates on day O at a density of
12000 cells per well, were treated with IC50 concentrations of drugs on
day 1, and were measured on day 3. The complete procedure was per-
formed according to instructions of the manufacturer without modifi-
cations. For detailed description see: https://www.agilent.com/en/pro
duct/cell-analysis/real-time-cell-metabolic-analysis/xf-assay-kits-rea
gents-cell-assay-media/seahorse-xf-cell-mito-stress-test-kit-740885.
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