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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Teémas aktualitate

Pentacikliskie triterpenoidi (PCT) ir plasi izplatita sekundaro metabolitu grupa, kam piemit
plass biologisko Tpasibu klasts.! >4 PCT var iedalt trs galvenajas klasés: lupana tipa terpenoidi T
(betulinskabe, betulins un lupeols), oleanana tipa terpenoidi II (oleanolskabe, eritrodiols un f3-
amirins) un ursana tipa terpenoidi IIT (ursolskabe, uvaols un a-amirins) (1. att.).>

a2

~H B
lupeols p—amirins o—amirins

1. attels. Lupana I, oleanana IT un ursana I1I klasu pentaciklisko triterpenoidu izplatitakie

parstaviji.

Aptuveni ceturta dala no miisdienu zalvielam ir dabasvielas vai to pussintétiskie atvasinajumi.
Savukart pretvéza un pretinfekcijas terapijas joma dabasvielas, dabasvielu atvasinajumi, ka arT
dabasvielu mimétiki un savienojumi ar dabasvielu tipa farmakoforiem kopa aiznem pat vairak neka
pusi no pedgjos 40 gados raditajam zalem.® Pazeminats toksicitates profils normalas’ $iinas
apvienojuma ar plasu pieejamibu daba un relativi vienkarsu izdaliSanas procesu ir veicingjis PCT
un to pussintétisko atvasinajumu ka iesp&jamu zalvielu izpeti. To vidi daudzsolosakie PCT
lietojumi ir pretvéza un pretvirusu zalu jomas.® > 1% 1112 Citas PCT un to sintétisko atvasinajumu
lieto$anas jomas ietver arl antibakterialu'® un pretsénisu'* lidzeklu izstradi, ka ari pretdiabéta'® un
pretiekaisuma'® zalu meklgjumus.



Papildus mediciniskajiem lietojumiem PCT var veiksmigi izmantot ari kosmetologija.
Kosmétikas nozar¢ bérza tass ekstrakts ir atzits par vértigu dabasvielu maisijumu. Plasu betulinu
saturoSu produktu klastu var atrast pazistamu zimolu produkcija gan adas, gan matu kopSanai.
Vairaki pétijumi ir pieradijusi betulina un ta atvasinajumu sp&ju dziedet apdegumus un citas adas
briices.!” Turklat, pateicoties labvéligai betulina ietekmei uz kolagéna razosanu, betulins un to
saturosi produkti tiek izmantoti gan ikdienas adas kopsanas krémos, gan pretcelulita lidzeklos.'® °

Pentaciklisko triterpenoidu unikalie molekularie karkasi, kam piemit augsts biologiskais
potencials, rada ievérojamas sintétiskas problémas. Stabila policikliska arhitektiira un augsta C-H
saiSu piesatinajuma pakape biezi ierobezo dazadu kimisko transformaciju lietojumu. Tradicionali
derivatizacijas p&tijumi ir balstiti reag&tsp&jigas periferija esosas funkcionalajas grupas, kas ir
spirta un karbonskabes funkcionalitates pie C(3) un C(28), ka ar1 betulina gadijuma dubultsaite
C(20)=C(29) un alilpozicija pie C(30).2° Lai gan iegiitas modifikacijas ir devusas daudzus vértigus
atvasinajumus, tas izmanto tikai mazu dalu no visa molekulara karkasa, atstajot liclako dalu no
oglekla skeleta plasa potenciala praktiski neizmantotu.

Pedgjas desmitgades parejas metalu katalizétu C-H funkcionaliz€Sanas metozu attistiba ir
pavérusi jaunas iesp&jas inertu C(sp®)-H saisu tieSai un selektivai transformacijai.?! ST stratégija
piedava iesp&ju iegiit jaunus atvasinajumus no neaktivétam C(sp?)-H sistémam, tadéjadi nodrosinot
efektivu vélino funkcionalizé$anu. Neskatoties uz $o metozu plaso lietojumu citds sarezgitas
molekularas sisttmas, C-H funkcionalizé$anas izmantoSanas piemeri triterpenoidu kimija ir bijusi
parsteidzos$i ierobezotd daudzuma. Tadu tieSi sareZgitas dabasvielas kalpo ka ideali modeli, lai
demonstrétu sintétisko metodologiju visparigumu un efektivitati, pateicoties to strukturalajai
daudzveidibai un funkcionalajai sarezgitibai. PCT molekulas var kalpot ka testa platforma, kas lauj
izverteét C(sp?)-H funkcionalizé€Sanas metozu selektivitati, pielagojamibu un potencialu lietojumu
plasaka biologiski nozimigu savienojumu klasta.

Promocijas darbs apkopo pétijumus, kuru meérkis ir paplasinat PCT molekularo karkasu
funkcionaliz€Sanas iesp&jas, izmantojot inovativas C-H funkcionalizacijas strat€égijas un
heteroatomu saturos$u funkcionalita$u strategisku ievieSanu PCT struktiiras (2. att.). Darba gaita ir
izstradatas un optimizétas divas galvenas katalitiskas metodes — paladija katalizéta C-H
ariléSana/azetidinéSana un rodija katalizéta C-H amingSana iepriek§ neapskatitu poziciju
aktivésanai triterpenoidu policikliskajas struktiiras.

Pirma izstradata pieeja ietver paladija katalizgtu triterpenoidu pikolinamidu C(sp?®)-H ariléSanu
un azetidinéSanu. Seit pikolinamida virzo§a grupa, kas piesaistita pie konformacionali elastiga
C(28) linkera, lava veikt regioselektivu ariléSanu pie C(22). Savukart reakcijas ar
elektrondeficitiem jodaréniem tika iegiiti annel&ti pentaciklisko triterpenoidu-azetidina analogi.
PCT C-H arilesanas protokols bitiski paplasina PCT kimisko daudzveidibu un ievies jaunu slapekli
saturo$u atvasinajumu, kuru biologisko aktivitasu profils tiks pétits nakotng, klasi.

Otra izstradata pieeja ietver rodija katalizétu betulina sulfamata esteru iekSmolekularu C-H
amin&Sanu, kas dod triterpenoidu-1,2,3-oksatiazinana konjugatus ar augstu regioselektivitati C(16)
pozicija. Virzo$as grupas ievadisana pie C(28) dod iespgju pieklat reagetspejigam starpproduktam
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pie tuvuma esosas neaktivetas metiléngrupas, laujot kontroléti veidoties jaunai C-N saitei. legitie
produkti péc tam tika parveidoti par 16-amino- un 16-azidoatvasinagjumiem, kas ir unikali,
sintetiski vertigi atvasinajumi PCT kimija. Secigas C-H funkcionaliz&Sanas iespgja pie betulina
C(22) vel vairak izcel §1s metodes potencialu PCT molekulara skeleta dekorésanai.

Papildus minétajam C-H funkcionalizéSanas stratégijam tika veikti pétijumi, kas koncentrgjas
uz PCT skidibas wuzlaboSanu, ievadot jonogénas fosfonatu grupas (2.att.). Ievadot
metilénfosfonatus pie C(3) un/vai C(28), lietojot vienkar$as alkiléSanas stratégiju, tika sintezéta
virkne mono- un bisfosfonatu esteru/teru un to natrija silu. Sie savienojumi uzradija lielisku
$kidibu fident — 1pasibu, kas parasti nebija noverota daba sastopamajiem PCT. Lai gan §T darba
konteksta tikai fosfonatu serijai ir raksturiga Skidibas uzlaboSana, ta parada strukturalo
modifikaciju lietderibu terpenoidu zalvielu problému risinasana.

Rezumégjot — promocijas darbs ir veltits jaunam un efektivam metodologijam PCT karkasa
funkcionalize$anai. Aktivgjot kimiski inertas pozicijas, pieméram, C(16)-H un C(22)-H, tiek
nodroSinata piekluve iepriek§ nezinamiem strukturaliem motiviem. Izstradatais sintétisko metozu
kopums nakotné nodro$inas strukturali jaunus biivblokus triterpenoidos balstitu farmakologiski
aktivu savienojumu un/vai kosmétikas Iidzeklu izstradei, kas nodroSinas ar1 padzilinatus
triterpenoidu struktiiras un aktivitates attiecibu p&tijumus.

C(3) un C(28) jonogénie PCT fosfonati

= Me, R2= H, oleanolskabes sérijas
R'=H, R?= Me, ursolskabes sérijas

C-H aminétie PCT

R' s
RZN

2o
16 N‘SSO

A R = CH,0H, CHO, COOH, CHyN;, iy
CH,0S03Na, CH,0SO,NH,. R"=Me, R?= H, oleanolskabes sérijas

NQ; = NHp, NHBoc, NHCBz, NHAc, N3, R'=H, R? = Me, ursolskabes sérijas

C-H arilétie un azetidinétie PCT

‘ "y
HO! o N7 \ HO'
2

betulina sérijas

Ar
HN.__O :
’\5 HO”
X ! R" = Me, R?= H, oleanolskabes sérijas
R

= H, R%= Me, ursolskabes sérijas

2. attéls. Promocijas darba izstradatas sint&tiskas pieejas, kas lauj veikt pentaciklisko
triterpenoidu (PCT) skidibu uzlabojosas modifikacijas un selektivu C-H funkcionalizéSanu.



Pétijuma meérki un uzdevumi

Promocijas darba merki ir:

e sintétisko metozu izstrade pentaciklisko triterpenoidu D/E ciklos C-H funkcionaliz&to
atvasinajumu iegiiSanai;

e sintétisko metozu izstrade jonogéno pentaciklisko triterpenoidu fosfonatu ar paaugstinatu

$kidibu tident ieguvei.

Lai sasniegtu mérki, tika defin&ti vairaki uzdevumi.

Izstradat PCT C(28) fosfonatu konjugatu sintézes metodes, izmantojot estera saiti,
un PCT C(3) fosfonatu konjugatu sintézes, izmantojot &tera saiti, un novertet iegiito
produktu $kidibu tiden.

Izstradat PCT C(sp®)-H arilé$anas un hetarilésanas metodes terpenoidu D/E ciklos.
Veikt C(sp®)-H deitercianas eksperimentus, ka ari izdalit uz analizét iesp&jamos
C(sp*)-H arilesanas reakcijas piemaistjumus, lai izprastu mehanismu un
regioselektivitati nosakoSos aspektus.

Veikt dazadu C(16) un C(22) PCT-(het)arilatvasindgjumu sintézi, parbaudot
lietojamo arilhalogenidu klastu.

Izstradat C(sp®)-H aming$anas metodi C-N saiSu veidosanai betulina D/E ciklos.
Paradit iegfito aminobetulina atvasindjumu sintétisko lietojumu, izstradajot C(sp?)-
H amin&Sanas produktu talakas funkcionaliz€Sanas iespgjas.

Zinatniska novitate un galvenie rezultati

Promocijas darba ir izstradatas sint€zes metodes jaunam pentaciklisko triterpenoidu

parvertibam, kas dod vairakas 1idz §im nepieejamas savienojumu bibliotékas. Nozimigakie

sasniegumi ir $adi.

Izstradats betulinskabes, oleanolskabes un ursolskabes jauna tipa jonogéno
fosfonatu atvasinajumu dizains. Izstradata mérogojama, rta sintézes procediira, kas
piemeérota PCT atvasinajumu ieguvei. Visi jonogénie PCT fosfonati uzrada augstu
$kidibu tdent Iidz pat 26 mg/mL pie pH 8,5. Tie ir hidrolitiski stabili un ar zemu
citotoksicitati pret osteoblastu prekursoru $tinu Iiniju MC3T3-E1, tadgjadi paverot
daudzsoloSas iespéjas ieglito savienojumu turpmakai izp&tei medicinas kimijas
joma.

Pirmo reizi izstradata sintétiska procediira pentaciklisko triterpenoidu
regioselektivai paladija katalizétai C-H arileSanai un azetidindSanai. ST
metodologija uzskatami demonstré pikolinamida virzosas grupas efektivu lietojumu
PCT selektivai funkcionalizésanai. Optimizetie C-H ariléSanas reakcijas apstakli
nodro$ina vélamo C(sp?)-H ariléSanas un heteroariléSanas produktu ieglisanu ar
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C(22)/C(16) selektivitati no 9 : 1 lupana (betulina) rinda lidz pat 19 : 1 oleanana un
ursana rindas. Savukart, aizstajot EDG saturoSus jodarénus ar EAG saturo$iem
jodaréniem, tika panakta C-N saites veidoSanas PCT molekularaja skeleta, iegiistot
betulina atvasinatu annel&tu C(22)-azetidinu un oleanana atvasinatu annelétu C(16)-
azetidinu.

e Izstradata jauna Kkatalitiska metode regioselektivai C-H aminéSanai betulina
molekularaja skeleta, izmantojot rodija katalizatoru. Ieteiktais 28-O-sulfamata
esteris darbojas ka nitréna prekursors, kas intramolekulari ar augstu selektivitati
C(16) pozicija virza nitréna iespieSanos un noved pie annelétas 1,2,3-oksatiazinan-
2,2-diona struktiiras veidosanas. Izstradatas arT secigas funkcionaliz€$anas metodes,
kas lauj iegtt tadus savienojumus ka l6-aminobetulins, 16-azidobetulins, 16-
aminobetulinskabe un 16-aminobetulonskabe. Papildus tam atrasts, ka 16-
aminobetulina atvasinajumos iesp&jama atkartota C-H amin€Sana, bet Soreiz ar
C(22)-selektivitati. Tas dod iesp€ju sintezét 16,22-diaminobetulina prekursorus.
Iegitie produkti piedava modularas iespgjas talakai funkcionaliz€Sanai un jaunu
pussintétisko triterpenoidu kombinatoro biblioteku veidoSanai ar potencialu
lietojumu medicinas kimija.

Kopuma nemot, $aja promocijas darba ieteiktais savienojumu dizains un to ieglSanai
izstradatas sint€zes metodes nodrosina preparativu piekluvi jauniem strukturaliem motiviem, kas
ieprieks pentaciklisko triterpenoidu kimija nebija pieejami, tadgjadi paverot jaunas iesp&jas PCT
atvasinajumu medicinas kimijas p&tfjumiem.

Darba struktiira un apjoms

Promocijas darbs ir sagatavots ka tematiski vienotu zinatnisku publikaciju kopa, kas veltita
jonogeno fosfonatu un C-H funkcionalizéto pentaciklisko triterpenoidu atvasinajumu sintézei un
to biologisko un sintétisko lietojumu izp&tei. Promocijas darbs ietver tris originalpublikacijas SCI
zurnalos, viena patenta, viena apskatraksta un nepublic€tus rezultatus.

Darba aprobacija un publikacijas

Promocijas darba galvenie rezultati publicéti trTs zinatniskajos originalrakstos un viena patenta.
Promocijas darba izstrades laika sagatavots viens apskatraksts. P&tfjumu rezultati prezent&ti
13 konferences.
Zinatniskas publikacijas
1) Kroskins, V., Luginina, J., Lacis, R., Mishnev, A., Turks, M. Site-selective C-H amination
of lupane type triterpenoids. Eur. J. Org. Chem. 2025, 2500340.
2) Kroskins, V., Luginina, J., Lacis, R., Kumar, D., Kumpins, V., Rjabovs, V., Mishnev, A.,
Turks, M. Palladium-catalyzed C-H arylation and azetidination of pentacyclic triterpenoids. ACS
Omega. 2025, 10, 27992-28019.
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3) Luginina, J., Kroskins, V., Lacis, R., Fedorovska, E., Demir, O., Dubnika, A., Loca, D.,
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triterpenoid phosphonates. Sci. Rep. 2024, 14, 28031.
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Iegiitie patenti
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Konfernces, kuras prezenteti petljumu rezultati
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Triterpenoids. In 24 Tetrahedron Symposium: Abstract Book, France, Montpellier, 18-21 June,
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4) Kumping, V., Kroskins, V., Luginina, J., Turks, M. Site Selective C(sp®)-H Arylation of
Pentacyclic Triterpenoids. In 24" Tetrahedron Symposium: Abstract Book, France, Montpellier,
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of Pentacyclic Triterpenoids. In International Symposium on Synthesis and Catalysis 2023:
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6) Kroskins, V., Lacis, R., Luginina, J., Lo¢a, D., Turks, M. Synthesis of Phosphonate
Derivatives of Pentacyclic Triterpenoids. In International Symposium on Synthesis and Catalysis
2023: Abstract Book, Portugal, Evora, 5-9 September, 2023. Evora: 2023, p. 227.

7) Kroskins, V. C(sp®)-H Arylation of Pentacyclic Triterpenoids. In /3" Paul Walden
Symposium on Organic Chemistry: Program and Abstract Book, Latvia, Riga, 14-15 September,
2023. Riga: 2023, p. 46.

8) Kro$kins, V., Luginina, J., Turks, M. C-H Arylation of Pentacyclic Triterpenoids. In 87*
International Scientific Conference of the University of Latvia 2023. Chemistry Section and Section
of Institute of Chemical Physics: Book of Abstracts., Latvia, Riga, March 17, 2023. Riga:
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GALVENIE PROMOCIJAS DARBA REZULTATI

1. Jonogéno pentaciklisko triterpenoidu fosfonatu sintéze un lietojums

Daudzas dabasvielas uzrada ievérojamu biologisko aktivitati gan in vitro eksperimentos, gan
prekliniskajos dzivnieku modelos. Tomér to efektivitate cilvéku kliniskajos pétijumos biezi vien
dod nekonsekventus rezultatus. Atskirigo rezultatu iemesls starp laboratorijas pétijumiem vai
pétijumiem dzivnieku limenT un lietojumu uz cilvékiem ir bieZi sastopama dabasvielu ierobezota
biopieejamiba, ko savukart iespaido dabasvielu molekulu paaugstinata lipofilitate. Hidrofobitates
un lipofilitates jeédzieni tiek plasi izmantoti attieciba uz organisko savienojumu sorbciju no tidens
vides.?? Hidrofobais efekts raksturo nepolaru savienojumu tieksmi pret nefidens vidi tidens vides
vieta. Tomér absoliita lipofilitates nomakSana var izraisit aktivo farmaceitisko vielu pasiva
transporta partraukSanu caur organisma membranam un péc zalu saistiS8anas ar receptoriem. Ta
rezultata tradicionalas zales parasti tiek izstradatas, koncentréjoties uz labas biopieejamibas un
vélamu farmakokin&tisko Ipasibu nodro$inasanu, ko sasniegt vienlaikus ir visnotal sarezgiti.?>

Viena no visizplatitakajam stratégijam fizikali kimisko, biofarmaceitisko vai farmakokingtisko
Ipasibu uzlabosanai savienojumiem ar augstu farmakologisko potencialu ir priek$zalu izstrade.
Priekszales ir farmakologiski aktivo molekulu kimiski modificétas formas, kuram japarveidojas in
vivo, lai atbrivotu aktivo sakotngjo molekulu. Jaatzime, ka priek§zalu metodi var izmantot, lai
palielinatu hidrofobu nepolaru savienojumu $kidibu Gideni un biopieejamibu, ievadot polaras
jonogeénas funkcionalitates, un, pretgji, lai uzlabotu polaru hidrofilu molekulu lipofilitati un
caurlaidibu, aizsargajot polaras funkcionalitates ar nepolaram grupam.?* Tadgjadi prednizolona
fosfata esteris 1 ir reprezentativs steroido zalu jomas priekszalu piemers ar uzlabotu $kidibu tideni
(3. att.). Vel viens piemérs ir miproksiféna fosfata esteris 2, kam ir ievérojami uzlabota $kidiba
tident, salidzinot ar nemodificétu miproksifénu.

- Biokonversiju veic sarmaina fosfataze - Biokonversiju veic sarmaina fosfataze
- Fosfata $kidiba lava izstradat skidro zalu formu - 8kidiba tdent pie pH 7,4 palielinajas ~1000 reizes

Q
O/R/ONB
ONa

3. attéls. Prednizolona un miproksiféna tident skistosas priekszales.

Pentaciklisko triterpenoidu steroidiem lidzigo struktiiru paaugstinata lipofilitate ir biezi
sastopams ierobezojums $o savienojumu klasu parstavju medicinas kimijas pétijumos un
iespgjamam talakam terapeitiskam lietojumam. Lai uzlabotu triterpenoidu $kidibu tdeni, ir
izstradatas priek$zalu stratégijas. Triterpenoidu fosfati un sulfati, ka arf to aminoskabju, hidrofilu
poliméru vai oglhidratu konjugati (4. att.) ir plasi izmantoti, lai uzlabotu skidibu tideni un peroralo
biopieejamibu.?
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4. att€ls. Oleanolskabes fosfata prekursora 3 un fident $kistoso PCT atvasinajumu 4, 5 pieméri.

Skidibu tident var uzlabot, arf ievadot stabilas polaras jonogénas funkcionalitates, nodrosinot
biologiski aktivo savienojumu sals formas.?® Ja zalu viela ir skabe vai baze, tad to saliem parasti ir
augstaka Skidiba tidenT neka atbilstoSajam nejonizétam formam. Protams, jaunu funkcionalo grupu
ievieSana, ka arT jauna pretjona klatblitne molekula var ietekmét modificéta savienojuma
saistiSanos ar olbaltumvielam, biologisko sadalijumu un metabolismu.

Pasas triterpenskabes var viegli parveidot atbilstoSos salos, veicot vienkarSu neitralizacijas
reakciju ar dazadam neorganiskam un organiskam bazém. Piemé&ram, natrija vai kalija betulinatu
6 var iegit, apstradajot betulinskabi ar NaOH un KOH etanola $kidumu. Tomér $o salu §kidibas
testi deva neskaidrus rezultatus koloidu veidosanas dél koncentracijas virs 0,02 mg/g.?’
Organiskais pretjons, ka tas ir holina oleanolata 7 gadijuma, uzrada vislabako skidibu (81,7 pg/mL)
kunga sulai pietuvinata vidé (NaCl un natrija dodecilsulfata Gidens $kidums, kura pH ar HCI
$kidumu ir noreguléts Iidz 1,2).%

Pedgjas desmitgades laika, veicot dazadas funkcionalo grupu parvértibas PCT struktiira pie
C(3), C(28) un dubultsaite, ir sintezeti daudzi katjonie PCT atvasinajumi (5. att.). Izmantojot
dazada veida saites, pentaciklisko triterpenoidu karksasi ir atvasinati ar atskirigus pretjonus
saturodiem amonija 10?°, imidazolija 11°° un guanidinija 123' fragmentiem. Analogiski dazadiem
biologiskiem mérkiem ir iegiiti C(28), C(30) un C(2) PCT trifenilfosfonija sali.’> Diemzél
zinojumu par So katjono PCT konjugatu skidibas datiem nav.

Lidz $im zinamie pussintétiskie PCT analogu anjonie atvasinajumi (5. att.) galvenokart ietver
sulfatu un fosfatu atvasinajumus, ko var iegiit, sulfat&jot®> 3 vai fosforilgjot>> 3¢ 37 C(3)-OH vai/un
C(28)-OH grupas. Monofosforiléto un difosforileto PCT molekulu izmainitais telpiskais
izkartojums un elektroniska vide pieskir daudzveidigas biologiskas Ipasibas, ko apliecindja vairaki
petijumi. Tomer visaptverosi dati par o savienojumu $kidibu tidenT v&l nav publicéti.
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Anjonie PCT atvasinajumi

10, Lit. 29 11, Lit. 30 12, Lit. 31 13, Lit. 32

5. attels. Ieprieks publiceto jonogéno PCT atvasinajumu piemeri.

Fosfatu grupas aizstasana ar izosterisko fosfonatu grupu var ievérojami samazinat fosfatiem
raksturigo zemo hidrolitisko stabilitati. ST pieeja ir pieradijusi fosfonatu atvasinajumu nozimi ka
stabilu biologiski aktivu savienojumu klasi, kas vislielako lietojumu lidz $im ir radusi nukleotidu
atvasindgjumu ka pretvirusu zilu vida.3®* Ir publicéti ari dazi pieméri par fosfonatu
atvasinajumiem PCT kimija. Fosfonata dalas ievadisana triterpenoida karkasa lidz Sim ir veikta ar
amida 14* saiti vai C-C 15! saiti (6. att.). Pirms promocijas darba atspoguloto p&tijumu saksanas
bija aprakstits tikai viens piemérs par PCT fosfonatu atvasinajumu 16,** kura fosfonata grupa ir
saistita ar estersaiti pie C(28) (6. att.). Tomér sint&tiskas metodes par PCT fosfonatu parveidoSanu
fosfonskabgs vai to salos, ka ar1 §adi iegiitu fosfonatu salu skidibas dati nav pieejami.

6. attels. Ieprieks publicétie PCT fosfonatu konjugati.

Promocijas darba ir izstradati jaunu pentaciklisko triterpenoidu fosfonatu atvasinajumu ar
visparigo struktiiru C(17)-COO-CHz-P, C(3)-O-CHz-P un C(3/28)-O-CH>-P dizains un sintzes
metode. Taja fosfonata fragmenta ievadiSanai, izmantojot estera vai &tera saiti, ir izvelets
vienkarsakais iesp&jamais -CHo- tiltins. Jauzsver, ka ieprieks publicétie triterpenoidu C(28) esteri
uzrada augstu stabilitati skaba un baziska vide.** Savukart izstradata metode dod iesp&ju viegli
iegiit $adus no triterpenoidiem atvasinatus fosfonatu esterus. Tos ir arT viegli parverst sals forma,
un tiem piemit uzlabota $kidiba tideni. Sakotngji tika meginats ievadit vélamo fosfonata fragmentu,
veicot 3-okso-PCT karbonskabju esterifikacijas reakciju ar dimetil(hidroksimetil)fosfonatu, tacu
netika atrasti pietickami efektivi reakcijas apstakli. Probléma tika atrisinata, attalinot reakcijas
centru par vienu atomu no C(17) kvaternara centra, tadgjadi parvarot triterpenoidu skeleta stériskos

16



trauc&jumus. Sim noliikam tika nolemts pariet no nukleofila reakcijas ar aktivétu karbonskabes
fukeiju uz karboksilata alkiléSanas reakciju ar elektrofilu komponenti.

t-BuOK bija piemerots 3-oksotriterpenskabju 18a-c¢ veiksmigai deproton€Sanai, un p&c
sekojosas alkileésanas ar (dimetoksifosforil)metiltrifluormetansulfonatu beziidens THF vide ar labu
iznakumu tika iegtti vélamie esteri 19a-c (1. shéma). Izmantotais triflats ir viegli ieglistams no
ieprieks mingta spirta.** Lidziga pieeja, izmantojot (dimetoksifosforil)metiltrifluormetansulfonatu
kombinacija ar 3-hidroksitriterpénskabém 17b,¢, nodrosinaja savienojumus 20b,c (process 17b,¢
— 20b,c, 2. shéma), bet ar zemakiem iznakumiem blakusproduktu veidoSanas d€l. Lai uzlabotu
kimisko selektivitati starp mérka C(17)-COOH un nevélamo C(3)-OH alkiléSanu transformacija
17b,¢ — 20b,c, tika izmantots K2COs ka vajaka baze. Sados apstaklos tika novérota arf nevélama
transesterifikacija starp C(17)-COOH un alkilésanas reagenta fosfonskabes metilestera dalu,
veidojot C(17)-COOMe blakusproduktu kopa ar TFOCH,P(O)(OH)(OMe). PCT fosfonatu 19a-c
diastereoselektiva C(3) reducSana tika atzita par optimalaku, nodroSinot selektivakas
transformacijas un piekluvi C(3)-OH fosfonatu atvasinajumiem 20a-20c.

1. t-BuOK

2. 9
_~OM
Dzonsa OH TfoAr‘:“g °
reagents i)
=
Acetons/H,0 THF
4h,0°C 160 IT  X= o
Y /%R
19a, X=Y=0,78% NaBH4
MeOH
20a, X = OH, Y =H, 99 % 4h,0°C
1. tBuOK
2. Ol
TfO/\l"-“”/nge
o
THF
16 h, IT X=
oleanolskabe (17b): 18b, 85 % 19b,
R'=Me, R?=H 18¢,78 % 19c,
ursolskabe(17c): ;g:
R'=H, R2= Me 20b, 47 % "
' K2COs4 20c, 30 %
DMF
24 h,100°C

1. shéma. PCT fosfonatu 19a-c un 20a-c sintéze.

Talak pétijam ieguto fosfonatu 19a-c un 20a-c transformaciju par natrija fosfonatiem 22a-c un
24a-c, izmantojot demetiléSanu trimetilsililjodida (TMSI) klatiené, kam sekoja izveidoto
fosfonskabju 21a-¢ un 23a-c parveidoSana atbilstoSajos natrija salos. Ka modelvielu lietojot
betulonskabes fosfonatu 19a, tika atklats, ka demetiléSanai nepiecieS$ama temperatiira ir —40 °C
(2. shéma). Augstaka temperatira tika novérota iepriek§ izveidotas estersaites SkelSanas un
betulonskabes dubultsaites katjona pargrupésanas.*® Tika atklats, ka starpprodukta O-TMS-
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fosfonatu metanolize un sekojoSa HI neitralizacija kopa ar fosfonskabes dinatrija sals veidoSanos,
pievienojot natrija bikarbonata Gdens §kidumu, arT ir javeic pazeminata temperatira.

B, e
(-OMe 1.TMSI (3 eq.) R—0X
e 4h,-40°C ( bx
(o] +
2. MeOH
30 min, =40 °C
o

A 21a:x =1 .
:| ag. NaHCO; (4 eq.)
22a: X =Na 1h,-40°C-IT

2. shéma. Savienojuma 19a demetilgSana.

Izstradatie demetiléSanas apstakli tika veiksmigi izmantoti visam par€jam savienojumu
s€rijam, kas sastav no betulinskabes atvasinagjuma 20a ar brivu C(3)-OH grupu, no 3-
oksooleanolskabes un ursolskabes atvasinatiem fosfonatiem 20b,c un to atbilstosajiem C(3)-OH
atvasinajumiem 21b,c, ieglstot mérka produktus 22a-c¢ un 24a-c ar labiem Ilidz izciliem
iznakumiem (2., 3. shéma).

1. TMSI

4h,-40°C
DCM

— =
2. MeOH
30 min, —40 °C

30 min, —40 °C

19b R'=Me, R2=H,X=Y =0
19¢R'=H,R?=Me,X=Y=0
20bR'=Me, R2=H,X=0H,Y=H
20cR'=H,R?=Me, X=OH,Y =H

22b, 90 %
22¢,51 %
24b, 78 %
24c,93 %

3. shéma. No triterpénskabém atvasinatu natrija fosfonatu 22b,c un 24a-c sinteze.

Iegtitie produkti 22a-c un 24a-c uzradija augstu hidrolitisko stabilitati, un karboksilata estera
saites SkelSanas netika noverota pat péc karseSanas divos dazados baziskos apstaklos: (1) 60 °C
temperatiira 1,5 M NaOH/MeOH $kiduma 6 stundas; (2) 100 °C temperattra 4 ekvivalentu NaOH
klatbiitneé H,O 24 stundas. leglitajiem jonoge€najiem PCT atvasinajumiem piemit augsta §kidiba
fident, ko var labi paradit, registr&jot to '"H KMR spektrus D,0O vidg.

Talak tika pétita fosfonata funkcionalitates ievadisana PCT, izmantojot &tera saiti. Sakot ar
betulinu, visizplatitako dabisko PCT-3,28-diolu, tika parbaudita abu hidroksilgrupu alkiléSanas
iesp&jamiba vienlaikus. Tadu sp&cigu bazu ka NaH, ~-BuOK, #-BuLi un MeMgBr izmantoSana
kombinacija ar ieprieks lietoto (dimetoksifosforil)metiltriflatu vai tozilatu izradijas neefektiva.
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Visbeidzot tika atklats, ka, apvienojot triflata alkilé$anas reagentu (2,2 eq.) un no LDA (2,1 eq.)
ieglito betulina litija dialkoksidu, var iegiit mérka produktu 25 ar 29 % iznakumu (4. shéma). Kopa
ar velamo produktu 25, tika izdalits C(28)-O-monoalkiléSanas produkts 26 un C(28)-O-
fosfonilé$anas produkts 27 attieciba 25:26:27 51:20:29 (KMR). Blakusprodukta 27
veido$anas rodas no alkoksida uzbrukuma fosfora centram divu konkur&josu elektrofilu reakcijas
centru klatbutnes d€] (dimetoksifosforil)metiltrifluormetansulfonata. Iegitais tetrametilbis-
fosfonats 25 tika veiksmigi parveidots par tetranatrija sali 28 (78 %), izmantojot ieprieks
izstradatos demetiléSanas apstaklus.

2
P—OMe
LDA (2,1 eq.) { ome
3 OMe
0™ P-OMe +
o)
- ezea) o J I ' 0.,
~H betulins (17a) THF ‘F\OMe 25, 51 % KMR iznakums 26,20 % \F\OMS 27,29 %
-78°C-IT MeO (29 % izdalits) KMR iznakums MeO o KMR iznakums
1. TMSI (6 eq. P.,
DCI{II @) g\ONC;Na

2. MeOH
30 min, -40 °C
3. NaHCO; (6 eq.) o
H,0 O\\P\) .
1h,—-40°C— IT Nad ONa 28,78 %

4. shéma. Bis-fosfonata 28 sintéze.

P&c tam tika sintez&ti monofosfonatu PCT atvasinajumi pie C(3). Sim nolikam betulinskabes
(17a%), oleanolskabes (17b) un ursolskabes (17¢) karbonskabes funkcijas tika aizsargatas ka
metilesteri. Ieprieks izstradatas LDA/triflata kombinacijas lietoSana deva pieeju vélamajiem C(3)-
eteriem ar vidgjiem iznakumiem (5. shéma). Papildus mérka produktiem p&c reakcijas tika noverota
ari izejvielu klatbiitne un alkil&josa reagenta degradacija.

1. Mel, K,CO;4
DMF 1.TMSI (6 eq.)
16h, IT OMe " “Sem
2. LDA (1,25 eq.) 4h,-40°C
£ oAlleceq)
oTf 2.MeOH
MeO. KOMe j) B 30 min,—40 °C j
[°N - 3.NaHCOs(aq.) O,
insk3 g i (1,25eq.) ~% o 3 S
betulinskabe (17a") 3. O Thr g\ Me 293,41 % 30 min, —40 °C — IT P ona
3h,-78°C— IT © ONa
1. Mel, K,CO;4
DMF 1.TMSI (6 eq.)
16 h, IT Me . DCM
2.LDA (1,25 eq.) 4h,—40°C
£ oAl eq)
orf 30 ZZMS(\):) °c
MeO. (/OMe o) min, 48
P 125 eq)0. ) 3. NaHCO(ad) 1 g
oleanolskabe (17b): R'=Me, R?=H = O THF X oMe 20b. 47 % 80 min, ~40°C—IT =*pl ggb, gg;
o, ’ [
ursolskabe (17¢): R'= H,R2=Me ~ 3h,-78°C— IT  OMe 29¢, 53 % ONa B

5. shéma. Metilaizsargatu PCT fosfonatu atvasinajumu 29a-c sint€ze un demetiléSana.
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Tika sagaidits, ka ieprieks izstradatie TMSI apstakli nodroSinas gan fosfonatu demetilésanu,
gan C(28) karbonskabes metilestera demetiléSanu, ieglistot vélamos trinatrija salus. Tomér C(28)
metilesteri 29a-c¢ uzradija paaugstinatu stabilitati, veidojot produktus 30a-c (5. shéma). Alternativu
apstak]u parbaude metilesteru 29a-c skelSanai, pieméram, 6M KOH/EtOH attecg, Lil/DMF/DMSO
attec€, izradijas neefektiva. Tapéc tika nolemts mainit metilgrupu uz vieglak noskelamo 4-
metoksibenzilgrupu. Soreiz C(28)O-PMB aizsargato C(3) &teru 31a-c apstrade ar TMSI, sekojo3a
metanolize un neitralizacija ar NaHCO3 deva mérka PCT jonogénos atvasinajumus 32a-c ar labiem
iznakumiem (6. shéma).

1. PMBBr, K,CO3
DMF 1.TMSI (6 eq.)
16 h,IT DCM
2.LDA (1,25 eq.) 4h,-40°C
oTf 2.MeOH
Moo [ OMe 30 min, 40 °C
- o - [N 3.NaHCOs(aq.) O,
g 1 (1.25eq.) 3 S
betulinskabe (17a') 3. O THr ERAOMe 31a,44 % 30 min, —40 °C — IT P oNa
3h,-78°C—IT © ONa

1. PMBBr, K,CO3

DMF 1.TMSI (6 eq.)
16 h, IT DCM
2.LDA(1.25 eq.) __4h0Cc
oTf 2.MeOH
Meo. [ oMe 0 30 min, —40 °C o
s 1 (125eq)0. ) 2 3.NaHCOg(aq) ¢ ] g
oleanolskabe (17b): R'= Me, R?= H O THF oMe 31b, 59 % 30 min, ~40 °C —IT “Plr\a 32b, 75 %
ursolskabe (17¢): R'=H,RZ=Me ~ 3h,-78°C—IT OMe 31¢,53 % ONa 32¢,76 %

6. shéma. PMB aizsargatu PCT fosfonatu atvasinajumu 31a-c sint€ze un demetiléSana.

Visiem iegiitajiem jonogénajiem PCT natrija fosfonatiem tika veikti $kidibas testi Tideni
(7. att.). Precizai $kidibas aprékinasanai tika izmantota kvantitativa '"H-KMR pieeja D20 vide,
izmantojot kalija hidrogénftalatu ka argjo standartu. Fosfonatu baziskas formas*® tika nodroginatas,
uzmanigi pievienojot NaOD, kvantitativas noteikSanas laika uzturot pH 8,0-8,5, kas ir par 2—
3 vienibam augstaks neka fosfonskabes disals pKa.*’ Ka paredzams, jaunizveidotajiem PCT
fosfonatiem 22a-c, 24a-c, 32a-c un 28 piemit lieliska $kidiba tidenT diapazona no 3 mg/mL Iidz 26
mg/mL (pH 8,08,5) (7. att.). Ta ir vismaz par divam kartam augstaka neka lidz Sim publicétie
dabisko triterpénskabju skidibas dati. Piem&ram, oleanolskabes un betulinskabes skidiba tdent
neitrala pH ir < 0,1 pg/mL, un to var palielinat 1idz 42,1 pg/mL betulinskabei un 99,5 pg/mL
oleanolskabei pie pH 11,8.22 Ari dabiskajai ursolskabei ir lidzigi zema $kidiba tideni,®® ko var
zindma meéra palielinat ar dazadam modernam zalu piegades sistémam.'®'® Fosfonskabes ir
stiprakas skabes un vieglak joniz&jamas neka karbonskabes. ST ipasiba palidz palielinat $kidibu
tident, ka to pierada Seit aprakstitie savienojumi.
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28, 3 mg/mL

7. attéls. PCT fosfonatu skidiba deiteréta tident (D2O) pie pH 8,0 - 8,5.

Iegtito savienojumu citotoksiska aktivitate dazadas koncentracijas (10-50 pM) tika noteikta
cilvéka osteosarkomas §tinu Itnijas MG-63 (ATCC, CRL-1427) un peles preosteoblastu $iinu Iinijas
MC3T3-E1 (ATCC, CRL-2593) sadarbiba ar Dr. sc. ing. A. Dubniku un profesori D. Lo¢u (RTU
Biomaterialu un bioinzenierijas institiits). Ka standartvielas citotoksicitates testos tika lietotas arl
dabiski sastopamas betulinskabe (17¢’), oleanolskabe (17b) un ursolskabe (17c¢), ka ari to 3-
oksoanalogi 18a-c un doksorubicins. Tika konstatéts, ka izstradatie Gident $kistosie PCT fosfonatu
atvasinajumi un dabiskas triterpénskabes, tostarp to 3-oksoanalogi, neuzrada toksicitati MC3T3-
E1 $Gnas. Ka interesants izn@mums jamin koncentracijas atkariga MC3T3-E1 $iinu dzivotspgjas
samazina$anas oleanonskabes klatbtitng (0,49 + 0,12 relativa vielmainas aktivitate pie 50 uM 18b).
Mazaka mera ursonskabe ietekmg&a MC3T3-E1 Stnu vielmainas aktivitati (0,72 + 0,09 relativa
vielmainas aktivitate pie 50 uM 18¢). Tomér MG-63 $inu linija uzradija nedaudz zemaku
vielmainas aktivitati oleanonskabes fosfonata 24b klatbuitne (0,73 + 0,05 relativa vielmainas
aktivitate pie 50 uM 24b) neka oleanolskabes klatbiitne (1,03 = 0,18 18b gadijuma). Interesanti
atzimét, ka ursolskabe (17¢) un ursonskabe (18¢) $tinu dzivotspgjas testos uzradija citotoksisku
iedarbibu pret MG-63 Stnu Iiniju (attiecigi 0,28 + 0,04 un 0,67 + 0,04 relativa vielmainas aktivitate
pie 50 uM 17¢ un 18¢).

Kopsumma var secinat, ka ir iespgjams izveidot pentaciklisko triterpenoidu fosfonatu
atvasinajumus, kur fosfonata fragmenti ir saistiti pie triterpéna karkasa ar &tera vai estera tipa
funkcionalajam grupam un ar 1sako iesp&jamo metiléntiltinu. Fosfonata demetiléSana ar TMSI tika
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optimizgta, lai izvairitos no skabes izraisitam pargrupésanas blakusrekcijam. legiti ir gan ar estera
saiti saistiti dinatrija fosfonati no betulinskabes, oleanolskabes un ursolskabes, ieskaitot to 3-
oksoformas, gan ar &tera saiti saistiti fosfonskabju un terpeénkarbonskabju trinatrija sali. Saliem
konstatéta augsta skidiba tident (3—26 mg/mL pie pH 8,0-8,5), kas noteikta ar kvantitativo KMR.
To augsta Skidiba pielauj pat savienienojumu KMR raksturoSanu D.O $kidumos. Sakotngjie
citotoksicitates testi liecina par zemu toksiskumu normalam $tinam, kas paver iesp&jas petjjumiem
to izmantoSanai pretvirusu, pretmikrobu, antidiab&tiskas un pretiekaisuma terapijas.

Par Siem pétijjumiem plasak var lasit publikacija Luginina, J., Kro$kins, V., Lacis, R.,
Fedorovska, E.; Demir, O., Dubnika, A., Loca, D., Turks. M. Synthesis and preliminary
cytotoxicity evaluation of water soluble pentacyclic triterpenoid phosphonates. Sci. Rep. 2024, 14,
28031; (1. pielikums) patenta Luginina, J., Kroskins, V., Lacis, R., Fedorovska, E., Turks, M.
Udeni 8kistosi triterpenoidu fosfonati un to sintézes metode. LV15836 BI1, 20.03.2025.
(2. pielikums); ka arT 3. pielikuma par PCT 3-O-metilfosfonatu sintézi.
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2. Pentaciklisko triterpenoidu C-H fukcionalizésana

Parejas metalu katalitisko metozu attistiba ir radijusi virkni sasniegumu sinttiskaja organiskaja
kimija, laujot konstruét arvien sarezgitakus savienojumus.?! Parejas metalu katalizéta C-H
aktivacija, kas ietver iek$gjas sféras C-H saites SkelSanu, lai raditu oglekla-metala saiti, piedava
ilgtsp&jigu un ekonomisku pieeju organiskaja sint€zé. Termini C-H aktivacija un C-H
funkcionalizéSana bieZi tiek lietoti lidzvértigi, tatu zinama atikiriba slépjas mehanisma.*® C-H
aktivacija ietver mehanisma solus, kuros C-H saite tiek Skelta, veidojot tieSu saiti starp oglekli un
metalu (7. shéma). Turpreti C-H funkcionalizéSana ir plasaks termins, kas neprasa C-M saites
veidoSanos un ietver gan ieksgjas sferas, gan argjas sferas mehanismus. Argjas sferas C-H
funkcionaliz€Sana parasti notiek, izmantojot radikalu starpniecibu, tidenraza atoma parnesi (HAT)
vai iespieSanos C-H saitg, kura iesaistitas metala karbenoidu, okso- vai nitrenoidu dalinas, ka ar1
citus procesus.

C-H aktivacija

H

cat. [TM] [T™M] HIX-R
O O -cat. [TM] O

C-H funkcionalizé$ana

Radikalu procesi
kat. [TM]
Q H metala mediéts H/X R
~.) O vai bez metala g_o | O

Arjas sféras celi H O R
Rey cat. [TM] _ Rey O " H
0 I RoyZ-H
Ny Nz ™

7. shema. C-H aktivacija un C-H funkcionaliz&$ana.

Absoliitas kimiskas selektivitates un regioselektivitates kontroles sasniegSana joprojam ir
batisks izaicindgjums sint&tiski piemérotam C-H aktivéSanas reakcijam. Regioselektivitati var
regulét ar substrata elektroniskajam vai steriskajam ipasibam, ka arT ar helatu palidzibu. Lai
atvieglotu pedgjo, ir izstradatas dazadas monodentatas un bidentatas virzosas grupas vai nu dabiski
substrata esosas (8. shéma: izejvielas 33, 35), vai arT apzinati ievaditas (8. sheéma: izejviela 37), lai

nodrosinatu parejas metalu katalizétu C-H aktivaciju.*’ 3% 3152
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Monodentata karboksilata DG (X tipa)

Phl (2.5 eq.)
o
i AcHN/\)kOH (20 mol%) o
OH — 5 OH
Pd(OAG); (10 mol%)
H Ag20 (2 eq.) Ph
33 NayHPO,+7H,0 (1 eq.) 34,75%

HFIP, 80 °C,4 h
Monodentata amina DG (L tipa)

Pd(OAc); (10 mol%)

Me_ M Me_ M
e MNe BQ (0,5 eq.) e Me
NH Ac-Phe-OH (20 mol%) NH
Ag>CO3 (2 eq.)
MeH NaHCO; (4 eq.) MePh
35 +AmOH, 80 °C 36,68 %
Bidentata 8-aminohinolina DG (L,X tipa)
4-jodanizols (4 eq.)
AgOAc (1,1eq.)
Pd(OAc)z (5 mol%)
bez $kidinataja
110 °C, 5 min 38,92 %

OMe

8. sheéma. C(sp®)-H aktivacija izmantojot dazada veida virzo§as grupas.

Ped&jo desmitgazu laika ir zinots par ievérojamiem dabasvielu C-H ariléSanas un sekojoSas
funkcionaliz€$anas lietojumiem. Pieméram, pinaminu 39, kas satur pikolinamida virzoso grupu,
var selektivi funkcionalizét ar dazadi aizvietotiem aromatiskiem cikliem (9. shéma).>* Savukart
Separda (Shepard) grupa ir aprakstijusi sinttisku protokolu 4-anizolilaizvietotdja ieklausanai
bornilamina karkasa 41, izmantojot dazadi aizvietotas virzo$as piridilgrupas, starp kuram 2-
metilpiridilgrupa nodrosinaja vislabako regioselektivitati.>

N N
|
N~ N __
H M H_Ar
HN"0 pg(0ac), (10 moi%) HN™ %o
s
Me AgCO; (1eq.)  Me
Me Me Arl (1,1eq.) Me Me
39 toluols, 130 °C, 24 h 40, 47-85 %
Pd(OAc); (5 mol%)
CuBr2 (10 mol%)
4 -jodanisols (4 eq.)
H HN_O  CsOAc(4eq.)
M t-AmOH
N7 ‘ €140°C,24 h N7
X
41 42,98 %

9. shéma. Dabisko terpénu C-H ariléSana.

Tiek uzskatits, ka paladija katalizétas C-H arileSanas mehanisms sakas ar paladija
koording$anos pie virzosas grupas un ligandu apmainu, veidojot kompleksu I (10. shéma). P&c tam
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C-H aktivacijas solis notiek, izmantojot saskanotu metalg$anas-deproton&sanas celu®, kas ietver
C-H saites koordingSanos ar paladiju, veidojot paladija-oglekla o-kompleksu II. Aprékinatais
parejas stavoklis parada, ka oglekla-metala saite sak veidoties vienlaikus ar protona parnesi uz
karboksilata grupu, ka rezultata veidojas metala komplekss III. Salidzinot ar citiem iespgjamiem
procesiem, pieméram, C-H saites oksidgjoso pievienosanos metalam, CMD process prasa

6

ievérojami mazak energijas.’® Ariljodida oksidgjosa pievienosanas kompleksam III dod

paladija(IV) intermediatu IV, un sekojosa C-C reducgjosa eliming$anas un ligandu apmaina rada
paladija kompleksu V, kas atbrivo mérka ariléSanas produktu.

H HN o

Me
Pd(OAc),| N ‘
acetata X M
buferis

acetata
buferis

# /N (0] o
X 7F/’d ~NnZ Me
Lo | Me|
VX acetata
buferis
RE\

N__O

"
wv_-N_O Pd
Ar‘pd/ oP L N A Me
/AN = Me N |
X N ‘ n o
S

v
Ar-X
10. shéma. Paladija katalizetas C-H arilésanas mehanisms.

Metalu piedevas, pieméram, vara(Il) un sudraba(l) sali, biezi ir izSkiroSas paladija katalizetas
C-H aktivacijas reakcijas, palidzot uzlabot reakcijas sp&ju, selektivitati vai pat nodro§inat noteiktas
parvertibas, kas citadi nenotiktu efektivi. Vara piedeva var atjaunot Pd(II) savienojumus, kas var
reducgties 11dz Pd(0) un apturét Pd(II)/Pd(IV) katalitisko ciklu. Dazos gadijumos vara(Il) sali tiesi
palidz C-H saiSu skelSana, darbojoties ka Luisa skabe, kas aktivizg substratu, vai Brensteda baze
(Tpadi ar acetata ligandiem), kas palidz deprotongsana (ipasi CMD procesa).’’ Ag(l) salu loma ir
aprakstita dazados paladija kataliz€tos C-H aktivacijas procesos. Parasti sudraba piedevas var
izmantot ka terminalo oksidétaju vai halogenidu saistitaju, tomér daudzi petijumi par
heterometalisku Pd-Ag katalizi liecina, ka paladijs un sudrabs var darboties kopa visa katalitiska
cikla laika. Dazos gadijumos sudraba karboksilati var tieSi aktivizet (saskelt) C-H saites arénos,
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veidojot arilsudraba(l) savienojumus. Sie arilsudraba starpprodukti p&c tam var parnest arilgrupu
uz paladija kompleksu, palidzot veidot vélamo produktu.*®

Dazadu terpénu dabasvielu aminoatvasinajumu sint€zei ir plasi lietota neaktivétu C-H saiSu
parveidosana par C-N saitém, izmantojot C-H funkcionalizé$anas metodi (11.shéma). Saja
gadijuma metala-nitrenoida dalinas kalpo ka izskiross starpprodukts C-H saites $kelSanas procesa,
kas rodas, parnesot nitréna grupu no aming$anas agenta uz metala centru. Ar virzitu nitréna
iespiesanos ir panakta intramolekulara amingSana, izmantojot dazadas aminoskabes vai azidu
grupas, pieméram, sulfonamidus, sulfamidus, sulfamatus, karbamatus vai azidus, sulfonilazidus un
karbonilazidus. Piem@ram, Ielamina azidoatvasinajums 43 paaugstinata temperatira un dzelzs
katalizatora 44 klatieng tika izmantots ka nitréna prekursors, iegiistot pirolidina atvasinajumu 45
(11. shéma). No artemizina atvasinats karbamats 46 un sulfamats 47 rodija katalizatora un PIDA
klatieng tika attiecigi cikliz&ti par oksazolidinonu 48 un oksatiazinanu 49, uzradot viens otram
pretéju nitréna C-H iespieSanas regioselektivitati.

o O pr 44, (10 mol%)
. Boc,O (1 eq.) Me'

Ny N toluols, 115 °C

Rhy(pfb), (5 mol%)
PIDA, M

go
M ?
& DCM, 40 °C
H “ ’
H Y NH,
46 (Y = CO, 24 h) . ! 5
47 (Y =S0,, 3 h) 48,67 % i 49,87 %

11. shéma. Lelamina azidoatvasinajuma 43,%° artemizina karbamata 46 un sulfamata 47°
iekSmolekulara C-H amin&S$ana.

Metalonitrénu B var iegut, apstarojot ar UV gaismu vai termiski sadalot organozidus A
piemérota parejas metala klatbatné (12. shéma). Ari karbamati un sulfamati kalpo ka efektivi
nitréna prekursori hipervalenta joda reagentu klatbuitng, veidojot starpproduktus F, kas talak
mijiedarbojas ar parejas metala katalizatoru un izveido vélamo metalonitrénu G. Iek§molekularas
nitréna iespieSanas reakcijas ir pieradijusas sevi ka spécigu panémienu dazadu N-heterociklu
sint€z€, nodrosinot augstu kimisko un regioselektivitati. Tomér sulfamata un karbamata ciklizacija
var notikt arT pa radikalu celu bez parejas metalu starpniecibas, ka Hofmana-Leflera-Freitaga
reakcijas variacija vai ari ka n-selektiva Luisa skabes kataliz&ta aminu pievieno$ana nepiesatinatam
sistémam.®!62

Par pedgjo gadu sasniegumiem oksatiazinana ciklu sint€z€ no sulfamatu esteriem, ieskaitot
nitréna tipa intermediatu lietojumu, kadi tiks apskatiti ari §1 darba 2.2. apak$nodala, var lasit

apskstraksta: Kroskins, V., Turks, M. Recent investigations in synthesis of oxathiazinanes by
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sulfamate ester cyclization (microreview). Chem. Heterocycl. Comp. 2023, 59, 637-639.
(4. pielikums).

Metalonitrénu generé$ana no organoazidiem
N /Y\x

)VL A Y=CO, PO, P(0)OAI, SO,, CH,.
R' X=0,CH,,NPG.

sildisana vai hv

M]\ /Y\

&M

Metalonitrénu generésana no karbamatiem un sulfamatiem PhiX
Mo Phisy Yo 2

H Baze H,N" 0
R' M R'MR
! E

Y=S0,, CO.

X=0Ac, OCOCFj, OPiv, =0.
[M]\ Yo
H_ P

MI, N Y

R' H o
\_/ R'/\G)\R

12. shéma. Metalonitrénu generé$anas mehanismi un sekojo$a iespiesanas C-H saitg.

Starpmolekularajai C-H iespie$anas pieejai nav nepiecieSams sintétiski ievadit virzo$o grupu,
tomer, to lietojot, parasti tieck novérota zemaka selektivitate. Pieméram, fenilsulfamats (PhsNH>)
rodija katalizatora un PhI(OPiv); klatbuitné tika izmantots ka starpmolekulars C-H amingSanas
reagents, nodro§inot strukturali sarezgitas dabavielas 50 C-N saites veidoSanos ar 38 % iznakumu
(13. sheéma).®
Rhy(esp), (1 mol%)
PhsNH, (1,3 eq.)
PhI(OPiv), (1,5 eq.)

AlL,O3 (4,0 eq.)

tBuCN, 6 h, IT

50 51,38 %
13. shéma. Dabasvielas 50 ickSmolekulara C-H amin&Sana.

Lielaka dala zinamo sintétisko parvertibu pentaciklisko triterpenoidu funcionalizgSanai ietver
biogéno C(3) un C(28) C-O funkcionalitadu un pieejamas dubultsaites izmantosanu.>* Tomér
jaatzimg, ka PCT terpenoida struktiira ir bagata ar daudzam C(sp®)-H saitém, ko teorétiski varétu
funkcionalizgt, izmantojot parejas metalu kataliz€tu C-H aktivacijas pieeju. Savukart reakcijas
sp&jas un regioselektivitates problémas var apgritinat PCT ciklu tieSu funkcionalizé$anu.
Priek$noteikums $adu sarezgitu savienojumu regioselektivai derivatizacijai, aktivéjot C-H saites,
ir funkcionalu virzoSo grupu klatbiitne strukttira.
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Literatiira ir tikai dazi C(sp®)-H aktivacijas pieméri PCT policikliskaja struktiira (14. shéma).

6465 ir aprakstijusi dazadu pentaciklisko triterpenoidu regioselektivu C-H

Ju (Yu) grupa
hidroksile§anu, izmantojot Sénekera (Schénecker) un Barana (Baran) vara katalizétos aerobos
apstaklus (Cu(OTf)2, O2) (14.a shéma). Saja gadijuma oksidesanas vietas selektivitati noteica
parejosa hirala iminopiridina virzosa grupa, kas tika ievadita, izmantojot viegli pieejamu C(28)
aldehidu. Vairakas pétnieku grupas ir lietojusas Baldvina®® (Baldwin) izstradatas pieejas
izmantoSanu hidroksilgrupas selektivai ievadiSanai neaktivéta C(23) metilgrupa (14.b
shéma).?”-%% % Savukart oleanolskabes C(23) regioselektivu oksigenéianu, izmantojot iridija
katalizetu C(3) hidroksilgrupas virzitu silileSanu/Tamao-Fleminga oksidéSanas sekvenci, ir
izpétijusi Hartviga (Hartwig) grupa (14. c shéma).”® Jaatzimé, ka Maulides (Maulide) grupa’'
nesen aprakstija B gredzena regioselektivu C-H oksidé$anu oleanana struktiira, izmantojot C(23)-

OH funkcionalitati ka virzoso grupu (14. d sheéma).
1. TsOH (0.,1 eq.)

i-Pr
‘ XY NH,
N
toluols, 80 °C

2. Cu(OTh, (1,3 eq.), Oy,
Na askorbats (2,0 eq.),
MeOH/Acetons, 50 °C, 90 min ©

3. NayEDTA, r-jas apstrade

Lit. 64

1. Na,PdCl, (1,3 eq.)
NaOAc (1,2 eq.)
HOAc, IT, 72 h
2. Ac,0, DMAP, EtsN,
CH,Cl,, IT, 1h
Lit. 67

1. [Ir(cod)OMe], (0,1 mol %)
Et,SiH,, IT, tad
[Ir(cod)OMe],/Me4phen (2 mol %),

OMe nbe, THF, 120 °C

2. KHCO3, H,0,, 50 °C

Lit. 70

1. PPTS, (CH,0H),,
benzols, attece, 16 h
e
2.PIDA, I, CaCOg3, 1T, 2h

1,6 - HAT

Lit. 71 { o
0/~

59,53 %

-

14. sheéma. Literatlira aprakstitie pentaciklisko triterpenoidu C-H oksid&Sanas piemeri.

Runajot par aminésanas reakcijam, Lu (Lu) grupa ir izstradajusi iridija katalizétu C(sp®)-H
aminéSanas reakciju oleanonskabes metiloksima C(23) pozicija, izmantojot TrocN3; ka amina
prekursoru (15. a shema).” Betulina karkass ir pétits C(sp’)-H aming$ana, kas tika panakts ar
metalonitréna izveidi no sulfamata estera 63. Vaitas (White) grupa ir atklajusi, ka [Mn(zBuPc)]SbFs
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katalizators veicina C-N saites veidoSanos pie ekvatorialas C(23) metilgrupas y-C-H saites un

nodroSina labu oksatiazinanu 64 iznakumu ar augstu regio- un diastereoselektivitati
(15. b shema).”

TrocN3
oH [CP7IrClzl; (5 mol%)
AGNTF, (20 mol%

)
NaOAc (50 mol%)
———————— MeO_, z * Meo. z
DCE, 24 h, 100 °C NT N7
“—NHTroc  TrocHN “

Lit. 72
61,71 % 62,20 %

OH [Mn(tBuPc)ICI (10 mol%)
PhI(OPiv), (2,0 eq.)

4 AMS, PhMe/MeCN
IT, 24 h 0=,
Lit. 73

N
O H 64,76 %

15. sheéma. Literatiira aprakstitie C-H pentaciklisko triterpenoidu amin€S$anas panémieni.

P&éc promocijas darba autora riciba esosas informacijas bez iepriek§minétajiem daziem C-H
hidroksiléSanas piem&riem un diviem vienigajiem C-H amin&Sanas piemeériem literatiira nav datu
par C-C saiSu veidojosam C-H aktivacijas pieejam pentaciklisko triterpenoidu molekularajos
karkasos. Tom@r ir aprakstiti daZi veiksmigi mazaku dabisko terpénu molekulu C(sp?)-H arilédanas
piemeri.”* Turklat pédéjas desmitgades laika ir izstradatas vairakas C(sp®)-H arilésanas stratégijas,
izmantojot dazadas virzo$as grupas un katalitiskas sist€émas, kas ir piemérotas sarezgitu molekulu
vélinajai funkcionalizé$anai.”> %7778 Lidz ar to $aja promocijas darba tika izstradata ieprieks
neaprakstitu paladija katalizétu pentaciklisko triterpenoidu C(sp’)-H (het)ariléSana, ka ari rodija
kataliz€tu betulina karkasa D- un E-ciklu C-H amingSana ar sekojoSu aminogrupas
funkcionaliz&Sanu.

2.1. Pentaciklisko triterpenoidu C-H (het)ariléSana un azetidinéSana

Pentaciklisko triterpenoidu C(sp®)-H (het)arilesanas pétijumi tika iesakti, iegiistot
atvasinajumus, kas satur Daugula izstradatas 8-aminohinolinamida un pikolinamida virzosas
grupas.” Vienkar$akaja gadijuma tas ir savienotas ar triterpenoida skeletu ka karboksamidi 65a-
d, kas ieglistami no dabigajam triterpénkarbonskabem, vai ar konformacionali fleksiblaku -CH»-
NH- saiti 66a-d (8. att.).
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65aR"=CH, 65¢c R?=H, R®= Me
65b R' = Me 65d R?=Me. R®=H

66a R'=CH, 66¢ R?=H, R®= Me
66b R'= Me 66d R?=Me, R®=H

8. attels. Triterpeénkarbonskabju 8-aminohinolamidi 65a-d un pikolinamidi 66a-d.

8-Aminohinolina amidi 65a-d tika iegiiti amideSanas reakcijas starp betulonskabi, ursonskabi,
oleanonskabi 18a-c un §-aminohinolinu, ieprieks parveidojot §is skabes par attiecigajiem skabes
hloridiem.?8! Pikolinamida®? virzoda grupa tika ievadita, izmantojot triterpenoida C(28)-aminu
reakciju ar pikolinoilhloridu. Betulinamins un ta piesatinatais analogs tika iegiiti, reducgjot
atbilstosos oksimus®® 67a un 67b. Komerciali pieejamas oleanolskabes un ursolskabes tika
parveidotas par atbilstosajiem aminiem divos posmos.?*®° In situ generétie aktivétie esteri tika
parveidoti par amidiem 68a un 68b, kuru reducesana ar LiAlH4 deva attiecigos pirm&jos aminus,
kas tika parveidoti par pikolinamidiem 66a un 66b, izmantojot ieprieks izstradatus reakcijas
apstaklus (16. shéma).

R
u 1. TiCl3 (2M HCl)
NH4OAc, NaBH;CN

Lit. 83 OH MeOH, 16 h, IT
- .
2. Pikolinoilhlorids
HO' Et;N, DCM/THF
3h,0°C-IT
66a, 81 % (divas stadijas)
66b, 60 % (divas stadijas)
. =
HCTU, EtzN 1. LiAIH, THF ‘
OH DMF NH, 24 h, attece \N
_— _ -
NH/MeOH 2. Pikolinoilhlorids
3h T HO' Et;N, DCM/THF H
3h,0°C-IT
17b: R" = H, R? = Me Oleanolskabe 68a, 84 % 66¢, 55 % (divas stadijas)
17¢c: R' = Me, R, = H Ursolskabe 68b, 91 % 66d, 47 % (divas stadijas)

16. shéma. Pikolinamidu 66a-d sintéze.
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Lai izpétitu virzoso grupu saturoS$u PCT atvasinajumu spgju kompleksét paladiju un veidot C-
H deiterésanas produktus, kas paraditu C-H aktivacijas procesa iesp&jamibu, izejvielas 65a un 66a
tika paklautas C-H deiteréSanas eksperimentiem, izmantojot deiterétu etikskabi ka skidinataju
Pd(OAc): un CsOAc klatbiitné (17. sheéma). Abi substrati nodrosinaja C(16)/C(22) dideiterétus
produktus. Balstoties daudzsolosas C-H aktivacijas iespgjas, tika parbauditi iesp&jamie reakcijas
apstakli C-H arilésanas reakcijai. Parsteidzosi, bet hinolinamida 65a gadijuma visos izskatitos
reakcijas apstaklos C-H ariléSana netika noverota.

Pd(OAc), (40 mol%
CsOAc (1 eq.)
CD3CO0D
80°C,16h

17. shéma. Savienojumu 65a un 66a C(sp®)-H deiterésana; skabas -OH un -NH grupas ir attélotas
to nedeiteréta forma, jo produktu izdaliSanas procesa notiek atra apmaina pret protoniem.

Tomeér konformacionali elastigakais pikolinamids 65a izradijas derigs C-H ariléSanas
reakcijam. Pikolinamida 66a (1 eq.), 4-jodanizola (4 eq.), Pd(OAc)2 (5 mol.%), CuBr2 (10 mol.%)3¢
un CsOAc (4 eq.) kombinacija, ka $kidinataju izmantojot +-AmOH, uzradija vislielako efektivitati,
dodot C(22)- un C(16)-regioizoméru 69a un 70a maisijumu attieciba 92 : 8 ar 83 % kopgjo
iznakumu. Ar $iem C(sp*)-H ariléSanas apstakliem tika parbaudits ariljodidu komponentu klasts
(1. tabula). Elektronbagatie ariljodidi uzradija labu reakcijas sp&ju, un C(sp?)-H arilésanas produkti
69a-d/70a-d tika iegtti ar kopgjiem iznakumiem 50-83 % diapazona (1. tabula). Divu ariléto
savienojumu 69a,b molekularas struktiras tika neparprotami pieraditas, izmantojot
rentgenstrukturanalizi (9. att.). Visos gadijumos tika novérota arT C(22)-azetidina blakusprodukta
71 veidosanas. Elektrondeficitie jodaréni deva zemakus ariléto regioizoméru iznakumus 29-54 %
robezas. Savukart jodaréni ar tadiem aizvietotdajiem ka -COOMe, -C(O)Me, -CN, -Cl, -NO>
(1. tabula) deva azetidinu 71 ka galveno produktu ar iznakumiem 40-64 % robezas. Visaugstakais
azetidina iznakums tika noverots ar [-CsHs-CN (64 %), savukart [-CsHs-NO; izmantoSana
nodroSinaja selektivu azetidina veidoSanos ar 61 % iznakumu, kas atviegloja ta izdaliSanu un
attiriSanu. Azetidini ka C(sp®)-H arilésanas blakusprodukti ir aprakstiti ieprieks. Pieméram, Vu
(Wu) grupa ieprieks ir publicgjusi mérktiecigu C-H azetidin€Sanas protokolu, izmantojot
AgOAC/CeFsl uz vienkarSiem modelsubstratiem.’” Ir zinama ari azetidinu veido$anas no
pikolinamidiem Pd-katalizatora, PhI(OAc) un Li,CO; klatbiitng.?®® Tomér méginajumi,
izmantot ieprieks mingtos apstaklus bez vara piedevas, neuzradija izejvielas 66a konversiju.
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1. tabula
Pikolinamida 66a C(sp*)-H arilédanas substratu klasts un produktu iznakumi

Arl (4 eq.)
Pd(OAc), (5 mol%)
CuBr; (10 mol%) ‘
6a CsOAc (4 eq.)
t-AmOH (0,05 M)
140 °C, 24 h
Ar 69a-i iznakums (%) 70a-i iznakums (%) | 71 iznakums (%)
H)owe 69a, 76 70a, 7 10
=) 69b, 64 70b, 9 26
) 69¢, 60 70¢, 5 19
=)o 69d, 45 70d, 6 10
= )ores 69e, 32 70e, 6 36
HO, 69f, 32 70f, 6 56
O, 69g, 22 70g, 7 40
=)o 69h, 19 70h, 12 64
=) 69i, 42 70, 12 44
F@Nm - - 61

69b

9. attéls. Savienojumu 69a un 69b rentgenstruktiiranalize.

Tika parbauditas ari izejvielas 66a C(sp’)-H (het)arilésanas reakcijas ar 4-jod-N,N-
dimetilanilinu, 3-jodpiridinu un 4-jod-1-metil-1H-pirazolu, tacu izejvielas konversija netika
noverota. Tomer heteroariléSana ar 5-jodindolu un 7-jodkarbazolu deva rezultatu, un sagaidamie
ariléSanas produkti 69m/70m un 690/700 tika izdaliti attiecigi ar 24 % un 34 % iznakumu, bet
Soreiz bez azetidina blakusprodukta veidosanas (18. shéma). Reakcija starp 66a un 2-jodtiofénu
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deva produktu 69j/70j un azetidinu 65, bet papildus tam tika noverots art diariléts produkts 70j’
5 % apméra. Interesanti, ka otra C-H aktivacija tioféna gadijuma notiek pie sakotng&ji ievadita
tioféna fragmenta produkta 70j (18.shéma). Lai ieglitu citus dubultas ariléSanas produktus,
izmantojot citus jodar€nus, tika palielinats reakcijas laiks, (het)ariljodida komponentes
koncentraciju un katalizatora deva, tomér neviena cita gadijuma papildu dubultas ariléSanas
produkti netika noveéroti.

5:1
HetAr-l (4 eq.) —
Pd(OAc), (5 mol%) 24 %
CuBr; (10 mol%)
CsOAc (4 eq.)
66a ———— >
t-AmOH (0,05 M) /// /// /// o D
140 °C, 24 h

705", 5% azetidins 71,
27 %

18. shéma. Pikolinamida 66a C(sp*)-H heteroarilésana.

Lai nodro$inatu NH-azetidinus talakai sintStiskai izmantoSanai, tika pé&titas pikolinamida
fragmenta SkelSanas iesp&jas. Reducgjosie SkelSanas apstakli, izmantojot LiAlH4/THF istabas
temperatiira, tika atziti par efektiviem vélama produkta iegiiSanai (19. sheéma).

72,66 %

19. shéma. NH-Azetidina 72 sintéze.

Iedvesmojoties no veiksmigas betulina karkasa ariléSanas, tika nolemts pétit arl no
oleanolskabes un ursolskabes pikolinamidu 66¢,d ariléSanu, izmantojot elektronbagato 4-
jodanizolu un elektrondeficito 4-jodbenzoskabes metilesteri (20. shéma). Planota ursana un
oleanana molekulard skeleta transformacija vainagojas ar augstaku 19 : 1 regioselektivitati pie
C(22), tomer pilniga izejvielu 66¢ un 66d konversija netika sasniegta. Lidzigi ka betulina karkasa
gadijuma elektrondeficitais 4-jodbenzoskabes metilesteris deva ievérojami zemaku ariléSanas
produktu 74a,b iznakumu neka reakcija ar 4-jodanizolu. Turklat oleanana un ursana izejvielu 66¢,d
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gadijuma blakusprodukta azetidina klatbiitne praktiski netika novérota (blakusprodukts ap vai zem
KMR detektésanas robezas).

Pd(OAc), (5 mol%
- CLBr:()ﬁé m";llj%;) 73a: R'=H, R?= Me; 60 % (91 % brsm)
SN CsOAc (4 eq.) 73b: R" = Me, R? = H; 62 % (88 % brsm)

-AmOH (0,05 M)
140 °C
24h

66c: R'=H, R?=Me
66d: R'= Me, R2=H

74a: R'= H, R?= Me; 38 % (59 % brsm)
74b: R" = Me, R? = H; 28 % (95 % brsm)

20. shéma. Oleanina un ursana atvasinajumu 66¢,d C(sp*)-H arilésana.

Oleanolskabes atvasinajuma 66¢ C-H aktivacija 1-jod-4-nitrobenzola klatbGtné nodrosinaja
izcilu C(16) selektivitati, lai gan nedeva pilnu konversiju. P&c virzo$as grupas skelSanas ar LiAlH4
tika ieglits NH-azetidins 76. Tas talak tika parveidots par kristalisku azetidinija pikratu 77, kura
molekulara struktiira un lidz ar to ari C(16) regioselektivitate tika neparprotami pieradita ar
rentgenstruktiiranalizes palidzibu (21. shéma).

(4eq.)
Pd(OAc); (5 mol%)
CuBr; (10 mol%)

CsOAc (4 eq.)
t-AmOH (0,05 M)
140 °C HO
| 24h

(o]

75, 34 % (99 % brsm)

THF |
3, i7| LA,

7 76,87 %

21. shéma. Azetidina 76 veidosanas no pikolinamida 66c.

Saskana ar visparpienemto teoriju reducgjosa elimin€Sana, visticamak, ir atrumu noteico$a
stadija C(sp®)-H ariléSanas procesa.”® Analiz&jot novérotas Kkimiskas selektivitites un
regioselektivitates, var secinat, ka reduc€josa elimin&Sana notiek 1€nak paladija(IV) kompleksos,
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kas satur elektrondeficitas arilgrupas. Sados gadijumos reducgjosa eliminé§anas ar C-N saites
veido$anos var bit atraka par C-C saites veidoSanos. Pieméram, betulina rinda izmantojot 4-
nitrojodbenzolu (4-NO:CsHal) (22. shéma), reducgjosa elimingSanas no C(22)-[Pd]-NC(O)
sisteémas ir produktivaka neka no C(22)-[Pd]-Ar-EAG kompleksa, ka rezultata veidojas azetidins.
Lidzigi oleanana rinda reducg€josas eliminé$anas atruma vispargja tendence ir $ada: Ar-EDG >
pikolinamids > Ar-EAG. Tomer oleanana rinda C-H aktivacija ir 1eénaka un sakotngji notiek ar
C(16) selektivitati, padarot to king&tiski salidzinamu ar reducg€josas eliming$anas atrumu no C(16)-
[Pd]-NC(O) starpprodukta. Lidz ar to izejviela 66¢, reaggjot ar 4-NO.-CeHal, dod azetidinu 77
C(16) pozicija. Turklat azetidina veidoSanas pie C(22) oleanana karkasa raditu nelabveligu 1,3-
diaksialo mijiedarbibu ar vienu no geminalajam C(20) metilgrupam, radot steriskus traucgjumus,
kas betulina molekulérajé struktﬁrﬁ nav noverojami.

(He’)A Pd(OAc),

H N CuBr,, CsOAc v

— =
(Het) Ar \ / t-AmOH R

C(22)- selektlvnate 140 °C, 24 h
visiem parbauditiem terpenmdlem

zZ-Y

E O f :/'\

N=

reducéjosa eliminésanas

) C(22)-selektivitate
N betulina atvasinajumam " t)A
-Ar- et)Ar

C(16)-selektivitate ar EAG-Ar-l Z=Y

V]
oleanolskabes un ursolskabes " CN 7
atvasinajumiem
ar EAG-Ar-|

N
§ e Pd
“ Pd
e \"NZ K N//
%4 N l N
oksidéjosa
pievieno$anas

(Het)Ar-1

22. shéma. Iesp&jamais paladija katalizétas C(sp*)-H ariléSanas un azetiding$anas mehanisms.

Nosléguma var secinat, ka ir izstradata pirma C-C saites veidojoSo C(sp?®)-H aktivacijas metode
triterpenoidos, izmantojot paladija katalizétu triterpenoidu pikolinamiducariléSanu ar ariljodidiem.
Visiem trim parbauditiem lupana, oleanana un ursana molekularajiem karkasiem var Tstenot
arilésanu ar labu C(22)-selektivitati un vid€jiem lidz labiem iznakumiem. Oleanana un ursana
atvasinajumiem tika noverota augstaka C(22)/C(16) selektivitate (Iidz 19 : 1), savukart betulina
atvasinajumi deva augstakus iznakumus (Iidz 83 %). Elektronbagatie ariljodidi deva ariléSanas
produktus, bet elektrondeficitie ariljodidi veicina C(sp®)-azetidiné$anu. AzetidinéSana Tpasi labi
notiek 4-nitrojodbenzola klatieng, un tas regioselektivitate bija atkariga no terpenoida tipa —
betulina atvasinajumi deva C(22)-azetidinu, savukart oleanana atvasinajumam tika novérots C(16)-
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azetidins. Pikolinamida grupu izdevas efektivi noskelt ar Zn/HCI. Azetidina ciklu saturosie, ka art
arilétie triterpenoidi piedava daudzsolosas iespgjas to talakai izp&tei medicinas kimijas joma.

Par Siem pétijumiem var plasak lasit publikacija: Kroskins, V., Luginina, J., Lacis, R., Kumar,
D., Kumpins, V., Rjabovs, V., Mishnev, A., Turks, M. Palladium-catalyzed C-H arylation and
azetidination of pentacyclic triterpenoids. ACS Omega. 2025, 10, 27992-28019. (5. pielikums).

2.2. Pentaciklisko triterpenoidu C-H aminé$ana

Literatira nav publicétu precedentu par PCT skeleta D un E gredzenu C-H amingSanu,
izmantojot no C(28) atvasinatas virzosas grupas. Tomeér vairaki C-N saiSu veidoSanas pieméri,
izmantojot starpmolekularu C(sp*)-H amingsanaas pieeju terpénu, steroidu un alkaloidu molekulas,
radija interesi par attiecigi piemérotu C(28) modificétu PCT atvasindjumu izstradi. Sim nolikam
stika intezeti no C(28) spirta 78°! viegli pieejamie karbamata un sulfamita atvasinajumi. Balstoties
promocijas darba autora zinatniskas grupas ieprieksgja pieredze, tika izvElets izvairities no
reakcijam, kas notiek p&c brivo radikalu mehanisma, lai izslégtu dubultsaites iesp&amas
blakusreakcijas. Tapéc tika attistita metode, kas balstds parejas metalu kataliz€tu nitréna
gener&Sana, nemot vera ta iespiesanos C-H saite.

Tika atklats, ka no betulina atvasinats karbamats 80 rodija un sudraba katalitiskajos apstaklos
nedod paredz€tos aminéSanas produktus. Ta vieta paaugstinata temperatiira (60 °C spiediena
mégene) un ilgaka reakcijas laika tika detektti izejvielas degradacijas produkti un C(28) nitrila
81°? veidosanas. Savienojuma 81 rasanos var izskaidrot ar C-H aming$anas reakciju pie C(28),
veidojot nestabilu Cetru loceklu ciklu, p&c kura dekarboksiléSanas un oksideSanas PIDA klatieng
varétu veidoties nitrils (23. shéma). Savukart katalitiskajos apstaklos ar sudrabu, izmantojot
dazadus sudraba avotus” (AgOTf, AgPFs vai AgSbFs) kombinacija ar MgO un PhI(OAc), vai
PhIO, tika noverota zema izejvielas konversija kopa ar degradésanas produktu veidosanos. 3.,4,7,8-
Tetrametil-1,10-fenantrolina (Mesphen) ka liganda piedeva sudraba apstaklos veicingja
alilpozicijas C-H acetoksilésanas reakciju, dodot produktu 82.

Bija iepriecino$i konstatet, ka sulfamata esteris 79 p&c tr1s stundam uzradija pilnigu konversiju,
un, reakcijas apstakliem izmantojot 2,2 eq. MgO, 1,1 eq. PhI(OAc): un 2 mol% Rhx(OAc)4
kombinaciju®, tika iegiiti divi C-H aming$anas regioizoméri attieciba 9 : 1. Parakuma eso$a
izomera 83 struktiira tika neparprotami noteikta ar rentgenstruktiiranalizes palidzibu. Lidziga veida
tika sintezéts betulina 3,28-di-O-sulfamata esteris 84 ar 70 % iznakumu. Tas, izmantojot
ieprieksgjos apstaklus, tika veiksmigi parversts par dubultas C-H aming$anas produktu 85, veidojot
C-N saites pie C(23) un C(16) pamatizomera struktiira (23. shéma).
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Apstakli A: Phi(OAc), (1,1 eq.)

MgO (2,2 eq.)
//,/ Rh,0Ac, (5 mol%)
y DCM, 60 °C, 3 h
vai
v
A 0._.O Apstakli B: Phi(OAc); (1,1 eq.)
4 \N(H MgO (2,2 eq.)
AcO v 2 AgOTf (10 mol%) 81,9 % (30 % brsm) 82,21 % (48 % brsm)
80, 98 % (no 78) Megphen (10 mol%) izmantojot izmantojot
DCM, 60 °C, 16 h apstaklus A apstaklus B

1.ClLCONCO  12. K,CO3, MeOH

DCM,IT, 16h |IT, 3h
i _ 0 _
: OCN-S—Cl Mgo
: &) o  PhI(OAc),
: HCOOH 5 L_0 Rh,(OAc),
' OH P — HZN/S\\ 244»
: i NMP/DCM © Do
1RO B L 0ee o7 AcO attece  AcO
H g o : 3h
H Betulins (17a), (R = H);
: s (f91) R=H:  2n 79, 85 % (no 78) 83, 88 % (gramu méroga) 9 : 1 C(16) : C(22)
H el H

| 78, (R=0Ac) . ‘H

HCOOH, NMP N—(‘)‘— |
0°C-1IT, 3h | OC EC

MgOo
PhI(OAc),
Rh,0Ac,
DCM
attece B
5h I N7 23
84,70 % (no 17a) O H 85,66 %

23. shéma. Betulina karkasa C-H aminé$ana.

Talak tika petita iegita 1,2,3-oksatiazinan-2,2-diona 77 reakcijas spg&ja nukleofilas cikla
atversanas reakcijas, kas dotu pieeju 1,3-difunkcionalizétiem C(16)-aminoatvasinajumiem. Vairaki
§is parvertibas méginajumi ar dazadiem nukleofiliem (N3, AcO, PhS’, morfolins, Gdens),
nenodrosingja pat minimalu izejvielas konversiju oksatiazinana gredzena zemas elektrofilitates del.
Tikai baziska hidrolize, izmantojot 0,5 M NaOH etanola skidumu, vainagojas ar nukleofilo
uzbrukumu s€ra atomam, iegiistot jonogénu 1,3-aminosulfatu 86. Iegiita sulfata natrija sals
paskabinasana izraisija atru cikliz€Sanos atpakal par oksatiazinana gredzenu, iegiistot C(3)-
hidroksi-PCT oksatiazinana atvasinagjumu 83a (24. shéma). Turklat tika noverots, ka sulfats 80
selektivi izgulsngjas no etanola §kiduma, ka rezultata sakotngja savienojuma 77 C(16):C(22) 9 : 1
regioizomeéru attieciba uzlabojas 1idz 30 : 1 savienojuma 86. Savienojuma 86 izgulsné$anas filtrata
analize liecinaja, ka 83a mazakuma esoSais C(22)-izomérs 0,5 M NaOH etanola skiduma
nehidroliz&jas un neveido jonogénu C(22) sulfata produktu, kas nodroSina pietieckamu polaritates
atskiribu selektivai izgulsné$anai. Tika izm&ginati arT vairaki stipri skabi un stipri baziski hidrolizes
apstakli sulfata grupas noskelSanai savienojuma 86, lai iegtitu 1,3-aminospirta atvasinajumu, tacu
neviens no tiem nebija efektivs.
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0
_S.,
oy ONa  HCl/j-PrOH

Q
IT, 10 min =0
NH, — ‘e : b
1 HO” =
83,C(16):C(22)9: 1 86,77 % 83a, C(16): C(22)30: 1,99 %

24. shéma. Sulfata 86 sintéze un ciklizeésana par 83a skaba vide.

Talaka darba gaita tika pétiti reduc&josie apstakli 1,2,3-oksatiazinan-2,2-diona cikla atvérSanai.
DIBAL-H skidums toluola izradijas efektivs, lai veiksmigi atveértu oksatiazinu un izveidotu vélamo
1,3-aminospirta atvasinajumu 87 ar 68 % iznakumu. Paaugstinata reakcijas temperatiira izraisija
atraku reakciju, tomer tika noverota pilniga dubultsaites piesatinaSana (25. shéma).

87a,51 %

25. sheéma. Savienojuma 83a cikla atvérsana reducgjosos apstaklos.

Lai palielinatu oksatiazinana gredzena elektrofilitati un atvieglotu
gredzena  atveérSanas  reakcijas ar  nukleofiliem, ar  kuriem  pirms  tam
reakcija nenotika, tika veiktas divas dazadas NH-grupas karbamoiléSanas reakcijas. N-Cbz
oksatiazinana 88 gredzena atv&rSanas méginajumi galvenokart beidzas ar Cbz grupas noskelSanu,
un velamie cikla atvérSanas produkti veidojas tikai neliela daudzuma. Interesanti, ka jodida
nukleofila gadijuma tika noveérota N-Cbz grupas transformacija par N-benzilgrupu. Tas ir
skaidrojams ar Cbz grupas noSkelSanu, in situ dekarboksiléSanos un izveidota benziljodida
sekojosu reakciju ar brivo NH-grupu. N-Benzilblakusprodukta 89 struktiira tika neparprotami
noteikta ar rentgenstaru difrakcijas analizi (26. sheéma).

N-Boc grupas izmantoSana uzlaboja oksatiazinana reakcijas sp&u, un azida nukleofila
gadijuma tika iegiits 1,3-diaizvietotais produkts 91. Tomér citi nukleofilie reagenti (acetats,
tiofenolats, morfolins, cianids, tiocianats, fenolats, metoksids) joprojam izraisija N-Boc grupas
Skelsanos, saglabajot 1,2,3-oksatiazinan-2,2-diona gredzenu neskartu. Oksatiazinana zemo
reakcijas sp&ju ar nukleofiliem var skaidrot ar betulina C(28) neopentilpozicijas statusu, ko steriski
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traucg kvaternarais centrs pie C(17).”> Optimalie aminoazida 91 sintézes apstakli tika iegiti,
izmantojot 2 eq. NaN3 80 °C temperattira DMSO $kiduma 24 stundas. P&c tam iegutais azids 91
tika izmantots vara katalizéta azida-alkina 1,3-dipolara ciklopievieno$anas reakcija (CuAAC) ar
propargilacetatu, iegiistot triazolu 92 (26. shéma).

89, 55 %

83

OAc
=/

P
5 CuS0,4+5H,0 | Hig
NHBoc N4 askorbats H NHBoc

THF/H,0
91,57 % 70°C, 16 h

AcO 92,70 %

26. shéma. N-Aizsargatu oksatiazinanu 88 and 90 nukleofilas cikla atverSanas reakcijas.

Iegttais 1,3-aminospirts 87 tika atzits par daudzpusigu izejvielu dazadam noderigam
sintétiskam parvertibam. Ta reakcija ar pikrinskabi deva pikrata sali 93, kura struktiira tika
pieradita ar rentgenstruktiiranalizi (27. shéma). Amina aizsargaSana ar Boc grupu un sekojosa divu
stadiju oksidéSana deva N-Boc-B-aminobetulinskabi 95, kuras diastereoselektiva reducesana pie
C(3) deva N-Boc-B-aminobetulinskabi 97.

Abu aminoskabju Boc grupu noskelSanu var panakt ar TFA, iegiistot atbilstosas B-aminoskabes
to trifluoracetata sals forma. Tomer betulinskabes atvasinajuma 97 gadijuma tika konstatéta C(3)
hidroksilgrupas trifluoracilésana. Tadel tika piemekleti alternativi apstakli, un 4M HCl/dioksana
izmantoSana veiksmigi nodrosinaja f-aminoskabes 98 rasanos hidrogénhlorida sals forma.

Talak 16-azidobetulins 99 tika veiksmigi ieglits no atbilstosa amina, izmantojot
trifluormetansulfonilazidu vara(Il) piedevas klatbGtng. Savienojuma 99 CuAAC reakcija ar
propargilspirtu tika iegiits C(16)-triazolilbetulins 100, kas ka modelsavienojums parada iesp€jas
praktiski bezgaligai jaunu betulina-triazola konjugatu bibliotekai (27. shéma).
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” TiNg
CuS0,-5H,0

OH NaHCO;
-8

N3 MeOH/H,0/Tol

IT, 5 dienas HO

NaClO,/NaH,PO,
2-metil-but-2-éns
THF/t-BuOH

IT, 24h

4M HCl/Dioksans TFA, DCM
IT,3h IT,3h

98, 98 % divas stadijas
27. shéma. 1,3-Aminospirta 87 sintétiskas transformacijas.

Talaka darba gaita tika parbaudits, vai ir iesp&jams vélreiz veikt C-H amingSanas reakciju un
ievadit otru aminogrupu triterpenoida struktiira, izmantojot tadu pasu C(28) sulfamata esteri. Sim
nolukam tika iegiits diacetats 101, izmantojot betulina kimija zinamu acilé$anas/deaciléSanas
strat€giju. Tad tas 0 °C temperatiira tika apstradats ar in situ sagatavotu sulfamoilhloridu, iegiistot
sulfamata esteri 96, kas tika paklauts iepriekS izmantotajiem C-H amin&Sanas apstakliem. Merka
oksatiazinans 103 pie betulina C(22) tika ieguts ar vidgju iznakumu (28. shéma). Visdrizak,
savienojuma 103 oksatiazinana ciklu var talak parveidot Iidziga veida ka savienojuma 83, kas paver
vairakus potencialus celus betulina molekulara karkasa talakam transformacijam.

40



1. Ac,0
DMAP
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rt,3h

2. Al(O-iPr),
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" Phl(OAc),
N //O MgO
O,s:o Rh,(OAC),

NHAc DCM,
attece, 3 h

103, 39 %

28. sheéma. Sulfamata 102 sintéze un pielietojums C-H amingéSanas reakcija pie C(22).

C-H aktivacijas regio- un diastercoselektivitati, visticamak, nosaka substrata kontrole.
Metalonitréna intermediats iespiezas izejvielas 79 D-cikla ekvatorialaja C-H sait€, nodrosinot
produkta 77 veidoSanos, kas satur jaunizveidoto ciklu stabila krésla konformacija. Lupana tipa PCT
telpiska uzbiive nelauj izveidot jaunu ciklu krésla konformacija pie E-gredzena (10. att.).

H
labvéligs kréslveida nelabveéligs kréslveida
parejas stavoklis parejas stavoklis

10. attels. C-H iespiesanas iesp&jamie parejas stavokli pie C(16) un C(22).

Visbeidzot, tika iesakti arT petijumi par ursana un oleanana tipa sulfamata esteru 104b,c C-H
amingSanu. [zejvielas tika iegiitas no atbilstoSajam komerciali pieejamajam skabém 17b,c Cetras
stadijas. Ieprieks izmantotie C-H aming&Sanas apstakli deva pilnu izejvielas konversiju dazu stundu
laika, abos gadijumos iegiistot tris produktu maisijumu: C(16) aminétu produktu 105b,c un C(22)
aminétu produktu diastereoizoméru maisijumu 106b,c un 107b,c (29. shéma). Ursana strukttiras
C-H amingSana izradijas selektivaka pret C(22) aminétu produktu, domajams, metilgrupu
alternativa novietojuma dé] E gredzena. Tomer ursana gadijuma kopgjais izoletais iznakums ir
zemaks neka oleanana sérija, kas skaidrojams ar ursana tipa savienojumu sliktaku $kidibu
organiskajos $kidinatajos un tehniski sarezgitaku izdaliSanas procediru. Regioselektivitates
kritumu, salidzinot ar betulina molekularo karkasu, var skaidrot ar atSkirigo ursana un oleanana
tipa PCT E gredzena izméru un ortogonalo ekspoziciju, kam vairs nav trans-dekalinam lidziga
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struktlira. Lai iegiitu oksatiazinana cikla atv@rSanas produktus un atvieglotu regio- un
diastereoizoméru atdaliSanu, aminéto savienojumu 105b-107b un 105¢-107¢ maisijumi tika
paklauti sarmainas hidrolizes apstakliem, tomér S§is reakcijas neuzradija izejvielu konversiju.
Talakie C-H amin&Sanas un iegiito produktu sintétiska lietojuma p&tTjjumi ursana un oleanana tipa
PCT rindas tiks veikti citu projektu ietvaros nakotné.

. R? . R?
- R 1.LiAIH, - R
THF 1. Al(OiPr);
Attece i-PrOH
16h attece, 1h
- -
2. Ac,0 OAc 2.0
EtsN s,
THE  AcO! o CI/&\) NH; AcO
. . 2 30T . NMP e ogize  MdO
Oleanolskabe (17b): R'= H, R?= Me 103b, 95 % o 104b, 50 % divas stadijas
3 :R'= = 103c, 91 % 2h.0°C,1T 104c, 47 % divas stadijas Phi(OAc),
Ursolskabe (17¢): R' = Me, R, = H g ° ’ ° I Rh;0Acy
DCM
- Re 3 h, attece
22
s 6
oS -§7
o o
AcO' A s
107b, 25 % - 106b, 25 % 105b, 34 %
107¢,21 % 106¢, 43 % 105¢,8 %

29. shéma. Oleanana un ursana atvasinato sulfamatu esteru 105b,¢ sint€z€ un izmantosana C-H
aming&Sanas reakcija.

Kopuma var teikt, ka ir izstradata jauna metode selektivai C(16)-N saites veido$anai betulina
D-cikla, izmantojot rodija katalizetu nitréna C-H iespieSanos. Reakcijspgjigais sulfamata esteris
tika ieglts no dabiga betulina vairakos solos. Neraugoties uz steriskajiem traucgjumiem un
iespéjamam pargrupéSanas reakcijam C(28) pozicija, tika izstradatas vairakas veiksmigas
oksatiazinana gredzena atverSanas reakcijas: 1) reakcija ar NaOH deva aminosulfata sali;
2) reakcija ar NaNs veidoja 1,3-aminoazidu, kas tika parveidots par y-amino C(28)-triazoliem;
3) reducgjosa cikla atveérSana deva 1,3-aminospirtu, kas talak tika parvérsts 16-aminobetulinskabé
un betulonskabg. Turklat 16-aminobetulinu var parverst par 16-azidobetulinu. Tika paradits, ka p&c
C(16) funkcionalizéSanas iesp&jama ari otra nitréna C-H iespiesanas C(22) pozicija. Izstradata
metode nodroSina vairakus jaunus lupana tipa triterpenoidu atvasinagjumus ar amino- vai
azidogrupam, kas var biit noderigas izejvielas turpmakai modific€$anai un biologiskas aktivitates
izpéetei.

Plasak par Saja nodala aprakstitajiem pétijumiem var lasit: Kroskins, V., Luginina, J., Lacis,
R., Mishnev, A., Turks, M. Site-selective C-H amination of lupane type triterpenoids. Eur. J. Org.
Chem. 2025, 2500340. (6. pielikums).
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SECINAJUMI

1. Neskatoties uz C(3) un C(28) neopentilnovietojumu, pie tiem esoSas HO-grupas ir
iespgjams alkilét, izmantojot (dimetoksifosforil)metiltrifluormetansulfonatu. AlkileSanu
var panakt baziskos apstaklos, izmantojot --BuOK karbonskabes gadijuma un LDA spirtu
gadijuma. Iegiitos metilfosfonata starpproduktus var selektivi demetilét, izmantojot TMSI,
vienlaikus saglabajot jaunizveidoto karbonskabes estera funkcionalitati. DemetiléSanas
selektivitati var panakt, veicot visu procesu, ieskaitot neitralizacijas posmu, aptuveni
—40 °C temperatiira.

. : 1. -BuOK . ¢ 9 1. TMSI,-40 °C O
2304 , Ve OVP\(;(,\)AZG 2. MeOH, 40 °C 28 OVP\{,ﬁZa
K o) . ﬁl‘:"*OMe 3 o) 3.NaHCO3, 40 °C - IT e}
TfO O 61-78 % 51-97 %
-78°C —IT
HE 1.LDA H 1. TMSI, —40 °C HE
5 _— MeO — Nao B
HO& , QMe Meo—F‘:/\oJ/y 2. MeOH, 40 °C Nao—PAoJ;,/
2 ﬁﬁ*OMe (‘3 2 3.NaHCOg3, -40 °C — IT 6 2
TfO 0O 41-53 % 72-78 %
-78°C—-1IT

2. legutie pentaciklisko triterpenoidu-fosfonatu konjugati C(28)(CO)-O-CH2-P(O)(ONa). un
C(3/28)-0O-CH2-P(O)(ONa)2, kam raksturigs Tsakais iesp&amais metilentiltin$ starp
terpenoida karkasu un fosfonata dalu, uzrada ievérojamu $kidibu tideni pH diapazona no
8,0 1idz 8,5 (326 mg/mL). ST §kidiba ir par vairdkam kartam augstaka neka attiecigajam
triterpenkarbonskab&m vai to saliem.

Skidiba

g/mL

107 + 26
mg/mL
102 —+ (D,0, pH 8,0-8,5)
10
10 -
10-5 -
10
107 1
108 +
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3. Betulina rinda atra un neselektiva C-H aktivacija notiek gan ar C(16)-H, gan ar C(22)-H,
ko pierada deiteréSanas eksperimenti, izmantojot gan pikolinamida, gan hinolinamida
virzosas grupas. Selektivitati sekojosajas C-H ariléSanas un azetidinéSanas reakcijas
galvenokart nosaka reducgjoSas eliminéSanas stadija, kas $aja substratu klaseé abos
gadijumos vieglak notiek pie C(22). Arilgrupas ar elektronakceptoriem aizvietotajiem
(pieméram, 4-nitrofenilgrupa) veicina C-N saiti dodoSo reducgjoSo eliminéSanos, ka
rezultata veidojas C(22)-azetidins. Savukart arilgrupas ar elektrondonoriem aizvietotajiem
veicina atraku reducgjoso eliminéSanos no C-[Pd]-Ar starpproduktiem, ka rezultata
galvenokart veidojas C(22)-ariléti produkti ar selektivitati Iidz 9 : 1.

pamatprodukts izmantojot EAG-Ar,
/// pasi ar 4-NO,-CgHy-l

(Het), Ar
u wf ! 7
Pd—| N Pd N
N/ atrak
Pd(OAc), C(22)-selektivitate
CuBr, o a
2 arilésana un azetidinésana
CsOAc (Het)Arl J reducéjosa eliminésanasir Hm (Het)Ar
atruma limitéjoSais solis

Pd
~, lénak
C-H aktivacija notiek / N= (A/e, enal J/ pamatprodukts,
ar vienadiem atrumiem pie C(16) un C(22) N | %, izmantojot Ar-EDG

CaRe

(Het)Ar
mazakuma esosais izomérs

4. Ursana un oleanana tipa savienojumos C-H aktivacijas solis notiek ar C(16)-H selektivitati
(A2 > Al) un ir 1enaks neka betulina sé€rija. Lietojot arilgrupas ar elektronakceptoriem

O _Z

I
Az
<

aizvietotajiem (pieméram, 4-nitrofenilgrupu) C-H aktivacijas atrums (A2 solis) klust
salidzinams ar reducgjosas eliminéSanas atrumu (RE3) no C(16)-[Pd]-NC(O)
starpprodukta, ka rezultata veidojas C(16)-azetidina produkti. Toties, izmantojot arilgrupas
ar elektrondonoriem aizvietotajiem, reduc€josas elimingSanas relativie atrumi atbilst
secibai RE1gpg > RE2 >> RE3, dodot prieksroku C(22)-arilétu produktu veidoSanai ar
C(22)/C(16) selektivitati 19 : 1

R‘ R? R'R? R' R?
atri
pamatprodukts,
v,
R‘ R2 :':d N JE,%FL/ 7 ar Ar-EDG E,%—Af izmantojot Ar-EDG
Pd(OAC) ( RET)
CuBr,
7//@ Ar | 4 reducejosa eliminésanas
R’ R'R? ir atruma noteicosais solis
RS 4 N RS R' R?
1 2 3_ (A2) H H R mazakuma esos$ais izomers,
Oleanana kodols: R'= Me, R*= Me, R®=H H o izmantojot A-EDG
Ursana kodols: R'= Me, R?= H, R® = Me E

N
5o
§ ArH N
1

’ o ' o)
SN /N . \v,N
C-H aktivacija notiek atrak Pd_ Pd
pie C(16) W/ ONF A’ [ONF
» i T

R2 =
RS
H
™
C(16)-selektivitate 0
azetidiné$anai ar EAG, N=
pasi ar 4-NO,-CgH,-l \
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5. No betulina atvasinatais 28-O-sulfamata esteris ir efektivs nitréna prekursors rodija
katalizétos apstaklos. Nitréna iespiesanas C-H saité notiek ar labu C(16)-H selektivitati,
dodot oksatiazinana produktu ar teicamu iznakumu multigramu méroga.

o
0—g=0
Sy—[Rh

Rh(OAC) (1-2 mol%),
MgO, Phi(OAc),

DCM, attece, 3 h

88 % ] a
labvéligs kréslveida b (gramu mérroga)

L parejas stavoklis C(16) : C(22)
9:1

6. Oksatiazina ciklu var efektivi atvért ar azida un hidrida nukleofiliem, iegistot
starpproduktus, kas ir pieméroti talakai funkcionaliz&$anai. Izstradata metodologija lauj
sintez€t lupana atvasinajumus ar dazadam modifikacijam C(16) un C(28). Svarigi, ka p&c
betulina C(16)-funkcionalizéSanas joprojam ir iesp&jama ari nakama nitréna C-H
iespieSanas, un ta notiek selektivi C(22)-H pozicija.

45



Pateicibas
Paldies:

e Latvijas Republikas Ekonomikas ministrijai par finansialo atbalstu (Nr. VPP-EM-
BIOMEDICINA-2022/1-0001 “Valsts pétjjumu projekts biomedicinas, medicinas
tehnologiju un farmacijas joma”, projekts BioMedPharm);

e Kiristapa Klavina grupai par HRMS analizém;

¢ Anatolijam MiSpevam par rentgenstruktiiranalizém;

e visai OKTI grupai un 1pasi Rihardam Lacim, Elzai Fedorovskai, Renaram Ozolinam un
Dinesam Kumaram par vinu ieguldijumu $1 darba izstradg;

e Jevgenijai Lugininai un Marim Turkam par pacietigu un viedu vadisanu, ka arT milzigo
atbalstu gadu gaita!

46



DOCTORAL THESIS PROPOSED TO RIGA TECHNICAL
UNIVERSITY FOR PROMOTION TO THE SCIENTIFIC
DEGREE OF DOCTOR OF SCIENCE

To be granted the scientific degree of Doctor of Science (Ph.D), the present Doctoral Thesis
has been submitted for defence at the open meeting of RTU Promotion Council on 13 November
2025, at the Faculty of Natural Sciences and Technology of Riga Technical University, Paula
Valdena iela 3, Room 272.

OFFICIAL REVIEWERS
Head of Laboratory, Principal Investigator Dr. chem. Martins Katkevics,

Latvian Institute of Organic Synthesis, Latvia

Associate Professor Dr. chem. Artis Kinéns,

University of Latvia, Latvia

Professor, Dr. Zbigniew Pakulski,

Polish Academy of Sciences, Poland
DECLARATION OF ACADEMIC INTEGRITY
I hereby declare that the Doctoral Thesis submitted for review to Riga Technical University for

promotion to the scientific degree of Doctor of Science (Ph.D) is my own. I confirm that this
Doctoral Thesis has not been submitted to any other university for promotion to a scientific degree.

Vladislavs KroSkins...............cooiiiiniiinnnn.

The Doctoral Thesis has been prepared as a collection of thematically related scientific
publications complemented by summaries in both Latvian and English. The Thesis unites three
original research articles in SCI journals, one review, one patent and unpublished results.

47



t-Am
Ar
Bn
Boc
brsm

BQ
t-Bu
Cbz
CMD

cod

Cp
DCM
DCE
DG
DMAP
DMSO
DIBAL-H
DMF
EDTA
Esp

Eq

HAT
HATU

LIST OF ABBREVIATIONS

acetyl-

t-amyl-

aryl-

benzyl-

t-butoxycarbonyl-

based on recovered starting
material

benzoquinone

t-butyl-

benzyloxycarbonyl-
concerted metalation
deprotonation
cyclooctadiene
cyclopentadienyl-
dichloromethane
dichloroethane

directing group
4-dimethylaminopyridine
dimethylsulfoxide
diisobutylaluminium hydride
N,N-dimethylformamide
ethylenediaminetetraacetic acid
o,0,0’,0'-tetramethyl-1,3-
benzenedipropionic acid
equivalent

hours

hydrogen atom transfer
O-(7-azabenzotriazol-1-yl)-
N,N,N',N'-tetramethyluronium
hexafluorophosphate

48

HFIP
LDA
nbe
NMP
NMR
OA
Pc
PCC
PCT
ptb
PG
Ph
phe
PIDA
Piv
phen
Phs
PMB
PPTS
i-Pr
Py

Tf
TFA
THF
™
TMS
Troc

hexafluoro-2-propanol
lithium diisopropylamide
norbornene
N-methyl-2-pyrrolidone
nuclear magnetic resonance
oxidative addition
phthalocyanine

pyridinium chlorochromate
pentacyclic triterpenoid
perflurobutyrate

protecting group

phenyl-

phenylalanine
(diacetoxyiodo)benzene
pivaloyl-

phenanthroline
phenylsulfamoyl-
4-methoxybenzyl-
pyridinium p-toluenesulfonate
i-propyl-

pyridine

reductive elimination
trifluoromethanesulfonyl-
trifluoroacetic acid
tetrahydrofuran

transition metal
trimethylsilyl-
2,2,2-trichloroethoxycarbonyl-



GENERAL OVERVIEW OF THE THESIS

Introduction
Pentacyclic triterpenoids (PCTs) comprise a widespread family of natural isoprene-derived
secondary metabolites, which display an extensive range of biological properties.!*** PCTs can
be classified into three major groups: lupane I (betulinic acid, betulin and lupeol), oleanane II
(oleanolic acid, erythrodiol, and B-amyrin) and ursane III (ursolic acid, uvaol, and a-amyrin)

terpenoids (Fig. 1).5

“H B
lupeol p-amyrin a-amyrin

Fig. 1. Representative members of pentacyclic triterpenoids from the major lupane I,
oleanane II and ursane III series.

Approximately a quarter of contemporary drugs are shaped by or derived from natural products.
During the past four decades, either natural products or natural product derivatives, mimics of
natural products, or compounds bearing a natural product pharmacophore have taken over more
than half of the field of anticancer and anti-infective therapy.® Lowered toxicity profile in normal
cells” and reduced side effects promote PCTs to be great multitarget drug candidates.

The ubiquity of PCTs in nature, sustainability and their facile isolation process have become
the cause for many studies that have discovered potential therapeutic applications of these
terpenoids. Among them, the most promising PCT applications are in the antitumor and antiviral
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domains.®>1%1112° An emerging area of research on PCTs and their semi-synthetic derivatives
involves the development of compounds with antibacterial'® and antifungal activity,'* as well as
derivatives with potential therapeutic applications in the treatment of diabetes'> and inflammatory
diseases.!®

Besides common medicinal applications, PCT can be successfully applied in cosmetology. For
the cosmetic industry, betulin-containing birch bark extract was found to be a noteworthy natural
raw material. A wide range of betulin-containing products can be found in well-known brands for
face, body, and hair care. Furthermore, the properties of betulin and its derivatives that boost the
burn and wound healing process were demonstrated by several companies.'” In addition, a certain
effect of betulin on collagen production is used in daily care creams, as well as in the anti-cellulite
products.'® 1°

The unique structural framework of PCTs, while biologically advantageous, presents notable
synthetic challenges. Their rigid, polycyclic architecture and high degree of C-H bond saturation
often limit the accessibility of diverse chemical transformations. Traditionally, derivatization
efforts on PCTs have concentrated on reactive peripheral functional groups, particularly on the
hydroxyl and carboxylic acid moieties at C(3) and C(28), and on the olefin moiety C(20) = C(29),

including its allylic position at C(30).%

While being valuable, such modifications exploit only a
narrow subset of the molecular landscape, leaving the vast potential of the carbon framework
underutilized.

In recent years, the development of transition-metal-catalyzed C-H functionalization has
provided new opportunities for direct and selective transformation of otherwise inert C(sp*)-H
bonds.2! These strategies enable the synthesis of novel derivatives directly from advanced
intermediates, eliminating the need for prefunctionalization and facilitating efficient late-stage
diversification. Despite widespread application of these methods in other complex molecular
systems, their implementation in triterpenoid chemistry has been surprisingly limited thus far.

This Thesis presents a series of studies aimed at expanding the synthetic toolbox for PCTs
through innovative C-H functionalization strategies and strategic introduction of heteroatomic
functionalities (Fig. 2). Specifically, two major catalytic platforms — rhodium-catalyzed C-H
amination and palladium-catalyzed C-H arylation/azetidination — were developed and optimized to
functionalize previously inaccessible positions within the triterpenoid core. The first approach
developed in this Thesis involves palladium-catalyzed C(sp*)-H arylation and azetidination of
triterpenoid-derived picolinamides. Here, the introduction of picolinamide as a flexible and
effective directing group enabled regioselective arylation at C(22) and, in certain series, C(16).
Unexpectedly, reactions with electron-deficient iodoarenes gave rise to C-N bond formation,
leading to azetidine ring structures. This discovery expands the chemical diversity accessible from
natural triterpenoids and introduces a new class of nitrogen-containing derivatives that may hold
unique biological properties.

The second approach involves the rhodium-catalyzed intramolecular C-H amination of betulin-
derived sulfamate esters, which enabled the formation of 1,2,3-oxathiazinane-fused triterpenoids
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with high regioselectivity at the C(16) position. The installation of a directing group at C(28)
strategically positioned the reactive intermediate in proximity to otherwise unreactive methylene
sites, allowing for controlled formation of C-N bonds. These intermediates were subsequently
transformed into 16-amino and 16-azido derivatives, which represent rare and synthetically
valuable motifs in PCT chemistry. The possibility of sequential functionalization at C(22) further
highlights the potential of this method for skeletal elaboration.

In addition to the aforementioned C-H functionalization strategies, a complementary line of
research focused on enhancing the physicochemical properties of PCTs through the installation of
phosphonate groups. By attaching methylene phosphonates at C(3) and/or C(28) via an alkylation
strategy, a range of mono- and bis-phosphonate esters and their disodium salts were synthesized.
The obtained sodium phosphonates exhibited excellent aqueous solubility — a characteristic not
commonly observed in native PCTs. While solubility enhancement is specific to the phosphonate
series, it demonstrates the utility of structural modifications in addressing formulation challenges.

In summary, the study presented in this Thesis introduces new and efficient methodologies for
diversifying the PCT scaffold (Fig. 2). By unlocking chemically inert positions such as C(16) and
C(22) for selective modification, these approaches provide access to previously unknown structural
motifs. The developed synthetic toolbox will enable deeper exploration of the structure-activity
relationship (SAR) of triterpenoids in the future and provide novel building blocks for the
development of new triterpenoid-based pharmaceutically active compounds and/or cosmeceuticals.

C(3) and C(28) ionogenic PCT phopsph
[e]
’\:\)
o
R'= Me, R2= H, oleanolic acid series
R'=H, R2= Me, ursolic acid series
C-H aminated PCT
- = R
—
HO HO” =
R = CH,0OH, CHO, COOH, CH,N3, =H
CH,0S03Na, CH,0SO,NH,. R'= Me, R?=H, oleanolic acid series
NQ, = NH,, NHBoc, NHCBz, NHAc, N3. R'=H, R? = Me, ursolic acid series
C-H arylated and azetidinated PCTs R
Ar
HN__O H
HO” -
N7 B
= . \‘R*—M R2= H, oleanolic acid seri
betulin series = Me, R =H, oleanolic acid series
R'=H, R = Me, ursolic acid series

Fig. 2. Developed synthetic approaches enabling the site-selective C-H functionalization and
solubility-enhancing modifications of pentacyclic triterpenoids (PCTs).
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Aims and objectives

The aim of the Thesis is the synthesis and solubility determination of ionogenic pentacyclic
triterpenoid phosphonates and the development of synthetic methods towards C-H functionalized
derivatives of pentacyclic triterpenoids.

To achieve the goal, the following tasks were set:

Development of synthetic methodologies for PCT C(28) phosphonate conjugates via
ester linkages and PCT C(3) phosphonate conjugates via ether linkages, along with
evaluation of the aqueous solubility of the resulting compounds.

Development of C(sp*)-H arylation and heteroarylation methodologies in the D/E rings
of terpenoids, including C(sp*)-H deuteration studies and analysis of side products to
elucidate the reaction mechanism and regioselectivity-determining factors.

Synthesis of various C(16) and C(22) PCT (het)aryl derivatives, exploring the scope of
applicable aryl halides.

Development of a C(sp*)-H amination strategy for C-N bond formation within the D/E
ring of betulin, followed by evaluation of the synthetic potential of the resulting
aminobetulin derivatives through subsequent functionalization pathways.

Scientific novelty and main results

This Thesis introduces a collection of novel synthetic transformations applied to pentacyclic
triterpenoids. The most notable advances include:

The design of previously unexplored ionogenic phosphonate derivatives of betulinic,
oleanolic and ursolic acids was established. A scalable, convenient synthetic procedure
suitable for PCT derivatives was developed, which afforded a series of differently
linked PCT phosphonates. All obtained ionogenic PCT derivatives displayed high
aqueous solubility up to 26 mg/mL and hydrolytic stability at pH 8.5. Cytotoxicity
evaluation of the latter revealed that the obtained PCT-derived sodium phosphonates do
not possess a significant cytotoxicity profile towards normal cells, providing promising
possibilities for future medicinal chemistry research of established compounds.

For the first time, synthetic procedures for regioselective palladium-catalyzed C-H
arylation and azetidination of pentacyclic triterpenoids have been developed. The
methodology demonstrates a successful use of picolinamide directing group for PCTs.
The optimized C-H arylation reaction affords C(sp*)-arylation and heteroarylation
products with C(22)/C(16) selectivity from 9 : 1 in the lupane (betulin) series to 19 : 1
in the oleanane and ursane series. On the other hand, changing electron-rich aromatic
iodides to electron-poor aromatic iodides e28nabled C-N bond formation at PCT cores,
furnishing betulin-derived C(22)-azetidine and oleanane-derived C(16)-azetidine.
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e A novel catalytic method has been developed for achieving regioselective C-H
amination on the betulin molecular scaffold using a rhodium catalyst. The
transformation of a 28-O-sulfamate ester precursor enables intramolecular nitrene
insertion, forming a fused 1,2,3-oxathiazinane-2,2-dione structure with high preference
for functionalization at the C(16) position. Sequential functionalization was also
developed, and it provides access to 16-amino-betulin, 16-azido-betulin, 16-amino
betulinic and betulonic acids, among others. Moreover, introduction of a substituent at
C(16) directs a second C-H amination to occur selectively at C(22) and provides a
precursor of 16,22-diamino-betulin. The obtained products offer modular entry points
for diversification and potential therapeutic development in the semi-synthetic
triterpenoid domain.

In summary, the compound design proposed in this Doctoral Thesis, along with the
developed synthetic methods for their preparation, provides preparative access to novel
structural motifs previously unavailable in the chemistry of pentacyclic triterpenoids, thereby
opening new opportunities for research in medicinal chemistry within this field.

Structure and volume of the Thesis

The Doctoral Thesis has been prepared as a collection of thematically related scientific
publications dedicated to the synthesis of ionogenic phosphonate and C-H functionalized PCT
derivatives and studying their biological and synthetic applications. The Thesis consists of three
original research articles published in SCI journals, one review, one patent and unpublished results.

Publications and approbation of the Thesis

Results of the Thesis have been reported in three original research articles. One review has been
published. One patent has been obtained. The main results have been presented at 13 conferences.

Scientific publications
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3. Luginina, J., Kro$kins, V., Lacis, R., Fedorovska, E., Demir, O., Dubnika, A., Loca, D.,
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MAIN RESULTS OF THE THESIS

1. Synthesis and application of ionogenic pentacyclic triterpenoid
phosphonates

Numerous natural compounds exhibit significant biological activity in both in vitro
experiments and preclinical animal models. However, their effectiveness in human clinical trials
often yields inconsistent outcomes. A key factor contributing to this gap between laboratory or
animal research and human applications is the limited bioavailability of many natural products. A
significant reason for the latter is the increased lipophilicity of many natural molecules. The
concepts of hydrophobicity and lipophilicity are widely used regarding the sorption of organic
compounds from aqueous media.?? The hydrophobic effect narrates the predisposition of non-polar
compounds to prefer a non-aqueous environment to an aqueous one. Nevertheless, absolute
suppression of lipophilicity can lead to the stoppage of passive transport of active pharmaceutical
ingredients through the membranes of organisms and following drug-receptor binding. As a result,
conventional drugs are typically developed with a focus on ensuring good bioavailability and
desirable pharmacokinetic properties, which is often a delicate objective to succeed.?’

One of the most common strategies for improvement of physicochemical, biopharmaceutical
or pharmacokinetic properties of pharmacologically potent compounds is the development of
prodrugs — chemically modified forms of the pharmacologically active molecule that must undergo
transformation in vivo to release the active parental molecule. Notably, that prodrug technique can
be applied to increase aqueous solubility and bioavailability of hydrophobic non-polar compounds
by introduction of polar ionogenic functionalities, and oppositely to enhance lipophilicity and
permeability of polar hydrophilic molecules, by introduction of non-polar moieties.?* Thus, the
phosphate ester of prednisolone 1 is a representative example of a prodrug with improved aqueous
solubility among steroidal drugs. Another example is the phosphate ester of miproxifene 2, which
displayed significantly enhanced aqueous solubility compared to parental miproxifene (Fig. 3).

-Bioconversion by alkaline phosphatases -Bioconversion by alkaline phosphatases
-The prodrug enabled the development of a liquid formulation  Aqueous solubility at pH 7.4 increased by ~1,000-fold

Q
O/R/ONa
ONa

Fig. 3. Water-soluble prodrugs of prednisolone and miproxifene.

Enhanced lipophilicity of pentacyclic triterpenoid steroidal feedstock is a common limitation
to the drugability of these complex natural molecules. To improve the undesirable properties of
triterpenoids, prodrug strategies came into sight. Triterpenoid phosphates and sulfates, as well as
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their conjugates with amino acids, polymers, or sugars, have been widely used to improve aqueous
solubility and oral bioavailability (Fig. 4).2°

Cl

Fig. 4. Oleanolic acid phosphate precursor 3 and water-soluble PCT derivatives 4 and 5.

Improvement of aqueous solubility can also be achieved by the installation of stable polar
ionogenic functionalities, ensuring salt forms of biologically active compounds.?® Salts of acidic
and basic drugs generally have greater aqueous solubilities than their corresponding acid or base
forms. Indeed, introduction of new functional groups as well as presence of new counterion in the
molecules can affect the protein binding, bio-distribution and metabolism of modified molecules.

Triterpenic acids themselves can be easily transformed into corresponding salts by a simple
neutralization reaction with a variety of inorganic and organic bases. For example, sodium and
potassium betulinates 6 can be obtained by treatment of betulinic acid with NaOH and KOH
ethanolic solution. However, solubility tests of the latter were significantly obscured due to the
formation of colloids at concentrations above 0.02 mg/g. Organic counterion containing choline
oleanolate 7 exhibits the best solubility (81.7 ug/mL) in a simulated gastric juice (aqueous solution
of NaCl and sodium dodecyl sulfate, which was adjusted to pH 1.2 by HCl solution).?” 2

Many semisynthetic cationic PCT derivatives were synthesized by various functional group
transformations at PCT core C(3), C(28) and double bond during the past decade. Different PCT

1% and guanidinium 123!

cores were decorated with various ammonium 10,?° imidazolium 1
moieties bearing diverse counterions through different types and sizes of linkers. Analogously,
C(28), C(30), and C(2) PCT triphenylphosphonium salts*? have been produced and biologically
evaluated. Unfortunately, solubility data of these cationic PCT conjugates were not reported.

33,34 and

Anionic derivatives of semi-synthetic PCT analogues include mostly sulfate
phosphate®>3%37 derivatives, that can be obtained via sulfation or phosphorylation of C(3)-OH
and/or C(28)-OH groups (Fig. 5). Monophosphorylated and diphosphorylated PCTs were found to
be multipurpose molecules in terms of biochemistry, by changing the spatial and electronic
environment of the molecule. Nevertheless, comprehensive aqueous solubility data are not yet

reported.
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Anionic PCT derivatives

10, Ref. 29 11, Ref. 30 12, Ref. 31 13, Ref. 32

Fig. 5. Previously reported ionogenic PCT derivatives.

Replacing of phosphate group with the isosteric phosphonate group can significantly reduce
the hydrolytic instability issues. This approach has demonstrated the prominence of phosphonate
derivatives as a class of stable biologically active compounds delivering a series of antiviral
nucleotide drugs.® 3’ A few examples of the utility of phosphonates as phosphate mimics in a PCT
series have been published. Introduction of the phosphonate moiety to the triterpenoid core can be
done by amide bond 14*° or C-C bond 15*' (Fig. 6). To the best of our knowledge, there is only
one example of PCT-phosphonate 16 linked by C(28) carboxylic ester reported.*’ However, the
transformation of known PCT phosphonates into phosphonic acids or their salts remains
unexplored prior to our research. Solubility data of such phosphonate salts are not available either.

Fig. 6. Previously reported PCT phosphonate conjugates.

In this Thesis, a design and synthetic approach has been developed towards novel pentacyclic
triterpenoid phosphonate derivatives of type C(17)-COO-CH,-P, C(3)-O-CHz-P and C(3/28)-O-
CH»-P, where the simplest possible methylene linker was utilized to attach the phosphonate
fragment via ester or ether bond. It should be highlighted that previously reported triterpenoid
C(28) esters display sufficient stability in acidic and basic media.*’ Herein, we reveal in the Thesis
that such triterpenoid-based phosphonate esters are easily achievable, can be smoothly converted
to the resultant salt form, and the latter exhibit significantly enhanced aqueous solubility.

Initially, we attempted to install the target phosphonate moiety by a simple esterification
reaction of 3-oxo PCT carboxylic acids with dimethyl (hydroxymethyl)phosphonate, but no
efficient conditions were found. The problem was solved by the transfer of the reaction site one
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atom further from the C(17) quaternary center, overcoming the steric hindrance of the triterpenic
core. For that purpose, we decided to switch reactivity and explore a possible carboxylate alkylation
reaction.

t-BuOK was suitable for the rapid deprotonation of 3-oxo triterpenic acids 18a-c, and following
alkylation with (dimethoxyphosphoryl)methyl trifluoromethanesulfonate in anhydrous THF
afforded desired esters 19a-c in good yields (Scheme 1). The used triflate is readily available from
the previously mentioned alcohol.** A similar approach using (dimethoxyphosphoryl)methyl
trifluoromethanesulfonate in a combination with 3-hydroxy triterpenic acids 17b, ¢ provided direct
access to compounds 20b,c (process 17b, ¢ — 20b, ¢ (Scheme 1), thus far with a lower yield due
to formation of side products. To improve chemoselectivity between target C(17)-COOH and
unwanted C(3)-OH alkylation in the transformation 17b, ¢ — 20b,c¢ , K2CO;3 was used as a weaker
base. The latter protocol also resulted in undesirable transesterification between C(17)-COOH and
phosphonic acid methyl ester moiety of the alkylation reagent, producing C(17)-COOMe side
product accompanied by TfOCH2P(O)(OH)(OMe). The diastereoselective C(3) reduction of PCT
phosphonate conjugates 19a-c¢ was found to be more optimal, providing clean transformations and
access to C(3)-OH phosphonate derivatives 20a-20c.

£ 3 [ gone
Jones (0]
reagent o

=~
Acetone/H,0
4h,0°C

193, X=Y=0,78%

NaBH,
MeOH
20a,X=0H,Y=H,99% 4h,0°C

1. t-BuOK

2 Ovs
_OM

Tfo/\":“) e

THF
16 h, RT

oleanolic acid (17b):
R'=Me, R2=H

18b, 85 % 19b,
18¢, 78 % 19c,

ursolic acid (17¢):
R'=H, R?= Me

20b, 47 % 20b,
K2CO3 20c, 30 %
DMF
24 h, 100°C

Scheme 1. Synthesis of target PCT phosphonates 19a-c and 20a-c.
Next, we investigated the transformation of the obtained phosphonates into sodium
phosphonates 22a-c and 24a-c utilizing TMSI assisted demethylation followed by the

transformation of formed phosphonic acids 21a-c¢ and 23a-c into the corresponding sodium salts.
Starting with the betulonic acid derived phosphonate 19a, we found that required temperature for
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the demethylation must be —40 °C (Scheme 2). At increased temperatures cleavage of the
previously installed ester bond was observed and betulinic acid olefin moiety underwent cationic
rearrangements.*> We discovered that the methanolysis of the intermediate O-TMS-phosphonates
and subsequent neutralization of HI including formation of phosphonic acid disodium salt by
addition of aqueous sodium bicarbonate solution must be performed also at a decreased
temperature.

(F\’\MOeMe 1.4Tm2(g,w?.) —ox

2. MeOH
30 min, -40 °C

21a:X=H

] ag. NaHCO; (4 eq.)
22a: X =Na=-1h, —40 °C - RT
Scheme 2. Demethylation of compound 19a.

The developed demethylation conditions were successfully applied on all other compound
series consisting of betulinic acid derivative 20a with free C(3)-OH group, 3-oxo-series of
oleanolic and ursolic acid-derived phosphonates 20b,c and their corresponding C(3)-OH
derivatives 21b,¢, providing target products 22a-c and 24a-c in good to excellent yields (Schemes
2 and 3).

1. TMSI
4h,-40°C
DCM Na:‘éoﬁ
2. MeOH 2%
30 min, —40 °C el
HO!
o 1-TMSI
4h,—40°C NaHCO,
DCM
H,0
2. MeOH .
30 min, —40 °C 1h,—40°C-RT
19bR'=Me, R2=H,X=Y=0 = 21b 22b, 90 %
19cR'=H,R?=Me,X=Y=0 21c 22¢,51%
20bR'=Me, R?=H,X=0H,Y=H 23b 24b, 78 %
23c 24c, 93 %

20cR'=H,R?=Me, X=0H,Y=H
Scheme 3. Synthesis of triterpenic acid-derived sodium phosphonates 22b,c and 24a-c.

The obtained products 22a-c and 24a-c exhibited high hydrolytic stability, and an eventual
cleavage of the carboxylate ester bond was not observed even after heating under two different
basic conditions: (1) 60 °C in 1.5 M NaOH/MeOH solution for 6 h; (2) 100 °C in the presence of
4 equiv. NaOH in H>O for 24 h. The obtained ionic PCT derivatives displayed excellent aqueous
solubility, which can be demonstrated by the acquisition of their 'H NMR spectra in D,0.
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Afterwards, we investigated the introduction of the phosphonate moiety to PCT via an ether
bond. Starting with betulin, the most abundant natural PCT-3,28-diol, we examined a one-pot
double alkylation possibility involving both hydroxyl groups. The utility of such strong bases as
NaH, +-BuOK, n-BuLi and MeMgBr in combination with  previously  used
(dimethoxyphosphoryl)methyl triflate or tosylate was found to be ineffective. We have finally
found that combining triflate alkylation reagent (2.2 equiv.) and betulin Li-dialkoxide generated
from LDA (lithium diisopropylamide) (2.1 equiv.) afforded the target product 25 in 29 % isolated
yield (Scheme 4). The desired product 25 was accompanied by the C(28)-O-monoalkylation
product 26 and C(28)-O-phosphonylation product 27 in the 25:26 : 27 ratio 51 :20:29 (by
NMR). Formation of the latter is a result of the alkoxide attack on the phosphorous center due to
the presence of two competing electrophilic reaction centers in (dimethoxyphosphoryl)methyl
trifluoromethanesulfonate. The obtained tetramethyl bis-phosphonate 25 was successfully
converted to tetrasodium salt 28 (78 %) using the previously developed TMSI conditions.

“H  betulin (17) THF F 25, 51% NMR yield 26,20 % ‘\/P\OMe 27,29%
-78 °C-RT MeO (29 % isolated) NMR yield MeO NMR yield

1. TMSI (6 eq.)

2. MeOH
30 min, —40 °C
3. NaHCOs (6 eq.)
H,0

o P oNa 28,78 %
1h,-40 °C - RT Nad

Scheme 4. Synthesis of bis-phosphonate 28.

Next, we synthesized also mono-phosphonate PCT derivatives at C(3). For that purpose,
betulinic acid, oleanolic acid and ursolic acid were protected as methyl esters. Application of
previously developed LDA/triflate combination afforded a series of C(3) ethers in a moderate yield
(Scheme 5). Besides target products, also starting materials and degradation of alkylating reagent
were observed after reaction workup.
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1. Mel, K,CO4

DMF 1.TMSI (6 eq.)
16 h, RT °  Dpcm
2.LDA (1.25 eq.) 4h,-40°C
OTf 2.MeOH
: Meo. [ .OMe 30 min, ~40 °C
betulinic acid (17a’) 3 N (1.25eq) O‘\P\ 3.NaHCO3(aq.) Oy
© O THF 1 OMe 30 min, 40 °C~RT | “ONa
3h,-78 °C—RT © ONa
1. Mel, K,CO3
DMF 1.TMSI (6 eq.)
DCM
16 h, RT. M OMe
2. LDA (1.25 eq.) .
oTf > 2.MeOH
MeO. (/OMe o 30 min, -40 °C o
) 3. NaHCO3(aq.)
3. 4 (1:25ed)05, 30 min. 40 G - RT, Osp?
oleanolic acid (17b): R'= Me, R?=H O THF L OMe 29b, 47 % " R R oNa 30b, 85 %
ursolic acid (17¢): R'=H,R2=Me ~ 3h-78°C-RT OMe 29¢, 53 % ONa 30c, 95 %

Scheme 5. Synthesis and demethylation of methyl-protected PCT derivatives 29a-c.

We expected that previously developed TMSI conditions would demethylate both phosphonate
and C(28) carboxylic acid methyl ester, providing desired trisodium salts. However, C(28) methyl
ester displayed enhanced stability, affording products 30a-c. Implementation of alternative
conditions for ester cleavage, such as 6M KOH/EtOH at reflux, Lil/DMF/DMSO reflux was found
to be ineffective. Therefore, we decided to change methyl ester to a more labile 4-methoxybenzyl
ester. As expected, treatment of C(3) ethers 31a-c containing C(28) PMB-protection with TMSI
and subsequent methanolysis and neutralization furnished target PCT ionogenic derivatives 32a-c

in good yields (Scheme 6).

1. PMBBr, K,CO3

DMF 1.TMSI (6 eq.)
16 h, RT o
2.LDA (1.25 eq.) 4h,-40°C
2.1DA(125eq)
oTf 2.MeOH
Meo. [ oMe 9 30 min, ~40 °C 0
s © (1.25eq) O\\P) 3.NaHCO4(aq) Oy J
© OTHF 1 "OMe 30 min,—40 °C-RT 1 ONa
3h, 78 °C-RT ° ONa
1. PMBBr, K,CO3
DMF 1.TMSI (6 eq.)
16 h, RT oM
2.LDA (1.25eq.) 4h,-40°C
2.LDA(1.25eq)
oTf 2.MeOH
MeO. (/OMe [0) 30 min, —40 °C
- [ (2seq)o, S 3.NaHCOs(aq)
oleanolic acid (17b): R'=Me, R2= H O THF Pome 31b, 50 % 30 min, 40 °C —RT “Psgy 32b, 75 %
ursolic acid (17¢): R'=H, R?= Me 3h,-78°C~RT OMe 31c,53 % ONa 32¢,76 %

Scheme 6. Synthesis and demethylation of PMB-protected PCT derivatives 14a-c.

All obtained ionogenic PCT sodium phosphonates were subjected to solubility tests in water
(Fig. 7). A quantitative 'H-NMR approach in D»0O, using potassium hydrogen phthalate as an
external standard, was used for the precise calculation of solubility. The basic forms of
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phosphonates*® were ensured by the careful addition of NaOD, maintaining pH 8.0-8.5 during the
quantification, which is 2—3 units higher than the pKa of phosphonic acid disalt.*’ Predictably, our
newly designed PCT phosphonates 22a-c, 24a-c, 32a-c, and 28 possessed excellent aqueous
solubility in a range from 3 mg/mL to 26 mg/mL (pH 8.0-8.5) (Fig. 6). This is at least two orders
of magnitude higher than the reported solubility data of the parent natural triterpenic acids. For
example, aqueous solubility of oleanolic and betulinic acids is <0.1 pg/mL at neutral pH and can
be increased to 42.1 pg/mL for betulinic acid and 99.5 pg/mL for oleanolic acid at pH 11.8.22 Also,
natural ursolic acid displays similarly low aqueous solubility,’ which may be expanded to a certain
point by various modern drug delivery systems.'®!° Phosphonic acids are more acidic and easier to
ionise than carboxylic acids. This ionic character helps to increase the aqueous solubility as
demonstrated by here reported compounds.

32c, 4 mg/mL

28, 3 mg/mL

Fig. 7. Aqueous solubility (D20) of PCT phosphonates at pH 8.0-8.5.

In collaboration with Dr A. Dubnika and Prof. D. Lo¢a (RTU Institute of Biomaterials and
Bioengineering) cytotoxic activity of the obtained compounds was determined at various
concentrations (10-50 uM) against human-derived osteosarcoma cell line MG-63 (ATCC, CRL-
1427) and mouse-derived preosteoblast cell line MC3T3-E1 (ATCC, CRL-2593). For the
comparison, naturally occurring betulinic (17a”), oleanolic (17b) and ursolic (17¢) acids, as well
as their 3-oxo analogs 18a-c and doxorubicin, were also subjected to cytotoxicity tests. The
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designed water-soluble PCT-derived phosphonates and the natural triterpenic acids, including their
3-oxo-analogs, were found to be harmless to the MC3T3-El cells.

As an interesting exception should be mentioned the concentration-dependent cell viability
drop of MC3T3-E1 cells in the presence of oleanonic acid (0.49 + 0.12 relative metabolic activity
at 50 uM of 18b). To a lesser extent, ursonic acid affected the metabolic activity of MC3T3-E1
cells (0.72 £ 0.09 relative metabolic activity at 50 uM of 2¢). Nonetheless, the MG-63 cell line
revealed somewhat lower metabolic activity in the presence of oleanonic acid-derived
phosphonate 24b (0.73 + 0.05 relative metabolic activity at 50 uM of 24b) than in the presence of
its parental oleanonic acid (1.03 +0.18 for 18b). It is interesting to note that ursolic acid 17¢ and
ursonic acid 18¢ showed a cytotoxic effect towards the MG-63 cell line in the cell viability tests
(0.28 £0.04 and 0.67 & 0.04 relative metabolic activity at 50 uM of 17¢ and 18c, respectively).

In summary, it is possible to synthesize pentacyclic triterpenoid phosphonates linked to the
terpene core via ether or ester-type functional groups and the shortest possible methylene bridge.
The TMSI-induced demethylation of the phosphonates was optimized to avoid acid-induced
rearrangement side reactions. Both disodium phosphonates with ester linkage derived from
betulinic, oleanolic, and ursolic acids, including their 3-oxo forms, and trisodium salts of ether-
linked phosphonic and terpenic carboxylic acids were obtained. The salts exhibited high aqueous
solubility (3—26 mg/mL at pH 8.0-8.5), quantified by qNMR. Their high solubility even allows
structural characterization in DO by NMR. Preliminary cytotoxicity tests indicate low toxicity to
normal cells, which opens opportunities for further research into their use in antiviral,
antimicrobial, antidiabetic, and anti-inflammatory therapies.

More information about these studies can be found in the publication by Luginina, J., Kroskins,
V., Lacis, R., Fedorovska, E., Demir, O., Dubnika, A., Loca, D., Turks. M., Synthesis and
Preliminary Cytotoxicity Evaluation of Water-Soluble Pentacyclic Triterpenoid Phosphonates. Sci.
Rep. 2024, 14, 28031 (Appendix 1); in the patent — Luginina, J., Kroskins, V., Lacis, R.,
Fedorovska, E., Turks, M., Water-Soluble Triterpenoid Phosphonates and Synthesis Method
Thereof, LV15836 B1, 20.03.2025 (Appendix 2); as well as in Appendix 3 on the synthesis of PCT
3-0O-methylphosphonates.
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2. C-H activation of pentacyclic triterpenoids

Transformative metal catalysis has driven significant advancements in molecular synthesis,
making it possible to construct increasingly complex compounds.?! Transition metal-catalyzed C-
H activation, which involves inner-sphere C-H bond cleavage to generate a carbon-metal bond,
proposes a sustainable and cost-effective approach to organic synthesis. The terms C-H activation
and C-H functionalization are often used equivalently, but some difference is hidden in the
mechanism.*® C-H activation specifically involves an organometallic process where a C-H bond is
cleaved to form a direct bond between carbon and a metal (Scheme 7). In contrast, C-H
functionalization is a broader term that does not require the formation of a C-M bond and includes
both inner-sphere and outer-sphere mechanisms. Outer-sphere C-H functionalization typically
occurs through radical pathways, hydrogen atom transfer (HAT), or insertions involving metal
carbenoids, oxo, or nitrenoid species, among other processes.

C-H activation

Ho cat M) ™1 Hx-R
0 O -cat. [TM] O

C-H functionalization

Radical processes
cat. [TM]
metal mediated

O%O R O/FO O}O

Outher sphere pathways H O R
. J v
-y cat. [TM]  R.y H
I 1l Ryl --H
N, Nz ™ H

Scheme 7. Schematic representation of C-H activation and C-H functionalization.

Achieving complete control over chemoselectivity and site-selectivity remains a significant
challenge for synthetically suitable C-H activations. Site-selectivity can be handled by the
electronic or steric characteristics of the substrate, as well as through chelation assistance. To
facilitate the latter, a variety of monodentate and bidentate directing groups — either naturally
present in the substrate (Scheme 8: Compounds 33 and 35) or intentionally introduced (Scheme 8:
Compound 37) — have been developed to enable proximity-driven, transition metal-catalyzed C-H

activation.#9-30-3152
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Monodentate carboxylate DG (X type)
PhI (2.5 eq.)
o

AcHNAAoH (20 mol%) Q

o]
OH ———— OH
Pd(OAC), (10 mol%)
P

H Ag,0 (2 eq.) h
33 2
NayHPO,+7H,0 (1 eq.) 34,75 %
HFIP, 80 °C, 4 h

Monodentate amine DG (L type)

Pd(OAC), (10 mol%)
BQ (0.5eq.)
NH Ac-Phe-OH (20 mol% NH
Ag,CO3 (2 eq.)
35 MeH NaHCO; (4 eq.) MePh
t-AmOH, 80°C
Bidentate 8-aminoquinoline DG (L,X type)

4-jodoanisole (4 eq.)
AgOAc (1.1eq.)
Pd(OAc)2 (5 mol%)

neat, 110 °C, 5 min

Me_Me Me_Me

36,68 %

38,92 %

OMe

Scheme 8. C(sp?)-H activation employing different types of directing groups.

Notable applications of C-H arylation and diversification of natural products have been
reported during the past few decades. For example, picolinamide directing group bearing pinamine
39 can be selectively decorated with differently substituted aromatic rings (Scheme 9).%3 Sheppard
and coworkers reported a synthetic protocol for installation of a 4-anisole moiety into the
bornylamine scaffold 41 utilizing different pyridyl directing groups, among which the 2-
methylpyridyl moiety provided the best regioselectivity.>*

N A
|
N _~ N ___
HH H_ Ar
AN"0 pg(0Ac), (10 mol%) HN™ S0
R TR
Me AgyCO; (1eq) Me
Me Me Arl (1.1 eq.) Me Me
39 toluene, 130 °C, 24 h 40, 47-85 %

Pd(OAc), (5 mol%)
CuBr;, (10 mol%)

— >
4-iodoanisole (4 eq.)
H HN (0] CsOAc (4 eq.)
t-AmOH
NP -Me40°C, 24 h N7
g
41 42,98 %

Scheme 9. C-H arylation of terpene natural products.

The mechanism of palladium-catalyzed C-H arylation starts with palladium coordination to the
directing auxiliary and ligand exchange to give complex I (Scheme 10). Afterwards C-H activation

66



step proceeds via concerted metalation deprotonation (CMD) pathway.’® The latter involves a
coordination of the C-H bond with the palladium to form a palladium-carbon c-complex II. The
calculated transition state shows that the carbon-metal bond begins to form at the same time as the
proton is transferred to the carboxylate group, leading to the formation of a metal complex III.
Compared to other possible processes, such as oxidative addition of the C-H bond to the metal,
CMD is significantly lower in energy.’® Aryl iodide oxidative addition to complex III affords
palladium(IV) species IV, and subsequent C-C reductive elimination and ligand exchange produce
the palladium complex V, which releases the target arylation product.

H HN__O

~ Me
Pd(OAc),| N ‘
acetate | N\ M
buffer

Me,
VX acetate
buffer

N _O

-
wv_-N_O _Pd
Arapd/ OA Ly N A~ Me
/N AN Me w N |
X N ‘ x
[\

Ar-X
Scheme 10. Palladium-catalyzed C-H arylation mechanism.

Metal additives such as copper(Il) and silver(I) salts often play crucial roles in Pd-catalyzed C-
H activation reactions, helping to improve reactivity, selectivity, or even enabling certain
transformations that would otherwise not proceed efficiently. Copper additive can regenerate Pd(II)
species, which can suffer reduction to Pd(0) and stop the Pd(II)/Pd(IV) catalytic cycle. In some
cases, copper(I]) salts assist directly in C-H bond cleavage by acting as a Lewis acid that activates
the substrate or a Brensted base (especially with acetate ligands) that assists deprotonation
(especially in CMD: concerted metalation-deprotonation pathway).>” The role of Ag(I)-salts has
been described for various Pd-catalyzed C-H activation processes. Generally, silver additives can
be used as a terminal oxidant or as a halide scavenger; however, many studies on heterometallic
Pd-Ag catalysis suggest that palladium and silver can work together during the entire catalytic
cycle. In some cases, silver carboxylates can directly activate (cleave) C-H bonds in arenes,
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forming aryl-silver(I) species. These aryl-Ag intermediates can then transfer the aryl group to a
palladium complex, helping to form the desired product.®®

The transformation of unactivated C-H bonds into C-N bonds via C-H insertion was applied
for the synthesis of different amino derivatives of terpene natural products (Scheme 11). It has been
proposed that a metal-nitrenoid species serves as a crucial intermediate in the C-H bond cleavage
process, generated through the transfer of a nitrene group from an aminating agent to the metal
center. Directed nitrene insertions have been achieved in intramolecular aminations using different
amino or azido tethered groups like sulfonamides, sulfamides, sulfamates, carbamates or azides,
sulfonylazides and carbonylazides. For example, azido derivative of leelamine 43 was used as a
nitrene precursor in the presence of an iron catalyst 44 at elevated temperature to give the
pyrrolidine derivative 45 (Scheme 11). Artemisinin-derived carbamate 46 and sulfamate 47 in the
presence of a rhodium catalyst and PIDA were cyclized to oxazolidinone 48 and oxathiazinane 49,
respectively, displaying opposite to each other regioselectivity of nitrene C-H insertion.

Me
Me [N \\ SN
0o T IR Og Vel (PSSO
iPr ¥ Me
. BocO (1ed)  Me . MeAT fe\\/(w
‘ J

N3 H\\ toluene, 115 °C éoc
43 45,78 %

Rh,(pfb)s (5 mol%)
M PIDA, MgO

DCM, 40 °C

?
i Y, ‘
4e(r=20. 24N 48,67 % ‘ 49,87 %
47 (Y =50y, 3h) 67 % ; .87 %

Scheme 11. Intramolecular C-H amination of azido derivative of leelamine 43°° and
artemisinin-derived carbamate 46 and sulfamate 47.9°

Metalonitrene species B can be generated by UV-light irradiation or thermal decomposition of
organozides A in the presence of a suitable transition metal (Scheme 12). Carbamates and
sulfamates serve as effective nitrene precursors in the presence of hypervalent iodine reagents,
forming iminoiodinane intermediates F, that further interact with the transition metal catalyst to
give desired metalonitrene G. Intramolecular nitrene insertion reactions proved to be a powerful
tool in the synthesis of various N-heterocycles, providing high chemo- and site selectivities.
Nevertheless, sulfamate and carbamate cyclization can also proceed via a metal-free radical
pathway by a variation of the Hofmann-Loffler-Freytag reaction as well as via m-selective Lewis
acid-catalyzed amine addition to unsaturated systems.®':2

Recent advances in the synthesis of oxathiazinane rings from sulfamate esters, including the
utility of nitrene-type intermediates, which will also be discussed in Section 2.2 of the Thesis, can
be read in a review article by Kroskins, V., Turks, M., Recent Investigations in Synthesis of
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Oxathiazinanes by Sulfamate Ester Cyclization (microreview), Chem. Heterocycl. Comp., 2023,
59, 637-639, (Appendix 4).

Metalonitrene generation from organoazides
N Ny

/Y\ R

A Y=CO, PO,, P(0)OAIk, SO,, CH,.
R' X=0, CH,, NPG.

heat or hv
{ Wy Yoy

Metalonitrene generation from carbamates and sulfamates

HN

PhIX,
HN Phlsy-Y~g < Base HZN/Y\O
R. /Q\ .MR
! E

Y=S0,, CO.
X=0Ac, OCOCFj, OPiv, =O.
{ My

xﬁ

Scheme 12. Mechanisms of metalonitrene generation and following insertion in the C-H
bond.

The intermolecular C-H insertion approach does not require directing group introduction steps;
however, it usually results in lower selectivity. For example, phenylsulfamate (PhsNH>) in the
presence of rhodium catalyst and PhI(OPiv) was used as an intermolecular C-H amination reagent,
providing C-N bond formation of complex natural product 50 in 38 % yield (Scheme 13).%

Rhy(esp), (1 mol%)

oH PhsNH, (1.3 eq.)
PhI(OPiv), (1.5 eq.)

Al,O; (4.0 eq.)

tBuCN, 6 h, RT

50 51,38 %
Scheme 13. Intermolecular C-H amination of natural product 50.

A vast majority of known synthetic transformations for the decoration of PCT core involve the
utility of biogenetic C(3) and C(28) C-O functionalities and the available olefin moiety.?* Despite
that, the terpenoid structure of PCTs is packed with multiple C(sp®)-H bonds, which theoretically
can be functionalized by exploiting a transition metal-catalyzed C-H activation approach.
However, reactivity and regioselectivity issues make functionalization of the triterpene core
challenging for synthetic chemists. A prerequisite for regioselective derivatization of such complex
compounds via activation of C-H bonds is the presence of functional handles for the attachment of
suitable residues to their carbon skeleton. Literature analysis on C(sp®)-H activation in the PCT
core has shown only a few examples (Scheme 14).
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Thus, the Yu group® % has reported site-selective C-H hydroxylation of various pentacyclic
triterpenoids utilizing Schonecker and Baran’s copper-mediated aerobic conditions (Cu(OTf)2, O2)
(Scheme 14, a). In this case, the site-selectivity has been controlled by the transient chiral pyridine-
imino directing group, which was introduced using easily available C(28) aldehyde. Several
research groups demonstrated the employment of Baldwin’s® developed approach for the selective
introduction of a hydroxyl group on a non-activated C(23) methyl group (Scheme 14, b).%> 6%
Site-selective oxygenation of oleanolic C(23) using iridium catalyzed C(3) hydroxyl group-
directed silylation/Tamao-Fleming oxidation sequence was investigated by Hartwig
(Scheme 14, ¢).”® Notably, the Maulide group’' recently reported a protocol for regioselective
functionalization of the B ring in oleanane core using hydroxylated C(23) group as the key
functionality for further linear reaction sequence (Scheme 14, d).

1. TsOH (0.1 eq.)
a) i-Pr

/// . X7 NH,
N
CHO toluene, 80 °C

2. Cu(OTf), (1.3 eq.), O,
Na ascorbate (2.0 eq.),
MeOH/Acetone, 50 °C, 90 min
3. NayEDTA, workup
Ref. 64

1. NayPdCly (1.3 eq.)
NaOAc (1.2 eq.)
COOBN HOAc, RT, 72 h

2. Ac,0, DMAP, EtsN,

CH,Cly, RT, 1h
Ref. 67

1. [Ir(cod)OMe], (0.1 mol %)

Et,SiH,, RT, then
[Ir(cod)OMe],/Meg4phen (2 mol %),
nbe, THF, 120 °C

2. KHCO3, H,0,, 50 °C
Ref. 70

1. PPTS, (CH,0H),,
benzene, reflux, 16 h

N ——
2. PIDA, I, CaCOg, RT, 2 h
1,6 - HAT

Ref. 71 {O : e

59,53 %

s

Scheme 14. Previously reported C-H oxidation examples on the PCT core.

On the other hand, the Lu group developed Ir-catalyzed C(sp*)-H amination reaction using
TrocN3 as amine precursor at C(23) of oleanolic acid-derived methyloxime 60 (Scheme 15, a).”
The betulin scaffold was also investigated in intramolecular metallonitrene-based C(sp®)-H
amination of sulfamate ester 63. White’s group discovered that [Mn(zBuPc)]SbFs catalyst
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preferentially forms C-N bond at the y-C-H bond of the equatorial C(23) methyl group and
provided oxathiazinane 64 with high site- and diastereoselectivity (Scheme 15, b).”3
TrocNg

oH [CPIrClal (5 mol%)
AgNTf, (20 mol%

)
NaOAc (50 mol%)
————————> MeO, = * MeO., =
DCE, 24 h, 100 °C NT N
“=NHTroc  TrocHN -

Ref. 72
61,71% 62,20 %

OH [Mn(tBuPc)ICI (10 mol%)
PhI(OPiv), (2.0 eq.)

4 AMS, PhMe/MeCN
RT, 24 h O=.
Ref. 73

Scheme 15. Previously reported C-H amination examples on the PCT core.

To the best of our knowledge, besides the abovementioned few examples of C-H hydroxylation
and the only two C-H amination examples, there are no reports on C-C bond-forming C-H
activation approaches within the pentacyclic triterpenoid scaffolds; however, some successful
examples of C(sp?)-H arylation of smaller natural terpene molecules were reported.”* Moreover,
during the past few decades, a plethora of C(sp*)-H arylation methods using different directing
groups and catalytic systems, and suitable for the late-stage functionalization of complex
molecules, were developed’>’%777® Hence, this Thesis describes previously unexplored site-
selective palladium-catalyzed C(sp®)-H (het)arylation of pentacyclic triterpenoids.

2.1. C-H arylation and azetidination of pentacyclic triterpenoids

The studies were started by preparing PCT derivatives bearing 8-aminoquinolinamide and
picolinamide directing groups developed by Daugulis,” which are connected to the triterpenic
skeleton either by an innate carboxylic amide 65a-d or by a more flexible -CH»-NH- linker 66a-d

(Fig. 8).
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65aR'=CH, 65c R?=H, R®= Me
65b R' = Me 65d R?=Me. R®=H

66aR'=CH, 66c R2=H, R°= Me
66b R' = Me 66d R?= Me, R®=H

Fig. 8. Triterpenic 8-aminoquinolinamides 65a-d and picolinamides 66a-d.

8-Aminoquinoline amides 65a-d were prepared by simple coupling of betulonic, ursonic and
oleanonic acids with an 8§-aminoquinoline, with pre-transformation of acids into an acid
chloride.?* 8! Picolinamide®” directing auxiliary was installed by triterpenic C(28) amine reaction
with picolinoyl chloride. Betulinamine and its saturated congener were obtained from the reduction
of corresponding oximes®* 67a and 67b. Commercially available oleanolic and ursolic acids were
converted into corresponding amines in two steps.’* 85 In situ-generated activated esters were
converted into amides 68a and 68b. Reduction of the latter with LiAlH4 afforded primary amines,
which were converted into picolinamides 68a and 68b using previously developed reaction
conditions (Scheme 16).

1. TiClg (2M HCI)
NH4OAc, NaBH;CN
OH MeOH, 16 h, RT

JE—

R
)
LD
H
et 00
e ]

2. Picolinoyl chloride

HO EtsN, DCM/THF
3h,0°C-RT
67aR =CH; 66a, 81 % (over 2 steps)
67b R = Me 66b, 60 % (over 2 steps)
1. LiAIH,, THF z |
HCTU, Et;N - LiAIH,,
OH DMF NHz 24 h, reflux SN
- .
NHz/MeOH 2.Picolinoyl chloride
3nRT H EtsN, DCM/THF
3h,0°C-RT
17b: R" = H, R? = Me Oleanolic acid 68a, 84 % 66c, 55 % (over 2 steps)
17¢: R' = Me, R? = H Ursolic acid 68b, 91 % 66d, 47 % (over 2 steps)

Scheme 16. Synthesis of picolinic amides 66a-d.

To explore the ability of the obtained directing group bearing PCT derivatives to complex
palladium and provide C-H deuteration products that would demonstrate the feasibility of the C-H
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activation event, betulin-derived starting materials 65a and 66a were subjected to C-H deuteration
experiments using deuterated acetic acid as a solvent in the presence of Pd(OAc), and CsOAc
(Scheme 17). Both substrates provided C(16)/C(22) double-deuterated products. Inspired by the
possibility of the C-H activation event, we started screening possible reaction conditions for the C-
H arylation reaction. Surprisingly, no efficient reaction conditions for C-H arylation were found in
the case of quinolinamide 65a.

CD5CO0D
80°C, 16 h

Scheme 17. C(sp®)-H deuteration of 65a and 66a; for clarity, the acidic -OH and -NH groups are
depicted in their non-deuterated form as they undergo fast proton exchange during the isolation
process.

Nevertheless, conformationally more flexible picolinamide 66a was found to be an appropriate
starting material for the target C-H arylation reactions. The combination of picolinamide 66a
(1 equiv.), 4-iodoanisole (4 equiv.), Pd(OAc): (5 mol%), CuBrz (10 mol%)® and CsOAc (4 equiv.)
in ~AmOH was found to be the most efficient reagent combination yielding a mixture of C(22)-
and C(16)-regioisomers 69a and 70a in a 92:8 ratio with 83 % total yield. With suitable C(sp®)-H
arylation conditions in hand, we examined the scope of the aryl iodide components (Table 1).
Electron-rich aryl iodides displayed good reactivity, and C(sp?)-H arylation products 69a-d/70a-d
were obtained in the summary yield range 50-83 % (Table 1). Two molecular structures of
compounds 69a and 70b were unambiguously proven by their single crystal X-ray analysis (Fig. 9).
In all cases, the formation of C(22)-azetidine byproduct 71 was observed. Arylation employing
iodoarenes with electron-withdrawing substituents resulted in decreased yields of arylated
regioisomers within a 29-54 % yield range. On the other hand, iodobenzenes with substituents
such as -COOMe, -C(O)Me, -CN, -Cl, -NO> (Table 1) afforded azetidine 71 as the major product
in 40-64 % yields. The highest azetidine yield was observed with I-CsHs-CN (64%), but I-CsHa-
NO; provided it as a single reaction product in 61 % yield, which facilitated its isolation and
purification. Azetidines as C(sp*)-H arylation byproducts have been reported before, and a targeted
C-H azetidination protocol employing AgOAc/CeFsl on simple model substrates has been
previously reported by Wu and co-workers.®” Furthermore, there are also reports on azetidine
formation from picolinamide in the presence of Pd-catalyst, PhI(OAc), and Li>CO3.5% 3% However,
in our hands, these copper-free conditions did not result in any conversion of starting material 66a.
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Table 1
Scope and Isolated Yields of C(sp*)-H Arylation Products of Picolinamide 66a.

Arl (4 eq.)
Pd(OAc), (5 mol%)
CuBr, (10 mol%)
CsOAc (4 eq.)

t-AmOH (0.05 M)
140 °C, 24 h

Ar Yield of 69a-i (%) Yield of 70a-i (%) | Yield of 71 (%)

H()rove 69a, 76 70a, 7 10

=) 69b, 64 70b, 9 26
H()we 69c, 60 70¢, 5 19
o 69d, 45 70d, 6 10
= )-ores 69e, 32 70e, 6 36
FO, 691, 32 70f, 6 56
HO- 69g, 22 70g, 7 40
) 6%, 19 70h, 12 64
HO-e 69i, 42 70i, 12 44
H)vo. - - 61

Fig. 9. Single crystal X-ray diffraction analysis of 69a and 69b.

We have tested also C(sp?)-H (het)arylation reactions of 66a with 4-iodo N, N-dimethyl aniline,
3-iodopyridine and 4-iodo-1-methyl-/H-pyrazole, but no conversion of starting material was
observed. Moreover, we have tried hetarylation employing 5-iodo indole and 7-iodo carbazole
(Scheme 18), and the expected arylation products 69m/70m and 690/700 were isolated in 24 %
and 34 % yields, respectively, albeit without formation of azetidine.
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Reaction between 66a and 2-iodo thiophene resulted in the formation of products 69j/70j and
azetidine 71, and furthermore detectable amount of diarylated product 705 (5 %) was observed.
The second C-H activation has taken place at the firstly installed thiophene moiety in product 70j
(Scheme 18).

To obtain other double arylation products utilizing other aromatic iodides, increased reaction
time, higher concentration of an (het)aryl iodide component, as well as higher catalyst loading were
applied; however, no additional double arylation products were detected.

HetAr-l (4 eq.)
Pd(OAc); (5 mol%)
CuBr; (10 mol%) !
CsOAc (4 eq.) i |
66a —— > |
? TrAmOH (0.05 M) | J /// /// N
140°C,24 h :

701, 5% azetidine 71,
27 %

Scheme 18. C(sp®)-H hetarylation of picolinamide 66a.

To provide NH azetidines for further synthetic applications, we explored the cleavage of the
picolinamide moiety. Reductive cleavage conditions employing LiAlH4 in THF at room
temperature were found to be efficient to afford the desired product 72 (Scheme 19).

=H 72,66 %

Scheme 19. Synthesis of unprotected azetidine 72.

Inspired by the successful arylation of betulin core, we have also examined the arylation of
oleanolic and ursolic acid-derived picolinamides 66¢,d employing electron-rich 4-methoxyphenyl
iodide and electron-poor 4-iodobenzoic acid methyl ester (Scheme 20). Target transformation of
ursane and oleanane cores resulted in a higher 19 : 1 site-selectivity at C(22); however, full
conversion of 66¢ and 66d was not reached. Similar to the observation in the betulin series, the
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electron-deficient 4-iodobenzoic acid methyl ester gave significantly lower yields of arylation
products 74a,b than the reaction with 4-methoxyphenyl iodide. Remarkably, the presence of side
product azetidine was detected only in trace amounts in the case of oleanane and ursane starting
materials 66¢,d.

Pd(OAc), (5 mol%
7 ijBrz Z?é mol%;> 73a: R' = H, R2= Me; 60 % (91 % brsm)

N CsOAc (4 eq.) 73b: R" = Me, R%=H; 62 % (88 % brsm)
t-AmOH (0.05 M)
140 °C
24h

66c: R'= H, R?= Me
66d: R'=Me, R?=H

74a: R'= H, R? = Me; 38 % (59 % brsm)
74b: R" = Me, R? = H; 28 % (95 % brsm)

Scheme 20. C(sp®)-H arylation oleanane and ursane derivatives 66¢,d.

C-H activation of oleanane derivative 66¢ in the presence of 1-iodo-4-nitrobenzene gave
excellent C(16) selectivity, albeit incomplete conversion. Following reductive cleavage of the
directing group with LiAlH4 afforded corresponding azetidine 76, which was further transformed
into crystalline azetidinium picrate 77. The molecular structure of the latter and thus the C(16)-
regioselectivity was unambiguously established by its single crystal X-ray diffraction analysis

(Scheme 21).
|&j%No2

(4eq)
Pd(OAc), (5 mol%)
CuBr, (10 mol%)
Jo) CsOAc (4 eq.)

t-AmOH (0.05 M)
140 °C HO
| 24 h

75, 34 % (99 % brsm)

THF |
3h, RT| LiAH,

77 76,87 %

Scheme 21. Azetidine 76 formation from oleanane-derived picolinamide 66¢.
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Based on generally accepted concepts, reductive elimination is most likely the rate-limiting
step in the C(sp?)-H arylation process.’® Analyzing the observed regioselectivity patterns, we can
conclude that reductive elimination proceeds more slowly in palladium(IV) complexes bearing aryl
groups with electron-withdrawing substituents. In such cases, the formation of a C-N bond via
reductive elimination can outcompete C-C bond formation. In the betulinic series, for example,
when 4-nitroiodobenzene (4-NO:-CsHal) is used in the oxidative addition step (Scheme 22), the
reductive elimination from the C(22)-[Pd]-NC(O) intermediate is favored over that from the C(22)-
[Pd]-Ar-EWG complex, resulting in the formation of an azetidine. Similarly, in the oleanane series,
the general trend in reductive elimination rates is observed as follows: Ar-EDG > picolinamide >
Ar-EWG. However, in this case, the C-H activation step is slower and occurs selectively at C(16),
making it kinetically comparable to the rate of reductive elimination from the C(16)-[Pd]-NC(O)
intermediate. Consequently, starting material 66¢ affords azetidine 75 at the C(16) position upon
reaction with 4-NO.-CsHal. Moreover, azetidine formation at C(22) in the oleanane scaffold would
create an unfavorable 1,3-diaxial interaction with one of the geminal C(20) methyl groups — a steric
hindrance that is absent in the betulin molecular framework.

(He”A' Pd(OAC),
CuBr,, CsOAc
N7 2 z-Y
(Het)As t-AmOH K 2) e H
C(22)-selectivity 140 °C,24 h H
for all tested triterpenoids N>]/®
p . N\
[¢]
E 22) / N reductive C-H
— elimination activation

/ C(22)- selechvny
N for betulinic core

-Ar-| Het)Ar
C(16)-selectivity with EWG-Ar- Z=Y,

V]
for oleanolic and ursolic cores " iN 7 ‘F{’d N7
with EWG-Ar-|
L = ligand

) :‘%\‘ o

N o % ‘ I N

v /

é ! - Pd

NZ N

< N

oxidative
addition

(Het)Ar-I

Scheme 22. Plausible Pd-catalyzed C(sp*)-H arylation and azetidination mechanism.

In summary, we developed the first C-C bond-forming C(sp®)-H activation method in
triterpenoids via palladium-catalyzed arylation of triterpenoid picolinamides with aryl iodides. The
tested betulin, oleanane, and ursane scaffolds underwent selective C(22)-arylation in moderate to
good yields. Oleanane and ursane derivatives gave high C(22)/C(16) selectivity (up to 19 : 1),
while betulin-based substrates provided the highest yields (up to 83 %). Electron-rich aryl iodides
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favored arylation, whereas their electron-deficient counterparts promoted C(sp*)-azetidination. The
latter was exclusively observed in the presence of 4-nitroiodobenzene, and its regioselectivity
varied by the employed scaffold. Thus, betulin gave C(22)-azetidine, while oleanane gave C(16)-
azetidine. The picolinamide group can be cleanly removed using Zn/HCI. The obtained arylated
and azetidine-fused triterpenoids offer promising platforms for further medicinal chemistry
research.

More information about these studies is available in the publication by Kroskins, V., Luginina,
J., Lacis, R., Kumar, D., Kumpins§, V., Rjabovs, V., Mishnev, A., Turks, M., Palladium-catalyzed
C-H arylation and azetidination of pentacyclic triterpenoids, ACS Omega. 2025, 10, 2799228019,
(Appendix 5).

2.2. C-H amination of pentacyclic triterpenoids

Absence of C-H amination examples in literature on PCT skeleton D and E ring, employing
C(28) derived directing auxiliaries and several examples of C-N bond formation via intermolecular
C(sp®)-H amination in terpene, steroid and alkaloid molecules, caused an interest in developing
PCT derivatives bearing functional handles at C(28) suitable for C-H amination reaction. For that
purpose, we decided to synthesize from C(28) alcohol 78°' easily available carbamate and
sulfamate esters. Based on our previous experience, we chose to avoid radical involving conditions
to escape possible double bond interaction and proceed with transition metal catalyzed nitrene
generation and following the C-H insertion approach.

We have found that the carbamate tethered betulin derivative 80 does not provide the expected
amination products under Rh- and Ag-catalytic conditions. Instead, upon increased temperature
(60 °C in pressure tube) and longer reaction time, formation of degradation products and C(28)
nitrile 81 was detected. Formation of the latter can be explained by C-H amination reaction at
C(28), forming an unstable 4-membered ring, which rapidly underwent decarboxylative oxidation
by PIDA to yield the nitrile®> (Scheme 23). Switching to silver catalysis employing different silver
sources” like (AgOTf, AgPFs or AgSbF) in combination with MgO and PhI(OAc), or PhIO,
revealed weak conversion of the starting material and slow formation of degradation products.
Catalytic Mesphen additive promoted the allylic C-H acetoxylation reaction to yield product 82.

It was gratifying to find that sulfamate ester 79 displayed full conversion after 3 h, and two
regioisomers in 9 : 1 ratio were obtained using the following reaction conditions: 2.2 equiv. MgO,
1.1 equiv. PhI(OAc)> and 2 mol% Rhy(OAc).** The structure of major isomer 77 was
unambiguously determined by X-ray diffraction analysis. Similarly, betulin 3,28-di-O-sulfamate
ester 84 was prepared with 70 % yield. The latter smoothly underwent double C-N bond formation
using previous conditions to yield C(23) and C(16)aminated product 85 as the major isomer
(Scheme 23).
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Cond. A: PhI(OAc), (1.1 eq.)
MgO (2.2 eq.)
Rh0Ac, (5 mol%)
DCM, 60 °C,3h
or

Cond. B: Phl(OAc), (1.1 eq.) AcO'
MgO (2.2 eq.)
AgOTf (10 mol%)

81,9 %, (30 % brsm) 82,21 % (48 % brsm)
80,08% (fom78)  Mesphen (10 mol) using cond. A using cond. B
1.CI,CONCO  12. K,CO3, MeOH ’ ’
DCM,RT, 16 h |RT, 3h
L )
! Il Y
1 OCN-S—Cl MgO
: o o  PhI(OAc),
HCOOH &=0 Rhy(OAc),
: D ——— N \6 —_—
)\ ! NMP/DCM D%M
s . ! 0°Cc_RTAC reflux
zH Betulin (17a), (R=H): h

0°C—-RT, 3h

MgO

° PhI(OAC), %0 i
o OlNH o e -8 g
0 S 20AC, o} y
N0 P DCM Qs(g”
2 reflux O=d B
i 5h PN
84, 70 % (from 17a) s H 23 85,66 %

Scheme 23. C-H amination of betulin core.

Next, we explored the reactivity of the obtained 1,2,3-oxathiazinane-2,2-dione 83 in
nucleophilic ring-opening reactions to cleave the ring and obtain 1,3-difunctionalized C(16)-amino
derivatives. Several attempts for this transformation employing vigorous reaction conditions and
different nucleophiles (e.g., N37, AcO, PhS-, morpholine and water) did not provide any conversion
of the starting material due to the low electrophilicity of the oxathiazinane ring. Only basic
hydrolysis using 0.5M NaOH ethanolic solution led to nucleophilic attack at the sulfur atom,
yielding ionogenic 1,3-aminosulfate 86. Acidification of the obtained sulfate sodium salt induced
rapid ring closure back to the oxathiazinane ring, giving C(3)-hydroxy-oxathiazinane derivative
83a. (Scheme 24). Moreover, we noticed that sulfate 86 undergoes selective precipitation from
ethanolic solution, which results in an improvement of the initial C(16):C(22) 9 : 1 regioisomer
ratio in compound 7 to 30 : 1 for compound 86. Filtrate analysis of compound 86 precipitation has
revealed that the minor C(22)-isomer of 83a did not undergo ring opening in the presence of 0.5 M
NaOH ethanolic solution and did not form ionogenic C(22) product, ensuring sufficient polarity
difference for selective precipitation. Several strongly acidic and strongly basic hydrolytic
conditions have been applied to cleave the sulfate moiety from the intermediate 86, to obtain 1,3-
aminoalcohol derivative, but none of them were found to be efficient.
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x;s, C(16): C(22)9: 1 ! 86,77 % ’ 83a, C(16): C(22)30: 1,99 %
Scheme 24. Synthesis of sulfate 86 and its cyclization to 83a in acidic media.

Application of reductive conditions using DIBAL-H solution in toluene was found to be useful to
succeed ring opening of the oxathiazinane ring to establish the desired 1,3-aminoalcohol motif 87
with 68 % yield. Increased reaction temperature caused faster conversion of the reaction material;
however, complete reduction of the double bond was observed (Scheme 25).

5=0 1.2 M DIBAL-H
Toluene

120 °C
L
16 h

87a,51 %

Scheme 25. Reductive ring opening of 1,2,3-oxathiazinane-2,2-dione 83a.

To increase the electrophilicity of the oxathiazinane ring and facilitate ring-opening reactions
with previously unreactive nucleophiles, two different carbamoylations of the -NH moiety were
accomplished. Then the ring-opening attempts of N-Cbz oxathiazinane 88 resulted mostly in Cbz
deprotection, and the desired ring-opening products were formed only in trace amounts. Curiously,
in the case of iodide nucleophile, we have observed Cbz-group transformation into N-benzyl group.
The latter can be explained by in situ decarboxylation of the Cbz group, benzyl iodide formation
and following N-benzylation of the oxathiazinane ring. The structure of N-benzyl side product 89
was determined unambiguously by X-ray diffraction analysis (Scheme 26).

Switching the N-Cbz group to the N-Boc group improved selectivity towards the formation of
the desired 1,3-substituted product 91 in the case of the azide nucleophile. Nevertheless, other
nucleophilic reagents (e.g., acetate, thiophenolate, morholine, cyanide, thiocyanate, phenolate and
methoxide) still resulted in N-Boc group cleavage, keeping the 1,2,3-oxathiazinane-2,2-dione ring
intact. Poor reactivity of nucleophiles can be explained by C(28) of the betulin core being a
neopentyl position, which is sterically hindered by the quaternary center at C(17) atom.”® Optimal
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conditions for the synthesis of aminoazide 91 used 2 equivalents of NaN3 at 80 °C in DMSO
solution for 24 h. Next, the obtained azide 91 was employed in CuAAC (copper-catalyzed azide-
alkyne 1,3-dipolar cycloaddition) reaction with propargylic acetate in the presence of CuSO4-5H>O
to yield triazole 92 (Scheme 26).

CbzCl
t+BuOK

DME AcO'

0°C-RT.
5h

Boc,0 /// ) //// )

DMAP

83

OAc
=/

- >
CuS0,+5H,0
NHBoC N ascorbate

THF/H,0
91,57 % 70°C, 16 h

Py
RT, 5h

AcO 90, quant.

Scheme 26. Nucleophilic ring opening studies of N-protected oxathiazinanes 88 and 90.

Obtained 1,3-aminoalcohol 87 was found to be a versatile feedstock for various useful synthetic
transformations. Reaction of the latter with picric acid afforded picrate salt 93, the structure of
which was proved by single-crystal X-ray analysis (Scheme 27). Boc protection of amine
functionality and the following two-step oxidation furnished N-Boc-f-amino betulonic acid 95.
Diastereoselective reduction of the latter at C(3) afforded N-Boc-f-amino betulinic acid 97.

Boc deprotection of both amino acids to give corresponding f-amino acids in their
trifluoroacetate salt form can be achieved by TFA treatment. However, in the case of betulinic acid
derivative 97, a trifluoroacylation of the C(3) hydroxyl group was detected. Therefore, 4 M
HCl/dioxane was found to be more efficient for selective N-Boc deprotection to yield f-amino acid
98 in its hydrogen chloride salt form.

Next, 16-azido-betulin 99 can be smoothly obtained from the corresponding amine via
diazotransfer reaction, utilizing trifluoromethanesulfonyl azide in the presence of copper(Il)
additive. With compound 99 in hand, copper(I)-catalyzed azide-alkyne cycloaddition furnished
C(16)-triazolyl betulin 100 as a model compound for a virtually endless library of novel betulin-
triazole conjugates (Scheme 27).
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HO'
100, 90 % 93, 100 %
NO,
DIPEA
Propargyl |y AcOH Picric acid “Rﬂﬁoﬁ') min
alcohol DCM v
RT, 24 h
TN,
CuS0,-5H,0
NaHCO;3
MeOH/H,0/Tol
RT, 5 days

2-methyl-but-2-ene

NaClO,/NaH,PO,4
THF/t-BuOH

©

5, 66 %

TFA, DCM
RT, 3h

98, 98 % in two steps A 96, quant.
Scheme 27. Synthetic transformations of 1,3-aminoalcohol 87.

At this point, we also explored the possibility of installing the second amino functionality at
the triterpenoid core using the same sulfamate ester linker one more time. Accordingly, diacetate
101 was prepared via a protection/deprotection sequence and then carefully treated with in situ
prepared sulfamoyl chloride at 0 °C, delivering sulfamate ester 102. The latter was subjected to
previously used C-H amination conditions. Target oxathiazinane 103 at betulin C(22) was obtained
with moderate yield (Scheme 28). There is an expectation that the oxathiazinane cycle in compound
103 can be further transformed in a comparable way to that of compound 83, which opens potential
pathways for further transformations of the betulin core.
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1. Ac,0
DMAP
Py/DCM

RT, 3h
_—
2. AI(O-iPr),
i-PrOH
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Q
CI—=3~NCO | ympiDCM
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HCOOH
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N /O MgO
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LAl

NHAc DCM,

reflux, 3 h

103, 39 %

Scheme 28. Synthesis of sulfamate 102 and its application in C-H amination at C(22).

Regio- and diastereoselectivity of C-H activation most probably is determined by substrate
control. The intermediate metallonitrene likely tends to insert into the equatorially aligned C-H
bond of the D-ring of starting material 79. This provides product 83 containing the newly formed
cycle in a low-energy chair-like conformation. The intrinsic properties of the lupane core do not
permit chair-like conformation of the newly formed cycle if it is attached to the E-ring (Fig. 10).

favored chair-like disfavored
transition state transition state

Fig. 10. C-H insertion transition states at C(16) and C(22).

Finally, we started the investigation of C-H amination of oleanane and ursane-derived
sulfamate esters 104b,c, which were obtained from corresponding commercially available acids
17b,c in four steps. Same conditions as previously used resulted in full consumption of starting
material, in a few hours delivering a mixture of three major products in both cases (Scheme 29):
C(16) aminated product 105b,c and a diastereomeric mixture of C(22) aminated products 106b,c
and 107b,c. C-H amination of ursane core turned out to be more selective towards C(22) aminated
product, presumably due to alternative location of methyl substituents at the E ring. Nevertheless,
in comparison to the reaction of its oleanane counterpart, the total isolated yield was lower due to
worse solubility in organic solvents and thus a more difficult isolation procedure. The loss of site
selectivity compared to the betulin core can be explained by the different size and orthogonal
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exposition of the triterpenoid E-ring. To obtain ring-opening product and facilitate easier separation
of regio- and diastereoisomers, mixtures of aminated compounds 105b-107b and 105¢-107¢ were
subjected to previously successfully used ring-opening conditions. However, this time, attempted
hydrolysis with NaOH failed to induce any conversion of starting material, displaying superior
stability of oleanane- and ursane-derived oxathiazinanes. Further studies on C-H amination and the
synthetic applications of the resulting products in ursane- and oleanane-type PCT series will be
pursued in future projects.

. R2
- R 1.LiAIH,

THF 1. Al(OPr)s
reflux, i-PrOH
OH 16h reflux, 1h O\S//O
4 "NH
2. Ac,0 OAc 2.0 o 2
EtzN _S.
THE g CI"I"NH, g
3h,RT NMP Mgo
Oleanolic acid (17b): R' = H, R? = Me 103b, 95 % 2h,0°C-RT 104b, 50 % in two steps  PhI(OAc),
Ursolic acid (17¢): R" = Me, R2=H 103c, 91 % 104c, 47 % in two steps  Rh,OAc,
DCM
reflux, 3 h
Q
_§=0
l
o
=H P
107b, 25 % 106b, 25 % 105b, 34 %
107¢,21 % 106¢, 43 % 105¢, 8 %

Scheme 39. Preliminary research of the synthesis and C-H amination reactions of oleanane- and
ursane-derived sulfamate esters 104b,c.

In summary, we have developed a novel synthetic method for site-selective C(16)-N bond
formation on the D-ring of betulin using rhodium-catalyzed nitrene C-H insertion. Sulfamate ester,
as the key starting material, was synthesized from natural betulin in a few steps. Despite the steric
hindrance and rearrangement risk at the neopentylic C(28) position, several successful ring-
opening reactions of the resulting oxathiazinane were achieved: 1) NaOH treatment yielded an
aminosulfate salt; 2) NaNs gave a 1,3-aminoazide, which is a precursor to y-amino C(28)-triazoles;
3) reductive ring-opening afforded a 1,3-aminoalcohol, leading to 16-amino-betulinic and
betulonic acids. Additionally, 16-amino-betulin was transformed into 16-azido-betulin via
diazotransfer. Notably, a second nitrene C-H insertion is possible at C(22) if the C(16) position is
already aminated. The developed approach gives a straightforward approach to new lupane-type
triterpenoid derivatives with amino or azido groups, offering valuable platforms for further
modification and bioactivity studies in medicinal chemistry.

For more information on the studies described in this chapter, see the publication by Kroskins,
V., Luginina, J., Lacis, R., Mishnev, A., Turks, M., Site-selective C-H amination of lupane type
triterpenoids, Eur. J. Org. Chem., 2025, 2500340, (Appendix 6).
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1. Despite the sterically hindered neopentyl environment at the C(3) and C(28) positions, the
corresponding  hydroxyl  groups can be  successfully alkylated  with
(dimethoxyphosphoryl)methyl trifluoromethanesulfonate. The alkylations are achieved
under basic conditions, with z-BuOK employed for carboxylic acids and LDA for alcohols.
The resulting methyl phosphonate intermediates can be selectively demethylated using
TMSI while preserving the newly formed -carboxylic ester moiety. The latter
chemoselectivity can be ensured by conducting the entire sequence, including the
neutralization step, at approximately —40 °C.

1 t-BuOK 1. TMSI, —40 °C
2 0H . OMe OVPOOMS 2. MeOH, 40 °C 28 o\/P ONa
/7F’ OMe 3. NaHCO3, -40 °C — RT
61-78 % 51-97 %
—78 °C RT
li_% 1.LDA E 1. TMSI, —40 °C XE
5 _ MeO ST — NaO B
HOJ;( N OMe Meo—ﬁ/\o%( 2. MeOH, —40 °C Nao—ﬁ/\o%,/
A ﬁﬁ*OMe (‘:‘) = 3. NaHCO3, 40 °C — RT 6 =
TfO 0o 41-53 % 72-78 %
-78°C —RT

2. The obtained pentacyclic triterpenoid-phosphonate conjugates of types C(28)(CO)-O-CHz-
P(O)(ONa), and C(3/28)-O-CHz-P(O)(ONa)., featuring a minimal methylene linker
between the terpenoid core and the phosphonate moiety, reveal remarkable aqueous
solubility in the pH range 8.0-8.5 (3-26 mg/mL). This solubility is several orders of
magnitude higher than that of the corresponding triterpenic acids or their salts.

SOLUBILITY
gimL T
0l b :Thlswork ///
mg/mL H
102 (D,0, pH 8.0-8.5)
3
10-3 —— mg/mL
104+
10-5 i .
100 -+
107 T
108 -

CONCLUSIONS
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3.

In the betulin series, a fast and non-selective C-H activation occurs at both C(16)-H and
C(22)-H, as proved by deuteration experiments, using both picolinamide and quinolinamide
directing groups. The selectivity in subsequent C-H arylation and azetidination reactions is
determined primarily by the reductive elimination step, which proceeds more readily at
C(22) in either case. When electron-withdrawing aryl substituents (e.g., 4-nitrophenyl) are
used, reductive elimination across the C-N bond is favored, resulting in azetidine formation
at C(22). On the other hand, aryl groups bearing electron-donating substituents facilitate
faster reductive eclimination from C-[Pd]-Ar intermediates, leading to predominant
formation of C(22)-arylated products, with selectivity ratiosup to 9 : 1.

major with EWG-Ar,
pamcularly with 4-NO,-CgH,-l

(Het)Ar
v] /‘
Pd—N
Q Q
Pd(OAC),

CuB Is} C(22)-selectivity
uBry Vor arylation
" _CsOAc_ J (Het)Ar-I /// reductive elimination is H«,, (Heyar  and

the rate determining step azetidination

E& oy
N
’ W N v )_Q
B o
“/@,/

I " N
C-H activation occurs Yve;// major with Ar-EDG

with similar rates at C16 and C22
, N ‘ X
N~

(Het)Ar
minor isomer

In the ursane and oleanane series, the C-H activation step occurs with C(16)-H selectivity
(A2> Al) and is slower compared to the betulin series. In the presence of electron-deficient
aryl substituents (e.g., 4-nitrophenyl), the rate of C-H activation (step A2) becomes
comparable to the rate of reductive elimination (RE3) from the C(16)-[Pd]-NC(O)
intermediate, leading to the formation of C(16)-azetidine products. On the other hand, when
electron-rich aryl substituents are used, the relative rates of reductive elimination follow
the order RE1gpg > RE2 >> RE3, favoring formation of C(22)-arylated products with
C(22)/C(16) selectivity 19 : 1.
Rj R? R' R? Rj R?

R R3
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3
Ly
H
L RR i %Q—N §Lpd/ 77 With Ar-EDG '35%;“ with Ar-EDG
Pd(OAc), (A1)~ N (RE1) % N;_®
CuBr,
)/Q CsOAC O A g 7
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5. Betulin-derived 28-O-sulfamate ester serves as an effective nitrene precursor under
rhodium-catalyzed conditions. Nitrene insertion into the C-H bond proceeds with good
selectivity for the C(16)-H and affords oxathiazinane product in excellent yield on a gram

scale.

Rh,(OAc), (1-2 mol%),
MgO, Phi(OAc),

DCM, reflux, 3 h

o
favored chair-like 88% (gram scale)

transition state C16:C22
9:1

6. The oxathiazinane ring can be efficiently opened by azide and hydride nucleophiles,
yielding intermediates amenable to further functionalization. The developed methodology
enables the preparation of lupane derivatives bearing diverse modifications at the C(16) and
C(28) positions. Notably, following functionalization at the C(16) position of betulin, a
second nitrene C-H insertion remains feasible, and it proceeds selectively at the C(22)-H
position.

87



Acknowledgements

I would like to thank:

Ministry of Economics of the Republic of Latvia for financial support from the project No.
VPP-EM-BIOMEDICINA-2022/1-0001 “State research project in the field of biomedicine,
medical technologies and pharmacy” (BioMedPharm);

Kristaps Klavins’ team for HRMS analysis;

Anatoly Mishnev for X-ray analysis;

OKTI group and especially Rihards Lacis, Elza Fedorovska, Renars Ozolins and Dinesh
Kumar for their contributions to the development of the chemistry described in this Thesis;
Jevgenija Luginina and Maris Turks for their patient supervision and continuous support
throughout the years.

88



IZMANTOTA LITERATURA/REFERENCES

1. Ghante, M. H., Jamkhande, P. G. Role of Pentacyclic triterpenoids in Chemoprevention and Anticancer Treatment:
an overview on targets and underling mechanisms. J. Pharmacopunct. 2019, 22, 55.

2. Xiao, S., Wang, Q Si, L., Shi, Y., Wang, H., Yu, F., Zhang, Y., Li, Y., Zheng, Y., Zhang, C., Wang C., Zhang, L.,
Zhou, D. Synthesis and anti-HCV entry activity studies of beta-cyclodextrin-pentacyclic triterpene

conjugates. ChemMedChem. 2014, 9, 1060.

3. Sathya, S. Sudhagar, S., Sarathkumar, B., Lakshimi, B. S. EGFR inhibition by pentacyclic triterpenes exhibit cell
cycle and growth arrest in breast cancer cells. Life Sci. 2014, 95, 53.

4. Wu, P, Tu, B., Liang, J., Guo, S., Cao, N., Chen, S., Luo, Z., Li, J., Zheng, W., Tang, X., Li, D., Xu, X., Liu, W.,
Zheng, X., Sheng, Z., Roberts, A. P., Zhang, K., Hong, W. D. Synthesis and biological evaluation of pentacyclic
triterpenoid derivatives as potential novel antibacterial agents. Bioorg. Chem. 2021, 109, 104692.

5. Jager, S., Trojan, H., Kopp, T., Laszczyk, M. N., Scheffler, A. Pentacyclic triterpene distribution in various
plants—Rich sources for a new group of multi-potent plant extracts. Molecules. 2009, 14, 2016.

6. Newman, D. J. & Cragg, G. M. Natural products as sources of New drugs over the nearly four decades from
01/1981 to 09/2019. J. Nat. Prod. 2020, 83, 770.

7. Safarzadeh, E., Shotorbani, S. S. & Baradaran, B. Herbal Medicine as inducers of apoptosis in Cancer

Treatment. Adv. Pharm. Bull. 2014, 4, 421.

8. Lombrea, A., Scurtu, A. D., Avram, Z., Pavel, 1. Z., Turks M., Luginina, J., Peipins, U., Dehelean, C. A.,

Soica, C., Danciu, C. Anticancer potential of Betulonic acid derivatives. Int. J. Mol. Sci. 2021, 22, 3676.

9. Popov, S.A., Semenova, M.D., Baev, D.S., Sorokina, 1.V., Zhukova, N.A., Frolova, T.S., Tolstikova, T.G., Shults,
E.E., Turks, M. Synthesis and cytotoxicity of hybrids of 1,3,4- or 1,2,5-oxadiazoles tethered from ursane and lupane
core with 1,2,3-triazole. Steroids. 2020, 162, 108698.

10. Wang, X, Bai, H., Zhang, X., Liu, J., Cao, P., Liao, N., Zhang, W., Wang, Z., Hai, C. Inhibitory effect of oleanolic
acid on hepatocellular carcinoma via ERK-p53-mediated cell cycle arrest and mitochondrial-dependent

apoptosis. Carcinogenesis. 2013, 34, 1323.

11. Lewinska, A., Adamczyk-Grochala, J., Kwasniewicz, E., Deregowska, A., Wnuk, M. Ursolic acid-mediated
changes in glycolytic pathway promote cytotoxic autophagy and apoptosis in phenotypically different breast cancer
cells. Apoptosis. 2017, 22, 800.

12. Similie, D., Minda, D., Bora, L., Kroskins, V., Luginina, J., Turks, M., Dehelan, C. A., Danciu, C. An update on
Pentacyclic triterpenoids Ursolic and oleanolic acids and related derivatives as Anticancer candidates. Antioxidants.
2024, 13, 952.

13. Wang, C. M. Chen, H. S., Wu, Z. Y., Jhan, Y. L., Shyu, C. L., Chou, C. H. Antibacterial and synergistic activity of
Pentacyclic triterpenoids isolated from Alstonia scholaris. Molecules. 2016, 21, 139.

14. Shu, C. Zhao, H., Jiao, W., Liu, B., Cao, J., Jiang, W. Antifungal efficacy of ursolic acid in control of Alternaria
alternata causing black spot rot on apple fruit and possible mechanisms involved. Sci. Hortic. 2019, 256, 108636.
15. Roy, S., Ghosh, A., Majie, A., Karmakar, A., Das, S., Dinda, S. C., Bose, A., Gorain, B. Terpenoids as potential
phytoconstituent in the treatment of diabetes: from preclinical to clinical advancement. Phytomedicine. 2024, 129,
155638.

16. Costa, J. F. O., Meira, C. S., Gomes das Neves, M. V., Dos Reis, B. P. Z. C., Soares, M. B. P. Anti-inflammatory
activities of Betulinic Acid: a review. Front. Pharmacol. 2022, 13, 883857.

17. Scheffler, A. The Wound Healing Properties of Betulin from Birch Barkfrom Bench to Bedside. Planta Med.
2019, 85, 524-527.

18. Pielok, M., Grymel, M. Betulin — application in dermatology and cosmetology. Aesth. Cosmetol. Med. 2023, 12,
97.

19. Frew, Q., Rennekampft, H. O., Dziewulski, P., Moiemen, N., Zahn, T., Hartmann, B. Betulin wound gel accele-
rated healing of superficial partial thickness burns: Results of a rando-mized, intra-individually controlled, phase III
trial with 12-months fol-low-up. Burns. 2019, 45, 876.

20. Salvador, J. A. R., Leal, A. S., Valdeira, A. S., Gongalves, B. M. F., Alho, D. P. S., Figueiredo, S. A. C., Silvestre,
S. M., Mendes, V. L. S. Oleanane-, ursane-, and quinonemethide friedelane-type triterpenoid derivatives: recent
advances in cancer treatment. Eur. J. Med. Chem. 2017, 142, 95-130.

21. Rogge, T., Kaplaneris, N., Chatani. N., Kim, J., Chang, S., Punji, B., Schafer, L. L., Musaev, D. G., Wencel-
Delord, J., Roberts, C. A., Sarpong, R., Wilson, Z. E., Brimble, M. A., Johansson, M. J., Ackermann, L. C-H
activation. Nat. Rev. Methods. Primers. 2021, 1, 43.

89



22. Amott, J. A., Kumar, R., Planey, S. L. Lipophilicity indices for drug development, J. Appl. Biopharm.
Pharmacokinet. 2013, 1, 31.

23. Chmiel, T. The impact of lipophilicity on environmental processes, drug delivery and bioavailability of food
components. Microchem J. 2019, 146, 393.

24. Rautio, J., Kumpulainen, H., Heimbach, T., Oliyai, R., Oh, D., Jarvinen, T., Savolainen, J. Prodrugs: design and
clinical applications. Nat. Rev. Drug. Discov. 2008, 7, 255-270.

25. Liu, J. Oleanolic acid and ursolic acid: Research Perspectives. J. Ethnopharmacol. 2005, 100, 92-94.

26. Serajuddin, A. T. M. Salt formation to improve drug solubility. Adv. Drug Delivery Rev. 2007, 59, 603.

27. Fan, J. Lai, X. H., Zhang, X. H., Yang, L., Yuan, T. T., Chen, H. P., Liang, X. Synthesis and evaluation of the
Cancer Cell Growth Inhibitory activity of the ionic derivatives of oleanolic acid and ursolic acid with improved
solubility. J. Mol. Lig. 2021, 332, 115837.

28. Bag, B. G., & Dash, S. S. Self-assembly of Sodium and Potassium betulinates into Hydro-and Organo-Gels:
entrapment and removal studies of fluorophores and synthesis of gel-gold nanoparticle hybrid materials. RSC Adv.
2016, 6, 17290.

29. Wolfram, R. K., Heller, L., Csuk, R. Targeting mitochondria: esters of rhodamine B with triterpenoids are
mitocanic triggers of apoptosis. Eur. J. Med. Chem. 2018, 152, 21.

30. Dzhemileva, L. U., Tuktarova, R. A., Dzhemilev, U. M., D’yakonov, V. A. Pentacyclic Triterpenoids-Based Ionic
Compounds: Synthesis, Study of Structure-Antitumor Activity Relationship, Effects on Mitochondria and Activation
of Signaling Pathways of Proliferation, Genome Reparation and Early Apoptosis. Cancers, 2023, 15, 756.

31. Spivak, A. Y. Khalitova, R., Nedopekina, D., Dzhemileva, L., Yunusbaeva, M., Odinokov, V., D'yakonov, V.,
Dzhemilev, U. Synthesis and evaluation of Anticancer activities of Novel C-28 Guanidine-Functionalized Triterpene
acid derivatives. Molecules. 2018, 23, 3000.

32. Spivak, A. Y., Nedopekina, D., Khalitova, R., Gubaidullin, R., Odinokov, V., Bel’skii, Y., Bel’skaya, N.,
Khazanov, V. Triphenylphosphonium cations of betulinic acid derivatives: synthesis and antitumor activity. Med.
Chem. Res. 2017, 26, 518e531.

33. Bureeva, S., Pravdivy, J. A., Symon, A., Bichucher, A., Moskaleva, V., Popenko, V., Shpak, A., Shvets, V.,
Kozlov, L., Kaplun, A. Selective inhibition of the interaction of C1q with immunoglobulins and the classical pathway
of complement activation by steroids and triterpenoids sulfates. Bioor Med. Chem. 2007, 15, 3489-3498.

34. Kazachenko, A. S., Akman, F., Vasilieva, N.Y., Issaoui, N., Malyar, Y. N., Kondrasenko, A. A., Borovkova, V. S.,
Miroshnikova, A.V., Kazachenko, A. S., Al-Dossary, O., Wojcik, M. J., Berezhnaya, Y. D., Elsuf’ev, E V. Catalytic
Sulfation of Betulin with Sulfamic Acid: experiment and DFT calculation. Int. J. Mol. Sci. 2022, 23, 1602.

35. Melnikova, N., Malygina, D., Klabukova, L., Belov, D., Vasin, V., Petrov, P., Knyazev, A., Markin, A. Betulin-
3,28-diphosphate. Physico-Chemical properties and in Vitro Biological Activity experiments. Molecules. 2018, 23,
1175.

36. Chrobak, E., Kadela-Tomanek, M., Bgbenek, E., Marciniec, K., Wietrzyk, J., Trynda, J., Pawelczak, B., Kusz, J.,
Kasperczyk, J., Chodurek, E. New phosphate derivatives of betulin as anticancer agents: synthesis, crystal structure,
and molecular docking study. Bioorg. Chem. 2019, 87, 613—628.

37. Orchel, A., Chodurek, E., Jaworska-Kik, M., Paduszynski, P., Kaps, A., Chrobak, E., Begbenek, E., Boryczka, S.,
Borkowska, P., Kasperczyk, J. Anticancer activity of the Acetylenic Derivative of Betulin Phosphate involves
induction of necrotic-like death in breast Cancer cells in Vitro. Molecules. 2021, 26, 615.

38. Kre¢merova, M., Majer, P., Rais, R. & Slusher, B. S. Phosphonates and phosphonate prodrugs in Medicinal
Chemistry: past successes and future prospects. Front. Chem. 2022, 10, 889737.

39. Pradere, U., Garnier-Amblard, E. C., Coats, S. J., Amblard, F., & Schinazi, R. F. Synthesis of nucleoside
phosphate and phosphonate prodrugs. Chem. Rev. 2014, 114, 9154-9218.

40. Deng, S. L., Baglin, 1., Nour, M., Flekhter, O., Vita, C., Cav¢, C. Synthesis of Ursolic Phosphonate Derivatives as
potential Anti-HIV agents. Phosphorus Sulfur Silicon Relat. Elem. 2007, 182, 951-967.

41. Chrobak, E., Bebenek, E., Kadela-Tomanek, M., Latocha, M., Jelsch, C., Wenger, E., Boryczka, S. Betulin
Phosphonates; synthesis, structure, and cytotoxic activity. Molecules. 2016, 21, 1123.

42. Chodurek, E., Orchel, A., Gwiazdon, P., Kaps, A., Paduszynski, P., Jaworska-Kik, M., Chrobak, E., Bgbenek, E.,
Boryczka, S., Kasperczyk, J. Antiproliferative and cytotoxic properties of Propynoyl Betulin derivatives against
human ovarian Cancer cells: in Vitro studies. Int. J. Mol. Sci. 2023, 24, 16487.

43. Popov, S. A., Wang, C., Qi, Z., Shults, E. E., Turks, M. Synthesis of water-soluble ester-linked ursolic acid—gallic
acid hybrids with various hydrolytic stabilities. Synth. Commun. 2021, 51, 2466.

90



44. Xu, Y., Lee, S. A., Kutateladze, T. G., Sbrissa, D., Shisheva, A., Prestwich, G. D. Chemical Synthesis and
Molecular Recognition of Phosphatase-Resistant Analogues of Phosphatidylinositol-3-phosphate. J. Am. Chem. Soc.
2006, 128, 885.

45. Dehaem, W., Mashentseva, A. A. & Seitembetov, T. S. Allobetulin and its derivatives: synthesis and Biological
Activity. Molecules. 2011, 16, 2443.

46. Cruz-Cabeza, A. J. Acid-base crystalline complexes and the pka rule. CrystEngComm. 2012, 14, 6362.

47. Franz, R. G. Comparisons of pKa and log P values of some carboxylic and phosphonic acids: synthesis and
measurement. A4PS PharmSci. 2001, 3, 1-13.

48. Labinger, J. A. & Bercaw, J. E. Understanding and exploiting C—H bond activation. Nature. 2002, 417, 507-514.
49. Gandeepan, P., Miiller, T., Zell, D., Cera, G., Warratz, S., Ackermann, L. 3d transition metals for C-H activation.
Chem. Rev. 2019, 119,2192.

50. Ghosh, K. K., van Gemmeren, M. Chem. Eur. J. 2017, 23, 17697.

51. He, C., Gaunt, M. J. Ligand-Enabled Catalytic C-H Arylation of Aliphatic Amines by a Four-Membered-Ring
Cyclopalladation Pathway. Angew. Chem. Int. Ed. 2015, 54, 15840.

52. Zaitsev, V. G., Shabashov, D., Daugulis, O. Highly Regioselective Arylation of sp3 C-H Bonds Catalyzed by
Palladium Acetate. J. Am. Chem. Soc. 2005, 127, 13154-13155.

53. Cui, W, Chen, S., Wu, J.-Q., Zhao, X., Hu, W., Wang, H. Palladium-Catalyzed Remote C(sp3)—H Arylation of 3
Pinanamine. Org. Lett. 2014, 16, 4288.

54. Coomberm C. E., Porter, M. J., Aliev, A. E., Smith, P. D., Sheppard, T. D. Tuning Reactivity in Pd-catalysed
C(sp3)-H Arylations via Directing Group Modifications and Solvent Selection. Adv. Synth. Catal. 2020, 362, 5105.
55. Lapointe, D., Fagnou, K. Overview of the Mechanistic Work on the Concerted Metallation—Deprotonation
Pathway. Chem. Lett. 2010, 39, 1118-1126.

56. Garcia-Cuadrado, D., Braga, A. A. C., Maseras, F., Echavarren, A. M. Proton Abstraction Mechanism for the
Palladium-Catalyzed Intramolecular Arylation J. Am. Chem. Soc. 2006, 128, 1066.

57. Ghosh, S., Shilpa, S., Athira, C., Sunoj, R. B. Role of Additives in Transition Metal Catalyzed C-H Bond
Activation Reactions: A Computational Perspective. Top. Catal. 2022, 65, 141.

58. Bay, K. L., Yang, Y. F., Houk, K. N. Multiple roles of silver salts in palladium-catalyzed C-H activations. J.
Organomet. Chem. 2018, 864, 19.

59. Shing, K. P,, Liu, Y., Cao, B., Chang, X. Y., You, T., Che, C. M. N-Heterocyclic Carbene Iron(IIl) Porphyrin-
Catalyzed Intramolecular C(Sp3)—-H Amination of Alkyl Azides. Angew. Chem. Int. Ed. 2018, 57, 11947.

60. Liu, Y., Xiao, W., Wong, M. K., Che, C. M. Transition-Metal-Catalyzed Group Transfer Reactions for Selective
C-H Bond Functionalization of Artemisinin. Org. Lett. 2007, 9, 4107.

61. Kroskins, V., Turks, M. Recent investigations in synthesis of oxathiazinanes by sulfamate ester cyclization
(microreview). Chem. Heterocycl. Comp. 2023, 59, 637.

62. Guthrie, D. B., Curran, D. P. Asymmetric Radical and Anionic Cyclizations of Axially Chiral Carbamates. Org.
Lett. 2009, 11, 249.

63. Chiappini, N. D., Mack, J. B. C., Du Bois, J. Intermolecular C(Sp3)-H Amination of Complex Molecules. Angew.
Chem. Int. Ed. 2018, 57, 4956.

64. Mu, T., Wei, B., Zhu, D, Yu, B. Site-selective C-H hydroxylation of pentacyclic triterpenoids directed by transient
chiral pyridine-imino groups. Nat. Commun., 2020, 11,4371.

65. Mu, T., Xu, P., Yu, B. Facile Synthesis of Oleanane-type Pentacyclic Triterpenoids Bearing Hydroxy Groups on
D/E Rings. 4sian. J. Org. Chem. 2021, 10, 1752.

66. Baldwin, J. E., Jones, R. H., Najera, C., Yus, M. Functionalisation of unactivated methyl groups through
cyclopalladation reactions. Tetrahedron. 1985, 41, 699.

67. Sun, F., Zhu, P., Yao, H.,, Wu, X., Xu, J. A Partial Synthesis of 23-Hydroxybetulonic Acid and 23-
Hydroxybetulinic Acid Starting from Betulinic Acid. J. Chem. Res., 2012, 36, 254.

68. Zhu, C., Tang, P., Yu, B. Total Synthesis of Lobatoside E, A Potent Antitumor Cyclic Triterpene Saponin. J. Am.
Chem. Soc. 2008, 130, 5872.

69. Honda, T., Janosik, T., Honda, Y., Han, J., Liby, K. T., Williams, C. R., Couch, R. D., Anderson, A. C., Sporn, M.
B., Gribble, G. W. Design, Synthesis, and Biological Evaluation of Biotin Conjugates of 2-Cyano-3,12-dioxooleana-
1,9(11)-dien-28-oic Acid for the Isolation of the Protein Targets. J. Med. Chem. 2004, 47, 4923.

70. Simmons, E., Hartwig, J. Catalytic functionalization of unactivated primary C—H bonds directed by an
alcohol. Nature. 2012, 483, 70.

91



71. Berger, M., Knittl-Frank, C., Bauer, S., Winter, G., Maulide, N. Application of Relay C-H Oxidation Logic to
Polyhydroxylated Oleanane Triterpenoids. Chem 2020, 6, 1183.

72. Zhang, T., Hu, X., Dong, X., Li, G., Lu, H. Iridium-Catalyzed Unreactive C(sp3)-H Amination with 2,2,2-
Trichloroethoxycarbonyl Azide. Org. Lett. 2018, 20, 6260.

73. Paradine, S. M., Griffin, J. R., Zhao, J., Petronico, A. L., Miller S. M., White, M. C. A manganese catalyst for
highly reactive yet chemoselective intramolecular C(sp3)-H amination. Nat. Chem. 2015, 7, 987.

74. Sennari, G., Yamagishi, H., Sarpong, R. C-H functionalization of camphor through emerging approaches. Chem.
Lett. 2024, 53, upae204.

75. Martinez-Mingo, M., Garcia-Viada, A., Alonso, L., Rodriguez, N., Gomez Arrayas, R., Carretero, J. C. Overcoming
the Necessity of y-Substitution in 3-C(sp3)-H Arylation: Pd-Catalyzed Derivatization of a-Amino Acids. ACS Catal.
2021, 71,9, 5310-5317.

76. Weng, Y.; Ding, X.; Oliveira, J. C. A.; Xu, X.; Kaplaneris, N.; Zhu, M.; Chen, H.; Chen, Z.; Ackermann, L.
Peptide late-stage C(sp3)-H arylation by native asparagine assistance without exogenous directing groups. Chem.
Sci., 2020, 11, 9290.

77. Chen, Z.; Zhu, M.; Cai, M.; Xu, L.; Weng, Y. Palladium-Catalyzed C(sp3)-H Arylation and Alkynylation of
Peptides Directed by Aspartic Acid (Asp). ACS Catal. 2021, 11, 7401.

78. Li, Y. -H., Ouyang, Y., Chekshin, N., Yu, J. -Q. PdII-Catalyzed Site-selective - and y-C(sp3)-H Arylation of
Primary Aldehydes Controlled by Transient Directing Groups. J. Am. Chem. Soc. 2022, 144,4727.

79. Zaitsev, V. G., Shabashov, D., Daugulis, O. Highly Regioselective Arylation of sp3 C-H Bonds Catalyzed by
Palladium Acetate. J. Am. Chem. Soc. 2005, 127, 13154.

80. Kroskins, V., Luginina, J., Mishnev, A., Turks, M. Synthesis of 8-Aminoquinoline Amides of Ursonic and
Oleanonic Acid. Molbank 2022, 2022, M1361.

81. Flekhter, O. B., Boreko, E.,I., Nigmatullina, L.,R., Tret'yakova, E.,V., Pavlova, N.,I., Baltina, L.,A., Nikolaeva,
S.,N., Savinova, O.,V., Eremin, V. F., Galin, F. Z., Tolstikov, G. A. Synthesis and Antiviral Activity of Betulonic Acid
Amides and Conjugates with Amino Acids. Russ. J. Bioorg. Chem. 2004, 30, 80.

82. Nadres, E. T., Santos, G. I., Shabashov, D., Daugulis, O. Scope and Limitations of Auxiliary-Assisted, Palladium-
Catalyzed Arylation and Alkylation of sp2 and sp3 C-H Bonds. J. Org. Chem. 2013, 78, 9689.

83. Luginina, J., Linden, M., Bazulis, M., Kumpins, V., Mishnev, A., Popov, S. A., Golubeva, T. S., Waldvogel, S.
R., Shults, E. E., Turks, M. Electrosynthesis of Stable Betulin-Derived Nitrile Oxides and their Application in
Synthesis of Cytostatic Lupane- Type Triterpenoid-Isoxazole Conjugates. Eur. J. Org. Chem. 2021, 2557.

84. Jin, B., Dong, Q., Hung, G., Kaldor, S. W. Terpinoid Derivatives and Uses Thereof. WO 2020068689 A1, April 2,
2020.

85.Zhao, W., Zhang, H., Wang, H., Tang, X., Wu, J., Ruan, Z., Li, J., Fu, Y. Caffeoyl Substituted Pentacyclic Triterpene
Derivative and Use Thereof. WO 2014154131 A1, October 2, 2014.

86. Coomber, C. E., Benhamou, L., Bucar, D. -K., Smith, P. D., Porter, M. J., Sheppard, T. D. Silver-Free Palladium-
Catalyzed C(sp3)-H Arylation of Saturated Bicyclic Amine Scaffolds. J. Org. Chem. 2018, 83, 2495.

87. Sun, W. -W., Cao, P.,, Mei, R. -Q., Li, Y., Ma, Y. -L., Wu, B. Palladium-Catalyzed Unactivated C(sp3)-H Bond
Activation and Intramolecular Amination of Carboxamides: A New Approach to B-Lactams. Org. Lett. 2017, 19, 4880.
88. He, G., Zhao, Y., Zhang, S., Lu, C., Chen, G. Highly Efficient Syntheses of Azetidines, Pyrrolidines, and Indolines
via Palladium Catalyzed Intramolecular Amination of C(sp3)-H and C(sp2)-H Bonds at y and 8 Positions. J. Am. Chem.
Soc. 2012, 134, 3.

89. Nadres, E. T., Daugulis, O. Heterocycle Synthesis via Direct C-H/N-H Coupling. J. Am. Chem. Soc. 2012, 134, 7.
90. Antermite, D., White, A. J. P., Casarrubios, L., Bull, J. A. On the Mechanism and Selectivity of Palladium-
Catalyzed C(sp3)-H Arylation of Pyrrolidines and Piperidines at Unactivated C4 Positions: Discovery of an Improved
Dimethylaminoquinoline Amide Directing Group. ACS Catal. 2023, 13, 9597-9615.

91. Krasutsky, A. P., Carlson, R. M., Nesterenko, V. V. PCT/US2001007908-A1. January 16, 2001.

92. Patil, R. D., Gupta, M. K. Production of Nitrogen-Containing Compounds via the Conversion of Natural
Microalgae from Water Blooms Catalyzed by ZrO2. Adv. Synth. Catal. 2020, 362, 3987.

93. Ju, M., Huang, M., Vine, L. E., Dehghany, M., Roberts, J. M., Schomaker. Tunable catalyst-controlled syntheses
of B- and y-amino alcohols enabled by silver-catalysed nitrene transfer. Nat. Catal. 2019, 2, 899.

94. Espino, C. G., Wehn, P. M., Chow, J., Du Bois, J. Synthesis of 1,3-Difunctionalized Amine Derivatives through
Selective C-H Bond Oxidation. J. Am. Chem. Soc. 2001, 123, 6935.

95. Kasal, P., Jindfich, J. Kinetics of Nucleophilic Substitution of Compounds Containing Multiple Leaving Groups
Bound to a Neopentyl Skeleton. ACS Omega 2022, 7,20137.

92



Pielikumi / Appendices



Pielikums I

Appendix I

Luginina, J., Kroskins, V., Lacis, R., Fedorovska, E., Demir, O., Dubnika, A., Loca,
D., Turks, M

Synthesis and preliminary cytotoxicity evaluation of water soluble
pentacyclic triterpenoid phosphonates
Sci. Rep. 2024, 14, 28031.
doi.org/10.1038/s41598-024-76816-w

Parpublicéts ar Springer Nature atlauju.

Copyright © 2025 Copyright Clearance Center, Inc. All Rights Reserved.

Reprinted with the permission from Springer Nature.

Copyright © 2025 Copyright Clearance Center, Inc. All Rights Reserved.



www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Synthesis and preliminary
cytotoxicity evaluation of water
soluble pentacyclic triterpenoid
phosphonates

Jevgenija Luginina?, Vladislavs Kroskins?, Rihards Lacis!, Elza Fedorovska?, Oznur Demir?3,
Arita Dubnika??3, Dagnija Loca?> & Maris Turks*"™

Synthesis, solubility and cytotoxicity evaluation of anionic phosphonates derived from

betulin, betulinic acid, oleanolic acid and ursolic acid is reported. Phosphonate moieties were
successfully installed at terpenoid C28 by carboxylic acid deprotonation/alkylation sequence using
(dimethoxyphosphoryl)methyl trifluoromethanesulfonate as alkylation reagent. Also, betulin-
derived and ether-linked bis-phosphonate is obtained and characterized. After demethylation in the
presence of TMSI the resulting phosphonic acids were transformed into their disodium salts. All target
compounds display excellent water solubility, which was determined by qNMR in D, 0. Cytotoxicity
tests were performed in different concentrations of each compound (10-50 pM) against human
osteosarcoma cell line MG-63 and osteoblast precursor cell line MC3T3-E1. Improved aqueous solubility
and low cytotoxicity profile of the newly designed triterpenoid phosphonates reveal high potential for
various medicinal chemistry and pharmacological applications in the future.

Keywords Pentacyclic triterpenoids, Phosphonates, Cytotoxicity, Aqueous solubility

People have used various plant-derived products as remedies for illnesses since prehistoric times. Also, in the
modern era, approximately a quarter of drugs are inspired by or derived from natural products. This is particularly
pronounced in anticancer and anti-infective areas, where during the past four decades, more than half of drugs
are either natural products or natural product derivatives, mimics of natural products, or compounds bearing
natural product pharmacophore'. The use of naturally abundant agents can help to reduce toxic and side effects
due to low toxicity profile in normal cells?. Enhanced safety and cost-effectivity promote natural products to
great multitarget drug candidates®.

Pentacyclic triterpenoids (PCTs) belong to a widespread family of natural isoprene-derived secondary
metabolites, which exhibit a broad spectrum of biological properties*8. PCTs can be classified into three major
groups: lupane (betulin, betulinic acid, and lupeol), oleanane (oleanolic acid, maslinic acid, erythrodiol, and
B-amyrin) and ursane (ursolic acid, uvaol, and a-amyrin)°. The ubiquity of PCTs in nature, renewability and their
facile isolation process have resulted in numerous studies that have explored potential therapeutic applications
of these terpenoids. Among them, the most promising PCTs applications are in the anticancer and antiviral
domains!®-!6. Emerging application fields of PCTs and their semi-synthetic derivatives include the search
for antibacterial®!” and antifungal agents'®!®, and compounds that can treat diabetes?*?! and inflammatory
conditions?>%.

However, the development of PCTs drugs is often jeopardized by their physicochemical properties that are
characteristic of natural plant compounds - poor solubility in physiological media and low bioavailability?*~2°.
The latter can be explained by the high lipophilicity of the steroidal core®, which leads to extremely low aqueous
solubility. For example, the solubility of betulinic acid in distilled water is 21 ng/mL and 40.1 pg/mL at pH
11.4 in sodium phosphate solution®'. Improvement of aqueous solubility is a possible option to overcome
this limitation®, and it can be achieved by chemical modifications of the terpenoid structure’-3>.One of the
approaches is to decorate the lipophilic carbon skeleton either with heteroatoms®**=# or with polar ionogenic
groups®.
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PCTs such as betulinic, ursolic and oleanolic acids possess intrinsic polar ionogenic carboxylate group at
C(28), which can be easily transformed into different anionic salts by treatment with alkali and quaternary
ammonia hydroxides (Fig. 1). As an example, choline oleanolate displayed the best solubility (81.7 ug/mL) in
a simulated gastric juice (aqueous solution of NaCl and sodium dodecyl sulfate, which was adjusted to pH
1.2 by HCI solution)**#!. However, solubility studies of potassium and sodium PCT carboxylates did not show
satisfactory results, due to the formation of colloids at concentrations above 0.02 mg/g, which significantly
complicated the solubility determination.

On the other hand, various semi-synthetic cationic PCT conjugates were reported during the past
decade. Various ammonium***?, guanidinium* and imidazolium*® moieties possessing diverse counterions
were attached to PCTs cores through different type and size linkers. Similarly, C(2), C(28) and C(30) PCT
triphenylphosphonium salts have been synthesized and biologically evaluated*®*”. Unfortunately, solubility data
of these cationic PCTs were not reported.

Speaking about alternative semi-synthetic anionic PCT derivatives, sulfate*®->" and phosphate®'~%° groups
have been added to the PCTs cores by corresponding sulfation or phosphorylation of C(3)-OH or/and C(28)-
OH groups. PCT-derived mono and diphosphates provide a wide range of biological applications. However,
detailed aqueous solubility studies thereof are not available. Even if O-phosphorylation and O-sulfatation of
terpenoids may improve their biological activity properties by making structural and spatial changes®!, the use
of such modified compounds can be hampered by low hydrolytic stability®>6.

The latter issue can be overcome by replacing the phosphates with isosteric and isoelectronic, yet more
stable phosphonates. This approach has made phosphonate derivatives a prominent class of biologically active
compounds that have been developed particularly well in the area of antiviral nucleotide drugs®~%". Phosphonates
as phosphate mimics have also been studied in the triterpenoid series, but the reported examples are quite scarce.
Thus, phosphonate moieties have been attached to the PCT core by an amide bond® or C-C bond (Fig. 1)°*7°. To
the best of our knowledge, there is only one example of PCT-phosphonate connected by C(28) carboxylic ester’’.
Nevertheless, the conversion of the reported phosphonates to phosphonic acids or their salts is still unexplored,
and the water solubility of such ionogenic species has not been described.

Herein, we report the design and synthesis of novel pentacyclic triterpenoid - phosphonate conjugates of type
C(17)-COO-CH,-P and C(3/28)-O-CH,-P, where the phosphonate moiety is attached to the terpenoid core by
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Fig. 1. Previously reported ionogenic PCTs, PCT-derived phosphonate conjugates and the original target
molecules.
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the simplest possible methylene linker and chemically bound by ester or ether moiety (Fig. 1). It is important
to note, that the PCT’s C(28) esters are hydrolytically stable and can resist basic and acidic treatment’>~74,
Thus, we demonstrate with the present report that such phosphonate esters and phosphonate sodium salts are
straightforward to achieve and the latter are very soluble in aqueous solutions, which is often a delicate task to
achieve in the field of triterpenoid chemistry.

Results and discussion

Synthesis

Initially, we speculated that the incorporation of methylene phosphonate moiety can be achieved through the ester
bond formation between the triterpenic acid C28 carboxylate group and dialkyl (hydroxymethyl) phosphonate
via activation of carboxylic acid. For this purpose, we have prepared a series of 3-oxo PCT carboxylic acids 2a-c
starting from commercially available betulin 1a, oleanolic acid 1b and ursolic acid 1c. 3-Oxo triterpenic acids
2a-c were successfully converted into corresponding acyl chlorides by SOCI, treatment, but further reaction
with dimethyl (hydroxymethyl)phosphonate was found to be inefficient, due to low conversion of the chloride
into the desired product. Following screening of the reaction conditions did not bring the desired result, and
the best yield that we reached was 30%. The weak reactivity of triterpenic acid chlorides can be explained by
the steric hindrance at C(28) position. Some sources demonstrate that PCT acid halides are capable of reacting
with amines’ and phenols’®, but insufficient nucleophilicity of alcohols, together with the electron withdrawing
effect of phosphonate moiety, makes it even more complicated.

Therefore, we decided to switch reactivity and explore a possible carboxylate alkylation reaction”’, in which
the reaction site is one atom further from the C(17) quaternary center.

We discovered that 3-oxo triterpenic acids 2a-c underwent rapid deprotonation followed by alkylation
with (dimethoxyphosphoryl)methyl trifluoromethanesulfonate in the presence of t+-BuOK in anhydrous THF
(Fig. 2). The used triflate is readily available from the previously mentioned alcohol”. The desired esters 3a-c
were obtained in good yields. Next, 3-hydroxy triterpenic phosphonates 4a-c were obtained by diastereoselective
reduction of C(3) ketones. A similar approach using (dimethoxyphosphoryl)methyl trifluoromethanesulfonate
in a combination with 3-hydroxy triterpenic acids 1b, ¢ provided a direct access to compounds 4b, ¢ (process 1b,
¢ > 4b, ¢ Fig. 2), yet with a lower yield due to side reactions that implied laborious purification of the products.
For the transformation 1b, ¢ > 4b, ¢ K,CO, was used as a weaker base to achieve a better selectivity between
C(17)-COOH and C(3)-OH alkylation, but this required a solvent change to DMF for a better solubility if the
base. The latter protocol resulted also in transesterification between C(17)-COOH and phosphonic acid methyl
ester moiety of the alkylation reagent yielding C(17)-COOMe side product accompanied by TFOCH,P(O)(OH)
(OMe), the separation of which required additional reverse phase chromatography on C18-silica. Therefore, the
developed sequence 2 > 3 - 4 is optimal, as it provides clean transformations and ensures access to both C(3)-
OH and C(3) = O series of triterpenoids.

With the whole series of the desired phosphonates in hand, next we examined the transformation of
phosphonates into sodium phosphonates 7a-c and 8a-c employing TMSI assisted demethylation followed by
the conversion of phosphonic acids 5a-c and 6a-c into their salts (Table 1; Fig. 3). Starting with the betulonic
acid derived phosphonate 3a (Table 1), we found that the demethylation must be carried out at -40 °C. At higher
temperatures betulinic acid olefin moiety underwent cationic rearrangements’® and cleavage of the previously
installed ester was observed (Table 1, entries 1, 2). We supposed that the methanolysis of the intermediate O-
TMS-phosphonates could also be accomplished at a lowered temperature, but the undesired side product was
still formed during the evaporation of the solvent (Table 1, entry 3). Neutralization of HI before warming up
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Fig. 2. Synthetic route for the preparation of phosphonic esters 4a-c.
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3b, 5b, 7b: R'=Me, R?=H, X=Y=0
3¢, 5¢, 7c: R'=H, R?=Me, X=Y=0
4b, 6b, 8b: R'=Me, R?=H, X=0OH, Y=H
4c, 6c, 8c: R'=H, R?=Me, X=OH, Y=H

3a 5a: X=H 5a"
] aq. NaHCO3
7a: X=Na
Entry | Conditions Yield of 7a (%) Yield of 52" (%)
. 1. TMSI (5 equiv.), 2 h, RT o o
2. MeOH, 30 min, 0 °C
1. TMSI (3 equiv.), 1 h, =40 °C > 0 °C
2 2. MeOH, 10 min, 0 °C 4 25
1. TMSI (3 equiv.), 4 h, —40 °C
3 2. MeOH, 10 min, -78 °C 50 16
1. TMSI (3 equiv.), 4 h, -40 °C
4 2. MeOH, 30 min, —40 °C 97 0
3. NaHCO,(4 equiv.), 1 h, -40 °C > RT

Table 1. Demethylation studies of 3-oxo-PCT phosphonate 3a.
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Fig. 3. Synthesis of triterpenic acid derived sodium phosphonates 7b, ¢ and 8a-c.

the reaction mixture was found to be crucial (Table 1, entry 4). Therefore, sodium bicarbonate aqueous solution
must be added subsequently at a lowered temperature, ensuring neutralization of HI and formation of sodium
salt 7a.

The developed demethylation conditions for the transformation 3a > 7a were successfully applied on all other
compound series consisting of betulinic acid derivative 4a with free C(3)-OH group, 3-oxo-series of oleanolic
and ursolic acid-derived phosphonates 3b, ¢ and their corresponding C(3)-OH derivatives 4b, ¢ (Fig. 3). The
target products 7a-c and 8a-c were obtained in good to excellent yields and isolated by a simple precipitation/
centrifugation approach.

As expected, the obtained products 7a-c and 8a-c were hydrolytically very stable and an eventual cleavage of
the carboxylate ester bond was not observed even after heating under two different basic conditions: (1) 60 °C in
1.5 M NaOH/MeOH solution for 6 h; (2) 100 °C in the presence of 4 equiv. NaOH in H,O for 24 h. The obtained
ionogenic derivatives revealed excellent water solubility, which can be nicely demonstrated by the acquisition of
their "H NMR spectra in D,O (Fig. 4).

Next, we investigated the installation of phosphonate moiety via an ether bond (Table 2). Starting with
betulin, the most abundant natural PCT-3,28-diol, we examined a one-pot double alkylation possibility
involving both hydroxyl groups. Application of such strong bases as NaH, t-BuOK, n-BuLi and MeMgBr in
combination with (dimethoxyphosphoryl)methyl trifluoromethanesulfonate or tosylate were found to be
ineffective (Table 2, entries 1-6). On many occasions we detected the degradation of alkylating reagent. To our
delight, we have finally found that combining triflate alkylation reagent (2.2 equiv.) and betulin Li-dialkoxide
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Fig. 4. "H-NMR (500 MHz, D,0) spectrum of 3-oxo-oleanolic acid-derived sodium phosphonate 7b (5 mg/
mL).
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bein 1t ous
'H NMR ratio of
Entry | Reaction conditions products, % (isolated
yield, %)

i?\fiv.) z(equi\c) Solvent (T,‘z";?e'“‘“re 2;:;“6 1 |9 10 |11
1. NaH (2.0) OTf(2.2) | THF 0°C->RT 3 100 |0 0 |0
2. t-BuOK (2.1) OTf(2.2) | THF RT > 50°C 3 100 |0 0 |0
3. MeMgCl (2.2) | OTs (4.0) | THF RT 36 0 0 0 |0
4. MeMgCl (2.2) | OTs (4.0) | THF 40°C 16 0 0 0 |0
5. MeMgCl (2.2) | OTs (4.0) | CyHex |75°C 16 100 |0 0o |o
6. n-BuLi(2.1) |OTf(25) |THF |-78°C>RT 3 o |10 41 |49
7. LDA (2.4) OTf(2.6) | THF |-78°C-RT 3 o |6 72 |22
8. LDA (2.4) OTf(2.2) | THF -78°C > RT 3 0 40(14) |42 |18
9. LDA (2.1) OTf(2.2) | THF |-78°C>RT 3 0 [51(29) |20 |29
10. LDA (2.1) OTf(2.1) | THF -78°C>-30°C |3 61 9 24 |6
11. LDA (2.1) Br(2.1) THF -78°C>RT 3 0 0 0 |0

Table 2. Method development for the synthesis of tetramethyl bis-phosphonate 9.

arising from LDA (lithium diisopropylamide) (2.1 equiv.) provided the expected product 9 in 29% isolated
yield (Table 2, entry 9). The desired product 9 was accompanied by the C(28)-O-monoalkylation product 10
and C(28)-O-phosphonylation product 11 in the 9:10:11 ratio 51:20:29 (by NMR). The latter arises from the
alkoxide attack on the phosphorous center due to the presence of two competing electrophilic reaction centers
in (dimethoxyphosphoryl)methyl trifluoromethanesulfonate. The obtained tetramethyl bis-phosphonate 9 was
converted to tetrasodium salt (78%) using the previously developed TMSI conditions (Fig. 5).

Compound solubility and cytotoxicity evaluation

The obtained PCT-derived sodium phosphonates were subjected to water solubility tests (Table 3). For this
purpose, we used a quantitative "H-NMR approach in D,O, using potassium hydrogen phthalate as an external
standard (for experimental details see Supporting Information). The presence of the basic forms of phosphonates®
was ensured by the careful addition of NaOD, maintaining pH 8.0-8.5 during the quantification, which is 2-3
units higher than the pKa of phosphonic acid disalt®!. As expected, our newly designed phosphonates 7a-c,
8a-c and 12 exhibited excellent aqueous solubility in a range from 3 to 26 mg/mL (pH 8.0-8.5). This is by at
least two to three orders of magnitude higher than the reported solubilities of the parent natural triterpenic
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Fig. 5. Synthesis of betulin-derived tetrasodium bis-phosphonate 12.

acids. For example, aqueous solubility of oleanolic and betulinic acids are <0.1 pg/mL at neutral pH and can be
increased to 42.1 pg/mL for betulinic acid and 99.5 ug/mL for oleanolic acid at pH 11.8%!. Also, parent ursolic
acid exhibits a similarly low aqueous solubility?, which can be enhanced to some extent by various modern drug
delivery systems?®~?%. Indeed, phosphonic acids are more acidic and easier ionizable than carboxylic acids. This
ionic character helps to increase the aqueous solubility as exemplified by here described compounds. On the
other hand, a direct numerical comparison of the aqueous solubility of compounds 7a-c, 8a-c and 12 with the
reported triterpenoid phosphate/phosphonate analogs®'~® is burdened as most of the previous reports describe
the obtained enhanced solubility in a qualitative manner.

All target compounds were studied to determine their cytotoxic activity at various concentrations of each
compound (10-50 uM) against human-derived osteosarcoma cell line MG-63 (ATCC, CRL-1427) and mouse-
derived preosteoblast cell line MC3T3-E1 (ATCC, CRL-2593) (Table 4 and Figures S1-S4 in the Supporting
Information). For the comparison, naturally occurring betulinic, oleanolic (1b) and ursolic (1c) acids as well as
their 3-oxo analogs 2a-c and doxorubicin, were also subjected to the cytotoxicity tests. As expected, the designed
water-soluble PCT-derived phosphonates and the natural triterpenic acids, including their 3-oxo-analogs,
were harmless to the MC3T3-E1 cells. As an interesting observation and exception should be mentioned the
concentration-dependent cell viability drop of MC3T3-E1 cells in the presence of oleanonic acid (0.49+0.12
relative metabolic activity at 50 pM of 2b). To a lesser extent, ursonic acid affected the metabolic activity of
MC3T3-E1 cells (0.72 +0.09 relative metabolic activity at 50 uM of 2c).

Nevertheless, in the presence of oleanonic acid-derived phosphonate 8b the MG-63 cell line revealed
somewhat lower metabolic activity (0.73 + 0.05 relative metabolic activity at 50 uM of 8b) than in the presence of
its parental oleanonic acid (1.03 +0.18 for 2b). It is interesting to note that ursolic acid (1¢) and ursonic acid (2¢)
showed a cytotoxic effect towards MG-63 cell line in the cell viability tests (0.28 +0.04 and 0.67 +0.04 relative
metabolic activity at 50 uM of 1c and 2, respectively).

In summary, we have developed a practical synthetic approach for introduction of the simplest phosphonate
moiety, containing only single methylene group, into the PCT core via an ester and an ether bond. The
corresponding TMSI induced phosphonate demethylation, which provided the target sodium phosphonates,
was optimized for a preparative application avoiding acid promoted cationic rearrangements of the triterpenic
core. Phosphonate disodium salts were obtained and characterized for the pentacyclic triterpenoids in the
betulinic, oleanolic and ursolic acid series, including their 3-oxo-derivatives. All target compounds possess
excellent aqueous solubility (3-26 mg/mL at pH 8.0-8.5), which was properly quantified by gNMR. Thus, this
report stands out with the sample "H NMR spectra of pentacyclic triterpenoid derivatives acquired in D,O.
The preliminary cytotoxicity evaluation of the target products revealed that the obtained PCT-derived sodium
phosphonates do not possess significant cytotoxicity profile towards normal cells. This fact provides a promising
possibility for future studies of these and similar phosphonate derivatives in those biological activity domains
that require high selectivity between normal mammalian cells and external factors, such as viral, bacterial and
fungal pathogens. Due to their non-toxic nature the title compounds classify also for further studies in the field
of antidiabetic and anti-inflammatory agents.

Methods

Synthesis: general information

Solvents for the reactions were dried over standard drying agents and freshly distilled prior to use. All purchased
chemicals (Fluka, Aldrich) were used as received. All reactions were followed by TLC on E. Merck Kieselgel 60
F,., and visualized by using UV lamp. Column chromatography was performed on silica gel (60 A, 40-63 pm,
ROCC). Flash column chromatography was performed on a Biichi Sepacore system (Biichi-Labortechnik
GmbH, Essen, Germany) with a Biichi Control Unit C-620, an UV detector Biichi UV photometer C-635, Biichi
fraction collector C-660 and two Pump Modules C-605. 'H and *C NMR spectra were recorded on a Bruker
300 and 500 MHz, in CDCI, or [D,]MeOD at 25 °C. Chemical shifts (8) values are reported in ppm. The residual
solvent peaks are used as internal reference (CDCI,) 7.26 ppm, [D,]MeOD 3.31 ppm for 'H NMR, CDCl, 77.16
ppm, [D,]MeOD 49.00 ppm for 13C NMR), s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet); J in
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Aqueous solubility (mg/mL) in D,0
Compound number | Structural formula at pH 8.0...8.5
7a 11
7b 8
7c 26
8a 3
8b 7
8c 7
12 3

Table 3. Aqueous solubility data of PCT-derived sodium phosphonates at pH 8.0...8.5.

hertz. 'H and '*C NMR peaks were assigned by analysis of multidimensional NMR (COSY, HSQC, HMBC).
For *'P NMR calibration, Ph,P was used as external reference (-6.00 ppm in MeOD ) in a coaxially inserted
tube. High-resolution massspectra (ESI) were performed on Agilent 1290 Infinity series UPLC connected to
Agilent 6230 TOF mass spectrometer (calibration at m/z 121.050873 and m/z 922.009798). Optical rotation was
measured at 20 °C on Anton Paar MCP 500 polarimeter (1-cm cell) using multi-wavelength analysis (589 nm,
546 nm, 436 nm, 405 nm, 365 nm).
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Relative metabolic activity of MG- | Relative metabolic activity

63 cells at given concentrations of MC3T3-E1 cells at given

of PCTs concentrations of PCTs
Compound 50 uM. 25 uM 10 uyM 50 uM 25 uM 10 M
Betulinic acid 1.12+0.08 | 0.91+0.14 | 0.74+0.16 | 0.97+0.07 | 0.56+0.04 | 0.76+0.07
Betulonic acid (2a) | 0.88+0.08 | 0.96+0.04 | 1.14+0.02 | 1.22+0.01 | 1.70+0.05 | 1.39+0.06
7a 1.09+£0.04 | 1.30+0.06 | 1.10£0.04 | 1.13+0.03 | 1.27+0.05 | 1.41+0.01
8a 1.59+0.17 | 1.24+0.25 | 1.58£0.05 | 1.01+0.05 | 1.19+0.04 | 1.08+0.05

Oleanolic acid (1b) | 1.29+0.11 | 1.58+0.13 | 0.77+0.14 | 0.96+0.05 | 0.97+0.08 | 1.04+0.07
Oleanonic acid (2b) | 1.03+0.18 | 1.60£0.03 | 1.51£0.08 | 0.49+0.12 | 0.9940.05 | 1.10£0.01
7b 1.19+0.05 | 1.32+£0.05 | 1.13+0.08 | 1.04+0.05 | 1.50+0.04 | 1.31+0.08
8b 0.73+0.05 | 0.76+0.04 | 0.84+0.04 | 0.86+0.08 | 0.97+0.04 | 1.00+0.03
Ursolic acid (1¢) 0.28+0.04 | 0.64+0.03 | 0.66+0.03 | 0.99+0.08 | 0.83+0.05 | 1.06+0.05

Ursonic acid (2¢) 0.67+0.04 | 0.67+0.04 | 0.76+0.08 | 0.72+0.09 | 1.07+0.07 | 0.74+0.02

7c 1.12+£0.03 | 0.98+0.04 | 0.96+0.04 | 0.94+0.05 | 0.90+0.03 | 0.91£0.06
8¢ 1.26+0.08 | 0.91+0.05 | 1.22+0.09 | 0.95+0.03 | 0.89+0.04 | 0.93+0.09
12 0.94+0.04 | 0.89+0.05 | 0.97+0.08 | 0.92+0.04 | 0.93+0.06 | 0.90+0.07
Doxorubicin 0.16+0.02 { 0.19+0.01 | 0.41+0.02 | 0.53+0.03 | 0.60+0.03 | 0.72+0.07
Positive control 1.42+0.03 1.10+£0.10
Negative control 0.16+0.08 0.28+0.12

Table 4. Cell metabolic activity data in the presence of the title phosphonates and their comparison to
naturally occuring PCTs and doxorubicin.

General procedure | for the synthesis of 3-oxo-triterpenic acid esters, process 2a-c —
3a-c

To solution of 3-oxo-triterpenic acid 2a-c (500 mg, 1.099 mmol, 1 eq.) in anhydrous THF (5 mL) tBuOK (185 mg,
1.649 mmol, 1 eq.) is added portion wise at -5 °C. The resulting reaction mixture is stirred in ambient temperature
for 30 min, then warmed up to room temperature and stirred for additional 60 min. The obtained mixture is re-
cooled to -5 °C and a solution of previously prepared (dimethoxyphosphoryl)methyl trifluoromethanesulfonate
(629 mg, 2.198 mmol, 2 eq.) in anhydrous THF (5 mL) is added dropwise. Then the resulting reaction mixture is
warmed up to room temperature and stirred for 12 h. The reaction mixture is evaporated to dryness, redissolved
in EtOAc (70 mL) and washed with brine (3 x 10 mL). Separated organic layer is dried over anhydrous Na,SO,.
After filtration, the filtrate is concentrated in vacuo and purified by silica column chromatography (Hexanes-
EtOAc 9:1 > 1:1) to yield carboxylic ester as a white amorphous solid: 3a (78%, 495 mg); 3b (61%, 387 mg), 3¢
(71%, 450 mg).

3-ox0-(17 S)-17-(((dimethoxyphosphoryl)methoxy)carbonyl)-28-norlup-20(29)-ene 3a

'H NMR (500 MHz, CDCL,) § 4.73 (s, 1H, H,-C(29)), 4.60 (s, 1H, H;-C(29)), 4.48 (dd, > = 14.6, 8.3 Hz, 1H, H_-
C(28)), 4.39 (dd, 2]_146 8.2 Hz, 1H, H, &28)), 3.81 (d, 3]_109 6 H, (OMe),), 2.98 (td, ] = 11.1, 4.8 Hz,
1H, H C(19)), 2.48 (ddd, %J=15.5Hz, %] = 98 7.5 Hz, 1H, H,-C(2)), 2.39 (ddd, 2]—155Hz,31 7.6,4.4Hz, 1H,
H,-C(2)), 2.31-2.19 (m, 2H, H -C(16), H-C(13)), 1.96-1.82 ‘(m, 4 H, H,-C(15), H-C(21), H,-C(22), H,-C(1)),
156- 1.69 (m, 1H, H,-C(12)), 1.68 (s, 3H, H,-C(30)), 1.62 (t, 3] = 11.4'Hz, 1H, H-C(18)), 1.54-1.34 (m, 9 H,
H,-C(6), H,-C(11), HZ-C(7), H,-C(21), H, C(l) H-C(9), H,-C(16)), 1.34-1.14 (m, 4 H, H,-C(11), H,-C(15),
H,-C(22), H-C(5)), 1.06 (s, 3H, H,-C(23)), 1.06-1.01 (m, lH H,-C(12)), 1.01 (s, 3H, H, C(24)) 097 (s, 3H,
H -C(27)), 0.96 (s, 3H, H,-C(26)), f0.92 (s, 3H, H,-C(25)). 1*C NMR(126 MHz, CDCL,) 321825 (C3), 174.91
(d 3] = 6.4 Hz, (C28)), 150.34 (C20), 109.96 (C29), 56.90 (C17), 55.18 (d, ] = 1674Hz) 55.10 (C5), 53.20 (d,
%] = 6.2 Hz, MeO), 53.18 (d, ¥J = 6.2 Hz, MeO), 50.04 (C9), 49.49 (C18), 47.46 (C4), 46.90 (C19), 42.61 (C14),
40.77 (C10), 39.77 (C1), 38.44 (C13), 37.04 (C21), 37.00 (C10), 34.26 (C2), 33.75 (C7), 32.03 (C16), 30.53 (C22),
29.65 (C15), 26.74 (C23), 25.65 (C12), 21.54 (C11), 21.15 (C24), 19.76 (C30), 19.47 (C6), 16.10 (C25), 15.85
(C26), 14.74 (C27).3'P NMR(121 MHz, CDCL,) § 21.77. HRMS [C,,H.,0 P +H*] 577.3653; found 577.3626

(@7 ppm). [0 = +0.19 [a]); = +0.23; [l = +0.50; [a]2 = +0.66; [a]2% = +1.02 (c=1.00, MeOH).

3-0x0-(17 S)-17-(((dimethoxyphosphoryl)methoxy)carbonyl)-28-norolean-12(13)-
ene 3b

'H NMR (500 MHz, CDCL,): § 5.32 (t, ] = 3.6 Hz, 1H, H-C(12)), 4.42 (dd, % = 14.0, 8.6 Hz, 1H, H -C(28")),
4.32 (dd, %] = 14.0, 86Hz,1H H,-C(28")), 3.81 (d, >/ = 10.8 Hz, 6 H, (MeO),), 2.88 (dd, ’] = 14.0, 43 Hy, 1H,
H-C(18)), 2.55 (ddd, ] = 159Hz *] = 11.2, 7.2 Hz, 1H, H-C(2)), 2.36 (ddd, *] = 15.9 Hz, ’] = 6.8, 3.6 Hz,
1H, H,-C(2)), 2.01 (dt, ] = 14.0 Hz, ] = 4.3 Hz, 1H, H, -C(16)), 2.00-1.90 (m, 2H, H,-C(11)), 1.88 (ddd, ] =
132Hz,3j 7,3.6 Hz, 1H, H -C(1)), 1.72 (dt, 1H, 2]—136Hz,3j 4.1Hz,H, C(22)),169 1.53 (m, 5 H, H,-
C(16), H,-C(19), H-C(9), H, C(7) H,-C(15)), 1.52-1.47 (m, 3H, H,-C(6), H,; C(7)) 1.40 (dt, ?J = 12.3 Hz, 3]_
6.0 Hz, 1H, H,-C(1)), 1.35-1.28 (m, 4 H, H,-C(22), H-C(21), H—C(S), Hb—C(6)), 1.26-1.08 (m, 3H, H,-C(21),
H,-C(19), H,-C(15)), 1.14 (s, 3H, H,-C(27)), 1.08 (s, 3H, H,-C(23)), 1.04 (s, 6 H, H,-C(24), H,-C(25)), 0.92 (s,
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3H, H,-C(29)), 0.90 (s, 3H, H,-C(30)), 0.78 (s, 3H, H,-C(26)). *C NMR (126 MHz, CDCL,): § 217.90 (C(3)),
17677 (d, ’J= 8.0 Hz, (C28)), *143 55 (C13), 122.65 (c12) 55.82 (d, '] = 168.7 Hz, (C28")), 55.47 (C5), 53.24
(d, 21_64Hz, (MeO),), 47.60 (C4), 47.25 (C17), 46.98 (C9), 45.90 (C19), 41.96 (C14), 41.54 (C18), 39.40 (C8),
39.29 (C1), 36.89 (C10), 34.31 (C2), 33.91 (C21), 33.16 (C30), 32.37 (C7), 32.32 (C22), 30.81 (C20), 27.75 (C15),
26.56 (C23), 25.87 (C27), 23.66 (C29), 23.65 (C11), 23.19 (C16), 21.63 (C24), 19.72 (C6), 16.95 (C26), 15.18
(C25) 3P NMR (121 MHz, CDCI ) 6 21.74. HRMS gc H,,0,P+H'] 577.3653; found 577.3626 (4.7 ppm).

337753
[0 = 1+0.66; [a]2, = +0.79 [[a]) = +1.38 [a]2); = +1.70; [a]2); = +2.28 (c=1.00, MeOH).

3-0x0-(17 S)-17-(((dimethoxyphosphoryl)methoxy)carbonyl)-28-norurs-12(13)-ene
3c

'H NMR (500 MHz, CDCL,) § 5.29 (d, ¥ = 3.8 Hz, 1H, H-C(12)), 4.33 (d, J = 8.5 Hz, 2H, H,-C(28")), 3.80 (d,
3 =10.8 Hz, 6 H, (OMe)Z) 2.55 (ddd, J = 16.0 Hz, 3] = 10.8, 7.5 Hz, 1H, H,-C(2)), 2.37 (ddd, = 16.0 Hz, ¥
=6.9,3.6 Hz, 1H, H,-C(2)), 2.25 (d, ¥ = 11.3 Hz, 1H, H-C(18)), 2.04 (td, 2] 14.4,% = 6.5 Hz, 1H, H,-C(16)),
1.99-1.92 (m, 2H, H,-C(11)), 1.90 (ddd, % = 12.0 Hz, 3 = 7.4, 3.6 Hz, 1H, H-C(1)), 1.80-1.68 (m, '3H, H,-
C(16), H,-C(15), H,- -C(21)), 1.65-155 (m, 2H, H,-C(21), H-C(9)), 1.55-1.39 (m, 5 H, H,-C(6), H,-C(15), H-
C(7), H,-C(1)), 1.39-1.23 (m, 4 H, H,-C(22), H, C(7) H-C(19, H-C(5)), 1.17-1.11 (m, 111, H, -C(15)), 1.09 (5,
3H, H, C(27)) 1.08 (s, 3H, H, C(28)) 1.04 (s,6H H,-C(24), H,-C(25)), 1.04-0.98 (m, 1H, H- C(20)), 0.94 (d,
3= 63 Hz, 3H, H,-C(30)), ), 0.86 (d, 3] = 6.4 Hz, 3H, H3 C(29)).0.79 (s, 3H, H,-C(26)). *C NMR (126 MHz,
CDCl,) § 217.95 (C3), 176.62 (d, 3] = 8.2 Hz, (C28)), 138.02 (C13), 125.83 (C12), 55.81 (d, J = 168.9 Hz,
(C28"), 55.13 (C5), 53,24 (d, J = 6.1 Hz, (OMe)), 53.21 (d, 2] = 6.1 Hz, (OMe)), 53.07 (C18), 48.64 (C17), 47.55
(C4), 46.86 (C9), 42.28 (C14), 39.60 (C8), 39.44 (C1), 39.17 (C19), 38.91 (C20), 36.79 (C10), 36.58 (C21), 34.31
(C2), 32.65 (C7), 30.68 (C22), 28.08 (C15), 26.67 (C23), 24.32 (C16), 23.59 (C27), 23.58 (C11), 21.63 (C24),
21.24 (C30) 19.71 (C6), 17.12 (C29), 17.05 (C26), 15.37 (C25). 3'P NMR (121 MHz, CDCL,) 8 21.85. HRMS:
[C,,H,, 0P +H?*] 577.3653; found 577.3623 (5.2 ppm). [a]}) = +0.50; [a]2); = +0.58; [[afis = +0.97;

T% 53 20
[afis = +1 23; [“]Am = +1.62 (¢=1.00, MeOH).

General procedure Il for synthesis of 3-hydroxy-triterpenic acid esters, process 3a-c — 4a-c
To solution of 3-oxo-triterpenoic acid ester 3a-c (200 mg, 0.347, 1 eq.) in MeOH (4 mL) NaBH, (53 mg, 1.388
mmol, 4 eq.) is added portion wise at 0 °C. The resulting reaction mixture is stirred at ambient temperature
for 5 h. Then the reaction mixture is quenched by NH,Cl saturated aqueous solution (2 mL), evaporated to
dryness, redissolved in EtOAc (25 mL) and washed with brine (3 x 10 mL). The combined organic layer is dried
over anhydrous Na,SO,. After filtration, the filtrate is concentrated in vacuo and purified by silica column
chromatography (Hexanes-EtOAc 9:1 > 1:1) to yield product as a white amorphous solid: 4a (99%, 198 mg); 4b
(96%, 193 mg); 4c (92%, 185 mg).

(17 S)-17-(((dimethoxyphosphoryl)methoxy)carbonyl)-3B-hydroxy-28-norlup-20(29)-ene 4a
'H NMR (500 MHz, CDCL,) § 6.02 (bs, 1H, OH), 4.73 (s, 1H, H,-C(29)), 4.61 (s, 1H, H,-C(29)), 448 (dd, J
=14.7,82 Hz, 1H, H, -C(28), 439 (dd, ] = 14.7, 8.2 Hz, 1H, H, LC(28), 3.81 (d, 7 = 108Hz,6H (OMe),),
3.18 (dd, 3 = 11.4, 47 Hz, 1H, H-C(3)), 2.98 (td, ¥ = 11.2, 47Hz, 1H, H-C(19)), 2.30-2.34 (m, 1H, H, C(16)),
2.24-2.15 (m, 1H, H-C(13)), 1.98-1.83 (m, 2H, H,-C(21), H,-C(22)), 1.74-1.31 (m, 17 H, H,-C(15), H, ‘c(c30),
H-C(12), H-C(18), H,-C(6), H,-C(11), H,-C(7), H,-C(21), H,-C(1), H-C(9), H,-C(16), H,-C(2)), 131-1.13
(m, 3H, H,-C(11), H, ), H, - LC(22)), 1.08-0.99 (m, 1H, H,-C(12)), 0.96 (5.6 11, H, -C2P, H,-C(26)), 0.92
(s, 3H, H, C(23)) 0.90-0.85 (m, 1H, H,-C(1)), 0.82 (s, 3H, H,-C(25)), 0.75 (s, 3H, H, C(24)) 0.68 (d, 3] =
9,4 Hz, 1H H-C(5)). »C NMR (126 MHz, CDCl,) 8 174.97 (d, *] = 6.4 Hz, (C28)), 150.46 (C20), 109.91 (C29),
79.12 (C3), 56.96 (C17), 55.0 (C5), 55.17 (d, '] = 167.4 Hz, C(28)), 53.20 (d, *] = 6.1 Hz, (MeO)), 53.17 (d, &J
= 6.1 Hz, (MeO)), 50.70 (C9), 49.58 (C18), 46.96 (C19), 42.58 (C14), 40.85 (C8), 39.01 (C4), 38.88 (C1), 38.39
(C13), 37.35 (10), 37.05 (C21), 34.48 (C7), 32.12 (C16), 30.57 (C22), 29.70 (C15), 28.13 (C23), 27.55 (C2),
25.67 (C12), 21.03 (C11), 19.49 (C30), 18.44 (C6), 16.30 (C25), 16.07 (C26), 15.50 (C24), 14.85 (C27). P NMR
(121 MHz, CDCL,) § 21.88. HRMS: [C,;H,,OP+H!) 579.3809; found 579.3782 (4.7 ppm). ()3 = —0.01;

337755
a2 = —0.05 [a] = +0.05; [ 2 F0.02 [0]2 = +0.02 (c=1.00, MeOH).

(17 S)-17-(((dimethoxyphosphoryl)methoxy)carbonyl)-3B-hydroxy — 28-norolean-12(13)-ene

1HNMR(SOOMHZ, CDCl,) §5.30 (t,%] = 36Hz, 1H, H-C(13)), 4.41 (dd, ¥J = 14.6, 8.7 Hz, 1H, H -C(28")), 4.31
(dd, ¥ = 14.6, 8.3 Hz, 1H, H,-C(28"), 3.80 (d, ¥ = 10.9 Hz, 6 H, (OMe),), 3.25-3.17 (m, 1H, H- C(3 ),2.90-2.81
(m, 1H, H-C(18)), 2.07- 195 (m, 1H, H, C(16)) 1.91-1.85 (m, 2H, H,- C(ll)) 1.77-1.16 (m, 16 H, H,-C(6), H, -
C(16), H,-C(2), H,-C(15), H,-C(22), H -C(7), H,-C(21), H-C(9), H,-C(1), H,-C(19)), 1.13 (s, 3H, H,-C(27)),
1.09 (d ZJ_ 14.0 Hz, 1H, H, C(15)) 0.98 (s, 3H, H -C(23)), 0.98-0.92 (m, 1H, H -C(1)),0.92 (s, 3H, H -C(29)),
0.90 (s, 6 H, H,-C(30), H, C(25)) 0.78 (s, 3H, H, C(24) 0.77-0.72 (m, 1H, HY C(5)), 0.72 (s, 3H, H -C(26)).
13C NMR (126 MHz, CDC1)6 176.81 (d, 3] = 78Hz, (C28)), 143.49 (C12), 122.89 (C12), 79.16 (C3), 55.92 (d,
1] = 169.5 Hz, (C28)), 55. 3 (C5)), 53.23 (d, ¥J = 6.3 Hz, (OMe)), 53.23 (d, ?J = 6.3 Hz, (OMe)), 47.73 (C9),
47.24 (C17),45.97 (C19), 41.85 (C14), 41.48 (C18), 39.43 (C8), 38.90 (C4), 38.60 (Cl1), 37.18 (C10), 33.93 (C21),
33.18 (C30), 32.86 (C7), 32.38 (C22), 30.81 (C20), 28.25 (C23), 27.77 (C15), 27.34 (C2), 25.99 (C27), 23.69
(C29),23.57 (C11), 23.21 (C16), 18.48 (C6), 17.02 (C26), 15.72 (C24), 15.48 (C25). *'P NMR (121 MHz, CDCL,)
8 21, 77. HRMS: [Cy;H, 0P+ NH, '] 596.4075; found 596.4042 (5.5 ppm). [a]}) = +0.38 [als); = +0.46;
(a0, = +0.79; [l = 0.97; [a]2% = +1.27 (c=1.00, MeOH).

Scientific Reports |

(2024) 14:28031 | https://doi.org/10.1038/541598-024-76816-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

(17 S)-17-(((dimethoxyphosphoryl)methoxy)carbonyl)-3B-hydroxy-28-norurs-12(13)-ene 4c

'HNMR (500 MHz, CDCI,) § 5.26 (bs, 1H, H-C(13)), 4.33 (d, ] = 8.4 Hz, 2H, H,-C(28)), 3.80 (d, >/ = 10.8 Hz,
6 H, (OMe),), 3.21 (dd, 3]_113 4.6 Hz, 1H, H-C(3)), 2.23 (d, ’J = 11.3 Hz, 1H H-C(18)), 2.10-1.99 (m, 1H,
H,-C(16)), 195- 1.84 (m, 2H, H,-C(11)), 1.79-1.68 (m, 3H, H,-C(16), H -C(15), H -C(21)), 1.67-1.22 (m, 12 H,
H,-C(21), H-C(1), H,-C(2), H, C(6) H,-C(7), H,-C(22), H- C(9) H-C(19)), 1.13-1.08 (m, 1H, H,-C(15)), 1.08
(s, 3H,H, -c(27)), 1.04-0.99 (m, 1H, H- C(20)) 0.99 (s, 3H, H,-C(23)), 0.99-0.94 (m, 1H, H,, C(l)) 0.94(d,% =
63Hz,3H H,-C(30)),0.92 (s, 3H, H,-C(25)), 0.86 (d, *] = 66Hz,3H H,-C(29)),0.78 (s, 3H H,-C(24)),0.73 (s,
3H, H, C(26)),073 0.69 (m, 1H, H- C(S)) 13C NMR (126 MHz, CDC1)6176 66 (d, = 83Hz, (C28)),137.93
(C12), *126.08 (C13),79.18 (C3), 55.81 (d, '] = 168.9 Hz, (C28)), 55.36 (CS) 53.25 (d, ¥J = 6.4 Hz, (MeO)), 53.25
(d, ¥J = 6.4 Hz, (MeO)), 53.03 (C18), 48.63 (C17), 47.67 (C9), 42.18 (C14), 39.65 (C8), 39.19 (C19), 38.95 (C20),
38.90 (C4), 38.77 (C1), 37.11 (C10), 36.64 (C21), 33.15 (C7), 30.72 (C22), 28.28 (C23), 28.12 (C25), 27.37 (C2),
24.37 (C16), 23.70 (C27), 23.45 (C11), 21.28 (C30), 18.46 (C6), 17.13 (C26), 17.09 (C29), 15.76 (C24), 15.62
(czs) 3P NMR (121 MHz, CDC13) 6 21.77. HRMS: ECBH sO,P+H'] 579.3809; found 579.3781 (4.8 ppm).

(] = +0.36; [al2y; = +0.43; [ [a]39 = +0.76; [a]i05 = +0.92 [a]sss = +1.20 (c=1.00, MeOH).

General procedure lll for demethylation of phosphonic esters, processes 3a-b — 7a-c and
4a-c — 8a-c

To solution of 3-oxo-triterpenic acid ester 3a-c or 3-hydroxy-triterpenoic acid ester 4a-c (0.4 mmol, 1 eq.) in
anhydrous DCM (5 mL) TMSI (171 pL 1.2 mmol, 3 eq.) is added dropwise at -40 °C and the resulting reaction
mixture is stirred at -40 °C for 5 h. Then MeOH (2.5 mL) is added dropwise at -40 °C. The obtained mixture is
stirred for additional 30 min at the same temperature and solution of NaHCO, (101 mg, 1.2 mmol, 3 eq.) in H,0
(4 mL) is added dropwise at -40 °C. The resulting reaction mixture is warmed up to room temperature and the
organic solvents are evaporated in vacuo. The obtained aqueous suspension is centrifuged and the supernatant
is removed and discarded. The precipitate is re-suspended in deionized water (1 mL) and the centrifugation —
supernatant removal procedure is repeated additional two times (in total: washing with water 3 1mL). The
obtained precipitated is dried at ambient temperature in vacuo: 7a ( 97%, 230 mg); 7b (90%, 214 mg); 7c (51%,
121 mg); 8a (91%, 217 mg); 8b (78%, 186 mg); 8¢ (93%, 222 mg).

Sodium (3-0x0-(17R)-17-28-norlup-20(29)-en)-2-oxoethyl-phosphonate 7a

'H NMR (500 MHz, MeOD ;) § 4.72 (s, 1H, H,-C(29)), 4.58 (s, 1H, H,-C(29)), 4.16 (dd, 2 = 13.1, 8.7 Hz, 1H,
H_-C(28)), 3.90 (dd, ¥ = 13.1, 8.4 Hz, 1H, H, c9)),3.02 (td, ¥ = 112 4.4 Hz, 1H, H-C(19)), 2.58-2.36 (m,
4H, H,-C(2), H- C(13) H-C(16)), 2.24 (dd, 3]_ 11.7, 8.1 Hz, 1H, H-C(21)), 2.00-1.86 (m, 2H, H-C(21),
H, C(22) 1.76 (d, 3 = 13.0 Hz, 1H, H,-C(12)), 1.69 (s, 3H, H, -C(30)), 1.63 (t, ¥J = 11.3 Hz, 1H, H-C(18)),
1.87-1.27 (m, 13H H,-C(6), H, C(ll),H -C(7), H-C(15), H,, C(22),H -C(16), H,-C(1), H-C(9), H,-C(21),
H-C(5)), 1.23-1.15 (m, 1H, H, C(22)) 1.13-1.06 (m, 1H, H, C(12)) 1.06 (s, 3H, H -C(23)), 1.02 (s, 3H H,-
C(24)), 1.01 (s, 3H, H,-C(27)), 100 (s, 3H, H,;-C(26)), 0.95 (s, 3H, H,-C(25)). °C NMR(126 MHz, MeODd4)6
221.02 (C3), 176.99 (d 3] = 8.4 Hz, (C28)), 151.94 (C20), 110.22 (C29) 59.92 (d, \J = 162.6 Hz, (C28)), 57.99
(C17), 56.11 (C5), 51.23 (C9), 50.68 (C18), 48.31 (C19), 43.61 (C14), 41.87 (C8), 40.70 (C4), 39.60 (C11), 38.06
(C13), 37.79 (C10), 35.05 (C21), 34.74 (C7), 34.72 (C16), 32.92 (C2), 31.61 (C22), 30.88 (C15), 27.17 (C23),
26.89 (C12),22.62 (C11), 21.43 (C24), 20.76 (C6), 19.55 (C30), 16.54 (C26), 16.35 (C25), 15.03 (C27). *'P NMR
(121 MHz, MeOD,,,) § 14.20. HRMS: [CMH O,P- H*é 547.3194; found 547.3198 (0.7 ppm). [a]3 = +0.16;
02 = +0.19; [ [ = +0.38; [a]2 = +0.51; a2 = +0.80 (c=1.00, MeOH).

Sodium (3-ox0-(17R)-17-28-norolean-12(13)-en)-2-oxoethyl-phosphonate 7b

'H NMR (500 MHz, MeOD ) § 5.30 (d, *] = 3.7 Hz, 1H, H-C(13)), 4.21-4.09 (m, 2H, H,-C(28)), 2.92 (dd, >/ =
14.1, 4.5 Hz, 1H, H-C(18)), 2.57 (ddd, >/ = 16.1 Hz,*] = 10.8, 7.4 Hz, 1H, H, C(2)),237(ddd 2J=16.1Hz3 =
7.1, 3.6 Hz, 1H, H,-C(2)), 2.09-1.86 (m, 4 H, H -C(16), H,-C(11), H, -C(1)), 1.84-1.60 (m, 6 H, H,-C(16), H,-
C(15) H,-C(22), H -C(19), H-C(9)), 1.59-1.32 (m, 7 H, H, C (6),H, &), H,-C(21), H,-C(1), H- C(S)) 1214,
= 132Hz, 1H, H -C(21)), 118 (s, 3H, H,-C(27)), 1. 1621.09 (m, 2H, H,- &15), H, C(19)),108 (s, 6 H, H,-
C(23), H,-C(25)), 1.05 (s, 3H, H,-C(24)), 0.35 (s, 3H, H,-C(29)), 0.91 (s, 3H, H, C(30)) 0.83 (s, 3H, H, C(25))
13CNMR(126 MHz, MeOD, )6220 52 (C3), 180.23 (d 3] =9.0 Hz, (C28)), 14538 (C12),123.35 ( C13) 60.43
(d, 'J=162.8 Hz, (C28)), 56. 60 (C5), 48.83 (C4), 48.53 (C17), 48.26 (C9), 47.32 (C19), 42.98 (C14), 42.93 (C18),
40.56 (C8), 40.27 (C1), 37.92 (C10), 35.11 (C2), 35.00 (C21), 33.64 (C30), 33.38 (C7), 33.10 (C22), 31.58 (C20),
29.14 (C15), 26.96 (C23), 26.30 (C27), 24.59 (C11), 24.15 (C29), 23.78 (C16), 21.90 (C24), 20.73 (C6), 17.54
(C26), 15.53 gczs) 3P NMR (121 MHz, MeOD ) & 11.54. HRMS: [C, H,,O P-H*] 547.3194; found 547.3194

) 20 20 20 4976000 " =
(0 ppm). [a]}) = +0.47; [a]2) = +0.56; [ [a]i9s = +0.98; [a]3s = +129 [@]36; = +1.65 (c=1.00, MeOH).

Sodium (3-oxo-(17R)-17-28-norurs-12(13)-en)-2-oxoethyl-phosphonate 7¢

'H NMR (500 MHz, MeOD ;) § 5.30 (d, > = 3.7 Hz, 1H, H-C(12)), 4.08 (d, % = 13.2 Hz, 1H, H -C(28)), 4.00
(d,?J =13.2 Hz, 1H, H,-C(28)), 2.57 (ddd, ] = 16.0 Hz, ’] = 10.7, 7.4 Hz, 1H, H,-C(2)), 239(ddd 2] =16.0 Hz,
3]=7.1,3.7 Hz, 1H, H _C(2)), 2.32 (d, 3] = 11,3 Hz, 1H, H-C(18)), 2.10-1.90 (m, 5 H, H,-C(11), H,-C(16), H,-
C(15), H,-C(1)), 1.90- {81 (m, 2H, H,-C(16), H -C(21)), 1.72 (dt, >/ = 13.8 Hz, > = 40Hz, 1H, Hy, “ce), 1.67
(dd, 3 = 11.0, 5.7 Hz, 1H, H-C(9)), 162 1.44 (m, 5 H, H, C(6) H,-C(22), H,-C(7), H,-C(1)), 144 1.28 (m,
4 H, H,-C(22), H,-C(7), H-C(5), H-C(19)), 1.12 (s, 3H, H -C(27)), 1.12-1.08 (m, 1H, H -C(15)), 1.08 (s, 6 H,
H, C(23) H, C(25)) 1.05 (s, 3H, H,-C(24)), 1.03-0.99 (m, 1H, H-C(20)), 0.95 (d, 3] = 62Hz, 3H, H,-C(30)),
089( 3= 64Hz, 3H, H,-C(29)), 0.86 (s, 3H, H,-C(26)). *C NMR (126 MHz, MeOD ;) § 220.64 (C3 ), 179.92
(d, 3]_ 8.8 Hz, (C28)), 139.68 (C13), 126.80 (C12) 62.93 (d, IJ = 153.5 Hz, (C28’)), 56.50 (C5), 54.32 (C18),
49.49 (C17), 48.15 (C9), 43.30 (C14), 40.80 (C8), 40.46 (C19), 40.41 (C1), 40.23 (C20), 37.82 (C10), 37.44 (C21),
35.14 (C7), 33.68 (C2), 31.84 (C22), 29.39 (C15), 27.07 (C23), 25.07 (C16), 24.51 (C11), 24.07 (C27), 21.92
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(C24), 21.60 (c3o), 20.72 (C6), 17.67 (C29), 17.63 (C26), 1572 (C25). *'P NMR (121 MHz, MeOD,) § 11.53.
HRMS: [C, H,,0P-H'] 547.3194; found 547.3195 (0.2 ppm). (02 = +0.49; [a]2) = +0.58 [ [a]y = +0.97
ol = 119302, = +1.62 (c=1.00, MeOH).

Sodium (3B-hydroxy-(17R)-17-28-norlup-20(29)-en)-2-oxoethyl-phosphonate 8a

'H NMR (500 MHz, MeOD ;) § 4.62 (s, 1H, H,-C(29)), 4.48 (s, 1H, H,-C(29)), 4.08 (dd, %] = 13.5, 8.9 Hz, 1H,
H-C(28)), 3.95 (dd, ] = 13.5, 8.9 Hz, 1H, H, C(28")), 3.02 (dd, ¥] = §1.4, 4.6 Hz, 1H, H-C(3)), 2.93 (td, ] =
113, 4.5 Hz, 1H, H-C(19)), 2.32 (d, J = 12.3 Hz, 1H, H,-C(16)), 2.27-2.19 (m, 1H, H-C(13)), 1.99 (dd, ¥ =
12.1 Hz, 3] = 8.1 Hz, 1H, H,-C(21)), 1.88-1.80 (m, 1H, H-C(22)), 1.66-1.57 (m, 1H, H,-C(12)), 1.59 (s, 3H,
H,-C(30)), 1.57-1.11 (m, 15 H, H,-C(6), H,-C(11), H,-C(7), H,-C(2), H,-C(22), H,-C(21}, H,-C(16), H,-C(1),
H.C(9), H-C(18), H,-C(15)), 1. 1120.91 (m, 2H, H, ‘c(15), H, -C(12)),0.89 (s, 3, H -C(27)), 0.87-0.82 (i, 7 H.,
H,-C(23), H-C(1), H,-C(26)), 0.76 (s, 3H, H, “c(35)), 0.65 (s, 3H, H,-C(24)), 0.63-0.57 (m, 1H, H-C(5)). 1°C
NMR (126 MHz, MeODd4) §177.50 (d, 3] = 8.8 Hz, (C28)), 152.07 (C20), 110.11 (C29), 79.69 (C3), 61,13 (d, ']
=159.5 Hz, (C28")), 57.95 (C17), 56.90 (C5), 52.05 (C9), 50.81 (C18), 48.32 (C19), 43.52 (C14), 41.95 (C8), 40.11
(C4),39.96 (C1), 39.42 (C13), 38.33 (C10), 37.83 (C21), 35.55 (C7), 32.99 (C16), 31.67 (C22), 30.95 (C15), 28.61
(C23), 28.05 (C2), 26.90 (C12), 22.08 (C11), 19.57 (C30), 19.45 (C6), 16.74 (C25), 16.62 (C26), 16.11 (C24),
15.11 (c27? *'P NMR (121 MHz, MeOD, ) § 11.47. HRMS: [C; H,,OP-H'] 549.3350; found 549.3351 (0.2
ppm). [a]y = —0.07 [a]X, = —0.08; [ [« ]4‘;, 20.10; o], =010 [af2), = —0.11 (c=1.00, MeOH).

Sodium (3B-hydroxy-(17R)-17-28-norurs-12(13)-en)-2-oxoethyl-phosphonate 8b

'H NMR (500 MHz, MeOD ) § 5.27 (d, *J = 3.9 Hz, 1H, H-C(13)), 4.06 (dd, >/ = 10.3, 5.1 Hz, 1H, H,-C(28)),
4.02(dd, =10.3, 5.1 Hz, 11, H -C(28")),3.15 (dd, ¥ = 114, 4.6 Hz, 1H, H, H-C(3)), 231 (d, ] = 11.3 Hz, 1H,
H-C(18)), 2.04 (td, ] = 133Hz,g] 4.3 Hz, 1H, H-C(16)), 1.96-1.85 (m, 3H, H,-C(11), H,-C(15)), 1.84-1.73
(m, 2H, H,-C(16), H,-C(21)), 1.73-1.61 (m, 3H, H -C(2), H,-C(21), H, _C(1)), 1.61-1.46'(m, 5 H, H,-C(6),
H,-C(2), H,-C(22), H,-C(7), H-C(9)), 1.45- 1.26 (m, 4 H, H,, &(6), H, -C(22), H,-C(7), H-C(19)), 1.11 (s, 3H,
H -C(27)), 1.07 (d, J = 13.4 Hz, 1H, H,-C(15)), 1.04-0.98 (m, 2H, H-C(20), H, (1)), 097 (s, 3H, H,-C(23)),
0.96 (d, 3] = 6.3 Hz, 3H, H,-C(30)), 0.95 (s, 3H, H,-C(25)),0.89 (d, 3] = 6.4 Hz, 3H, H,-C(25)),0.79 (s.3H, H,-
C(24)), 0.78 (s, 3H, H, C(26)) 0.74 (d, 3] = 114Hz, 1H, H-C(5)). 3C NMR (126 MHz, MeOD,,) § 179.47 (d
3 = 9.2 Hz, C(28)), 139.44 (C13), 127.13 (C12), 79.72 (C3), 61.63 (d, ] = 158.8 Hz, C(28")), 56.75 (C5), 54.19
(C18), 49.49 (C17), 49.03 (C9), 43.12 (C14), 40.83 (C8), 40.39 (C19), 40.21 (C20), 40.01 (C1), 39.84 (C4), 38.09
(C10), 37.51 (C21), 34.20 (C7), 31.77 (C22), 29.29 (C15), 28.76 (C23), 27.90 (C2), 25.09 (C16), 24.36 (C11),
24.18 (C27), 21.59 (C30), 19.47 (C6), 17.70 (C24), 17.62 (C29), 16.37 (C26), 16.03 (C25). >'P NMR (121 MHz,
MeOD ) §12.17. HRMS: [C, H, O P-H] 549.3350; found 549.3349 (0.2 ppm). [a 15 = 40.33; [a], = +0.40
o= 075 [0, = 10.38; Tal2 = +1.12 (c=1.00, MeOH).

Sodium (3B-hydroxy-(17R)-17-28-norolean-12(13)-en)-2-oxoethyl-phosphonate 8c
'H NMR (500 MHz, MeOD ) § 5.25 (t, ¥ = 3.6 Hz, 1H, H-C(13)), 4.16 (dd, ¥/ = 13.2, 8.8 Hz, 1H, H,-C(28)),
3.96 (dd, = 13.3,8.6 Hz, lH H,-C(28")), 3.14 (dd, 3J = 11.4, 4.5 Hz, 1H, C(3)), 2.88 (dd, ¥J = 14.2, 4.4 Hz, 1H,
H-C(18)), 1.99 (dt, J = 138Hz,13] 7,7 Hz, 1H, H -C(16)), 1.96-1.79 (m, 3H, H,-C(16), H-C(11)), 1.79- 127
(m, 13H, H,-C(6), H,-C(2), H-C(15), H,-C(22), H,-C(7), H,-C(21), H-C(1), H -C(19), H-C(9)), 1.19 (d, &
= 14.9 Hz, IH, H,-C(21)), 1.15 (s, 3H, H, ~C(27)), 1.13-1.00 (i, 2H, H,°C(19), H,-C(15)), 1.00-0.95 (m,4H
H,-C(23), H, -C(1)), 0.94 (s, 6 H, H,C(29), H,-C(25)), 0.90 (s, 3H, H -C(30)), 0.78 (s, 6 H, H,-C(26), H,-
(24)), 0.770.72 (m, 1H, H-C(5)). B3¢ NMR (126 MHz, MeOD,,) & 180.03 (d, °J = 8.9 Hz, C(C28)), 145.27
(C12), 123.59 (C13), 79.77 (C3), 62.76 (d, '] = 154.7 Hz, (C28)). 56.80 (C5), 49.17 (C9), 48.11 (C17), 47.34
(C19), 42.85 (C18), 40.60 (C14), 39.88 (C8), 39.85 (C1), 38.17 (C4), 38.17 (C10), 34.99 (C21), 33.94 (C7),
33.64 (C30), 33.17 (C22), 31.58 (C20), 29.11 (C15), 28.74 (C23), 27.88 (C2), 26.41 (C27), 24.53 (C11), 24.16
(C29), 23.80 (C16) 19.50 (C6), 17.67 (C26), 1630 (C24), 15.91 (C25). *'P NMR (121 MHz, MeODﬁM) 8 11.59.
HRMS: [C;,H, O P-H'] 549.3350; found 549.3348 (0.4 ppm). [a 5 = +0.31; [a]ihs = +0.43; [ [a]hy = +0.76
5 [alis = o (a2 = +1.21 (c=1.00, MeOH).

Synthesis of a mixture of products 9, 10 and 11
To solution of betulin (1a) (500 mg, 1.131 mmol, 1 eq.) in anhydrous THF (5mL) freshly prepared 1 M LDA
solution in THF (2.37 mL, 2.37 mmol, 2.1 eq.) is added dropwise at -78 °C. The resulting reaction mixture is
warmed up to 0 °C and stirred at ambient temperature for 40 min. Then the solution of previously prepared
(dimethoxyphosphoryl)methyl trifluoromethanesulfonate (712 mg, 2.49 mmol, 2.2 eq.) in anhydrous THF (3
mL) is added dropwise to the suspension of lithium alkoxide at 0 °C. The obtained reaction mixture is warmed up
to room temperature and stirred for 3 h. Then the reaction mixture is quenched by MeOH (2 mL ), evaporated to
dryness, redissolved in EtOAc (50 mL) and subsequently washed with H,O (30 mL) and brine (2 x 30 mL). The
combined organic layer is dried over anhydrous Na,SO,. After filtration, the filtrate is concentrated in vacuo and
purified by silica column chromatography (Hexanes-EtOAc 4:1-1:9) to yield bis-ether 9 as a white amorphous
solid (29%, 226 mg). Rf=0.31 (100% EtOAc). Side product 11 was isolated with preparative HPLC on C18
reverse phase column by gradient A/B (60/40) > A/B 0/100)*. However, the presence of monoester 10 was
detected by HPLC and NMR, yet the product 10 was not isolated in pure form.

* A: 95 parts of 0.1% aqueous solution of trifluoroacetic acid and 5 parts of acetonitrile;

B: acetonitrile.

(3 5)-3,28-di((dimethoxyphosphoryl)methyloxy)-lup-20(29)ene 9
H NMR (500 MHz, CDCl ) 8 4.67 (s, 1H, H -C(29)), 4.57 (s, 1H, H -C(29)), 3.99 (dd, ¥ = 13.6 Hz, 3] = 8.7
Hz, 1H, H,-C(28")), 3.87- 376 (m, 14 H, H, -£i3), (H,-C0O),), 3.70 (d 2] = 8.7 Hz, 1H, H_-C(28)), 3.68 (dd,
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] =13.6 Hz, *] = 9.7 Hz, 1H, H,-C(28"), 3.24 (d, %] = 8.7 Hz, 1H, H,-C(28)), 2.83 (dd, *] = 11.8, 4.3 Hz, 1H,
H-C(3)), 2.38 (td, 3] = 10.8, 55Hz, 1H, H-C(19)), 2.01-1.86 (m, 3H, H -C(16), H,-C(21), H,-C(22)), 1.78-1.68
(m, 3H, H,-C(1), H-C(15), H-C(2)), 1.67 (s, 3H, H,-C(30)), 1.65- 1.57 (m, 2H, H -C(12), H-C(13)), 1.56-1.43
(m, 3H, H -C(6), H -C(2), H-C(18)), 1.43-1.33 (m,5H H,-C(11), H,-C(6), H, -clie), H,-C(7)), 1.28-1.13 (m,
3H, H, -c(11), H, C(22) H-C(9)), 1.08-0.99 (m, 6 H, H, ‘ce), H, C(12) H -C(15), H -C(21)), 0.98 (s, 3H,
H, C(23 ),0.95 (s, 3H, H,-C(27)), 0.85-0.78 (m, 4 H, H, C(25)) 076 (s,3H,H C(26)) 067 (d,*J=9.5Hz, 1H,
H- C(S)) 13C NMR (126 MHZ, CDCl,) § 150.61 (C20), 109.82 (C29), 90.08 (d, 3] = 12.2 Hz, (C3)), 72.41 (d, 3] =
9.5 Hz (C28)), 65.40 (d, 1}—1645Hz, (C3), 63.18 (d, IJ = 166.5 Hz, (C28’)), 55.81 (C5), 53.29 (d, 3 = 6.6 Hz,
(Me0)) 53.14 (d, ¥ = 6.8 Hz, (MeO)), 53.12 (d, ¥J = 6.5 Hz, (MeO)), 53.09 (d, ] = 6.9 Hz, (MeO)), 50.46 (C9),
48.98 (C18), 48.03 (C19), 47.56 (C17), 42.81 (C14), 41.06 (C8), 39.10 (C4), 38.52 (C1), 37.66 (C13), 37.26 (C10),
34.65 (C21), 34.31 (C7), 29.96 (C22), 29.86 (C16), 28.15 (C23), 27.20 (C15), 25.30 (C12), 22.35 (C2), 20.97
(C11), 19.25 (C30), 18.27 (C6), 16.25 (C24), 16.20 (C25), 16.10 (C26), 14.89 (C27). 31P NMR (121 MHz, CDCL,)
§23. 96 23.73. HRMS: |C, H,,O,P, + H*] 687.4149; found 687.4141 (1.1 ppm). [ = +0.21; [a]23; = +0.26

367 764
s [alis = +0.47; [ahér $0.57 1), = +0.74 (c=1.00, MeOH).

(((3 S)-3-((dimethoxyphosphoryl)methyloxy)-28-lup-20(29)enyloxy)(methoxy)phosphoryl)
methyl trifluoromethanesulfonate 11

'H NMR (500 MHz, CDCI,) & 4.68 (s, 1H, H,-C(29)), 4.59 (s, 1H, H,-C(29)), 4.27 (dd, ) = 9.3 Hz, 3] = 5.2 Hz,
1H, H_-C(28)), 4.00 (dd, 2]_ 13.7 Hz, 3] = 88Hz, 1H, H-C(3)), 388 3.78 (m, 9H, (H,-COP),, H,-C(28’), H, -
C(28)) 3.70 (dd, ¥J = 13.7 Hz, 3] = 9.7 Hz, 1H, H-C(3)), 3.47 (m, 3H, OMe), 2.83 (dd 31=11.8, 4.3 Hz, 1H
H-C(3)), 2.38 (ddd, °] = 10.6, 10.1, 5.6 Hz, 1H, H-C(19)), 2.01-1.86 (m, 3H, H-C(16), H -C(21), H -C(22)),
1.80-1.69 (m, 3H, H,-C(2), H -C(15), H,-C(1)), 1.66 (s, 3H, H,-C(30)), 1.66-1.57 (m, 3H, H,-C(12), H-C(13),
H-C(18)), 1.57-1.32 (m, 7 H, H,-C(6), H-C(11), H -C(2), H,-C(22), H-C(7)), 1.32-1.13 (m, 3H, H,-C(11),
H,-C(16)), 1.13-1.03 (m, 3H, H -C(12), H -C(15), H -C(22)), 102 (s, 3H, H,-C(26)), 0.98 (s, 3H, H,-C(23)),
096 (s, 3H, H,-C(27)), 0.82 (s, 3H H, C(25)) 0.82— 075 (m, 1H, H,-C(1)), 0.75 (s, 3H, H,-C(24)), 0.67 (4,31
=9.6 Hz, 1H, H C(5)). *C NMR (126 MHz, CDCl,) § 150.13 (czo), 110.09 (C29), 90.11 (d 3] =12.4 Hz, (H-
C(3)), 66.33 (d, }J = 166.44, H-C(3")), 65.34 (d,%] = 76Hz, C(28)), 63.10 (d, '] = 167.3 Hz, H-C(28’)), 61.56 (d,
%] = 13.1 Hz, MeO-P(H,C(28))), 55.81 (C5), 53.40 (d, ?J = 6.5 Hz, (MeO)), 53.37 (d, ?J = 6.6 Hz, (MeO)), 50.44
(C9), 48.76 (C18), 47.82 (C19), 47.37 (d, 3] = 6.6 Hz, (C17)), 42.84 (C14), 41.04 (C8), 39.10 (C4), 38.52 (C1),
37.75 (C13), 37.26 (C10), 34.27 (C21), 34.20 (C7), 29.59 (C22), 29.30 (C16), 28.13 (C23), 26.95 (C15), 25.30
(C12), 22.33 (C2), 20.94 (C11), 19.24 (C30), 18.25 (C6), 16.23 (C24), 16.19 (C25), 16.08 (C26), 14.87 (C27).>'P
NMR (121 MHz, CDCL,) § 24.02, 22.69. Rf=0.43 (100% EtOAc).

Sodium (lup-20(29)-en-(3 S)-3,28-diylbis(oxymethylene))bis(phosphonate) 12,
demethylation process 9 — 12
To a solution of compound 9 (275 mg, 0.4 mmol, 1 eq.) in anhydrous DCM (5 mL) TMSI (342 pL 2.4 mmol,
6 eq.) is added dropwise at -40 °C and the resulting reaction mixture is stirred at -40 °C for 5 h. Then MeOH (2
mL) is added dropwise at -40 °C. The obtained reaction mixture is stirred for additional 30 min and solution
of NaHCO, (202 mg, 2.4 mmol, 6 eq.) in H,O (6 mL) is added dropwise at -40 °C, and the resulting mixture is
warmed up to room temperature. The resulting reaction mixture is warmed up to room temperature and the
organic solvents are evaporated in vacuo. The obtained aqueous suspension is centrifuged and the supernatant
is removed and discarded. The precipitate is re-suspended in deionized water (1 mL) and the centrifugation —
supernatant removal procedure is repeated additional two times (in total: washing with water 3 x ImL). The
obtained precipitate is then dried in vacuo to yield product 12 as a yellowish amorphous solid (78%, 225 mg).
'H NMR (500 MHz, MeOD) § 4.69 (s, 1H, H,-C(29)), 4.57 (s, 1H, H,-C(29)), 3.85 (dd, %] = 13.3, 9.1 Hz,
1H, H,-C(28), 3.74-3.68 (m, 3H, H,-C(28), H, -&(3), 3.55 (dd, ] = 13.3, 10.2 Hz, 1H, H,-C(28)), 3.32(d, 7
=11. 4HZ, 1H, H,-C(28)), 2.89 (dd, 3]— 11.7, 43 Hz, 1H, H-C(3)), 2.46 (td, 3] = 11.0, 59 Hz, 1H, H- C(19))
2.08-1.98 (m, 3H, H H, -C(16), H, C(21),H -C(22)),1.90-1.70 (m, 5 H, H, -C(15), H - C(1), H-C(13), H, -C(12),
H,-C(2)), 1.69 (s, 3H, HS—C(SO)), 1.62-1.39 (m, 7 H, H,-C(6), H,-C(11), Hb—C(z), H-C(18), H,-C(7)), 139-1.10
(m, 4 H, H,-C(11), H,-C(22), H,-C(16), H-C(9)), 1.09 (s, 3H, H,-C(26)), 1.09-1.03 (m, 1H, H,-C(12)), 1.03 (s,
3H, H, C(23)) 1.02- 0 95 (m, 5 H H,-C(27), H,-C(21), Hy C(IS)) 0.95-0.89 (m, 1H, Hy C(l)) 0.88 (s, 3H,
H, C(25)) 0.80 (s, 3H, H,-C(24)), 0. 74 (4,3 = 9 6 Hz, lH H-C(5)). 13C NMR (126 MHZ, MeOD) § 150.51
(czo) 108.83 (C10), 89. 45 (d,*] = 12.1 Hz, C(3)), 71.56 (d, *J = 10.6 Hz, (C28)), 66.93 (d, }J = 162.8 Hz, (C3)),
64.67 (d, 1] = 164.8 Hz, C(28)), 55.77 (C5), 50.41 (C9), 48.79 (C18), 48.01 (C19), 42.40 (C14), 40.77 (C8), 38.69
(C1), 38.33 (C4), 37.51 (C13), 36.90 (C10), 34.30 (C21), 34.05 (C7), 29.58 (C22), 29.49 (C16), 27.19 (C23), 26.97
(C15), 25.20 (C12), 21.92 (C2), 20.60 (C11), 17.98 (C30), 17.89 (C6), 15.34 (CZS), 15.32 (C24), 15 22 (C26),
13.85 (C27). *'P NMR (121 MHz, MeOD) § 19.72, 19.07. [} = +0.11; [affl; = +0.17 [[al}y = +0.33;
[a]30s = +0.37; [a30s = +0.46 (c=1.00, MeOH).

Cytotoxicity evaluation

Cytotoxicity of betulinic acid, ursolic acid and oleanolic acid derivatives was evaluated using human-derived
osteosarcoma cell line MG63 (ATCC, CRL-1427) and mouse-derived preosteoblast cell line MC3T3-E1 (ATCC
CRL-2593). Before conducting the experiments, both cell lines were continuously cultured according to the
ATCC product sheet instructions. Briefly, both cell lines were expanded in a-MEM medium supplemented with
10% FBS and 1% pen-strep and maintained at 37 °C in a humidified atmosphere with 5% CO,.

Each cell line was plated at a concentration of 1x 10 cells/well in 96-well plate. The plates were incubated
for 24 h to allow cell attachment and growth. Bioactive substances were solubilized in methanol prior further
dilution in cell culture media. Following the cell incubation period, the culture media was removed and the
dilutions of active substance (10, 25 and 50 uM) in cell culture media were added. The culture medium only
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and its dilutions with methanol solution respective to the bioactive substance concentrations were used as the
controls. The final concentration of methanol did not exceed 1%. Cells were treated with bioactive substance
solutions for 24 h. After 24 h incubation, relative cell metabolic activity was assessed using CellTiter-Blue  (CTB)
analysis (Promega, JAV). Absorbance was measured at 590 nm using microplate reader (Infinite’ 200 PRO, Tecan,
USA). The relative cell metabolic activity was calculated for each bioactive substance concentration as well as
for the controls. All results were presented as the mean + standard deviation of at least 5 replicates. Statistically
significant differences between sample groups are assessed using a one-way ANOVA test and then corrected
using the Sidak multiple comparison test. Statistically significant differences were considered to be those with
a P-values less than 0.05 (p<0.05). Numerical values of the cell relative metabolic activity are summarized in
Table 4 and the corresponding graphical representation can be found in supporting information (Figures S1-S4).

Data availability
All data generated or analysed during this study are included in this published article (and its Supplementary
Information files).
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IZGUDROJUMA APRAKSTS

[001] Izgudrojums attiecas uz organiskas kimijas tehnologijas nozari, konkréti, uz adeni

Skistosu fosfonata grupu saistitu triterpenoidu un to iegtiSanas panémienu.

Zinamais tehnikas Iimenis

[002] Pentacikliskie triterpenoidi (PTs) ir zinama savienojumu Klase, kas daba sastopama
vairak neka 200 dazados augos sekundaro metabolitu veida. Tadi PTs ka betulins, betulinskabe,
oleanolskabe un ursolskabe ir pladi izmantoti riipnieciba, pateicoties to plasa spektra augstai
biologiskajai aktivitatei [1]. Tomér $o savienojumu un to pussintétisko atvasinagjumu
mediciniskais lietojums ir apgritinats zemas tdens $kidibas del [2]. Viens no iesp&jamajiem
veidiem, ka uzlabot savienojuma $kidibu @ideni, ir ievadit savienojumos hidrofilos centrus ka,
pieméram, tadas anjonas grupas ka karboksilatgrupas (RCOQO"), sulfatgrupas (ROSO3’) un
fosfatgrupas (ROPO3%).

[003] Zinamas metodes PTs karboksilatu iegliSanai paredz apstradat PTs karbonskabes ar
sarmu, sarmzemju metalu vai ceturtjiem amonija hidroksidiem spirta [3]. Iesp&jams ieglt
karboksilatus, kas satur tadus katjonus ka Na*, K*, Mg?*, Ca?*, NR4*. Tomér karboksilatu
atvasinajumu $kidibas pétTjumi neuzradija apmierinoSus rezultatus, ka ari pie savienojumu
koncentracijas, kas parsniedz 2 mg/g tie veido koloidus ar $kidinataju, tadgjadi buatiski
apgrutinot Skidibas noteikSanu.

[004] Viens no zinamiem PTs sulfaté$anas panémieniem balstas uz PTs mijiedarbibu ar SOs-
amtna kompleksu, kuru ieglist no s€rskabes un etikskabes anhidrida polara $kidinataja (Py,
DMF, DMA) [4]. Citas alternativas sulfatéSanas metodes pamata ir sulfaminskabes
dononakceptora kompleksa izveide ar tadiem akceptEjoSiem aktivatoriem ka 1,4-dioksans,
urinviela, DMF, morfolins, piperidins un piridins [5]. PTs difosfatus iegtist PTs dioliem reaggjot
ar fosforilhloridu absolutiz&taja piridina, kam seko hidrolize neitralaja vidé 1,4-dioksana/tidens
maisijuma [6]. Gan PTs sulfatu, gan PTs fosfatu butisks izmantosanas ierobeZojums medicina
ir to salidzino$i zema hidrolitiska stabilitate.

[005] Ir zinami PTs fosfonatu (R'OP(OR?) pieméri, kur fosfonata grupu ievada caur estersaiti
[7], amidsaiti [8] vai C-C saiti [9], tatu to parvérSana par anjono fosfonskabi vai fosfonskabes

saliem nav aprakstita pieejamos informacijas avotos.
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Izgudrojuma meérkis un bitiba

[006] lzgudrojuma mérkis ir izstradat jaunu panémienu tideni kistosu triterpenoidu fosfonatu
atvasindjumu iegiiSanai.
[007] Izgudrojuma mérkis ir sasniegts $adi: tika atklats, ka triterpenoidu karbonskabes:

betulonkabes, oleanonskabe un ursonskabe ar formulam (1a), (1b) un (1c):

Betulonksdbe {1a) Oleanonskibe (1h) Ursankabe (g}

absolutizéta tetrahidrofurana (THF) ka $kidinataja 0 °C temperatiira izcili reagé ar reakcijas
vidé esoSu alkilgjosu reagentu: (dimetoksifosforil)metiltriflorometansulfonatu (2), lietojot
tBuOK ka papildu piedevu, veidojot caur estera saiti saistitus modific€tus triterpenoidu

fosfonatu konjugatus ar formulam (3a), (3b) un (3c):

[008] Estera saites veidoSanas reakciju atspogulo 1. shéma:

1. shéma
i i o 1BuOK - - ]
% ome .
o oH HO,.__:F;O — . o. P Me
I Me  THF,, N
[1a-a) U (2) 0 (3a-z) -

[009] Talak, ar noluku uzlabot atvasinajuma hidrofilas ipasibas, no atvasinajumiem (3a) lidz
(3c) reducgjosos apstaklos saskana ar informacijas avota [10] aprakstito metodi ieglist spirta

funkcionalo grupu saturosus atvasinajumus (4a), (4b) un (4¢):
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[010] Reducesanas reakcijas atspogulo 2. shéma:

2. shéma
Triterpenoids o g MaBH, Triterpencids o E
= TN =TI
o [ 4RYe weow HO e
(3a-z) = o' (4a-2) .

[011] TIegatie produkti ar formulu (3a) lidz (3¢) un (4a) lidz (4c) un to iegliSanas reakciju

iznakumi ir apkopoti 1. tabula.

1. tabula
Triterpenoidu esteri (3a-c) un (4a-c)
[znakums, Iznakums,
(%e) (%e)
78 =99
61 96
71 92

[012] Pedgja stadija izgudrojuma mérka sasniegSanai paredz veikt hidrolizes reakcijas
metilgrupu nonemsanu atvasindgjumiem (3a) lidz (3¢) un (4a) lidz (4c), veidojot fosfonatu

konjugatus ar formulam (5a) Iidz (5¢) un (6a) lidz (6¢):
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[013] Demetilésanas reakcijas atspogulo 3. shéma:

3. shéma
1, TMSI
o DCM a
% T4RME 2 MeoH g
{la-c; ¥=0) U MaHCO5HL0 {5a-c; ¥=0) ©
(4a-cc X=0H) o'c (Ba-c: X=0H)

[014] Iegatie produkti ar formulam (5a) lidz (5¢) un (6a) lidz (6C) un to iegisanas reakciju

iznakumi ir apkopoti 2. tabula.

2. tabula
Triterpenoidu fosfonati (3a-c) un (6a-c)
Iznakums, Izndkums.
Produkts, (Nr.) % Produkts, (Nr.) %
) )
97 91
90 78
51 93

[015] Izgudrojuma mérka sasniegSanas pieradijumam tika parbaudita estera saites saturoSu
triterpenoidu fosfonatu (5a) lidz (5¢) un (6a) lidz (6¢) $kidiba Gdens vide. legutie rezultati
apkopoti 3. tabula. Analizgjot datus tika secinats, ka visi iegitie triterpenoidi ir fident $kistosi
un izvirzitais izgudrojuma meérkis ir sasniegts. Visaugstako $kidibu H20 uzradija ursonksabes
atvasinajums (5¢): 26,2 mg/ml, kamér, péc literatiiras datiem, dabigas ursolskabes (1c) skidiba

tdent ir vien tikai 0,12 pg/l [11].
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3. tabula
Triterpenoidu fosfonatm skidiba
Produlkis,
(Nr) Sa 5b 3¢ 6a 6b 6c
Skidiva 1 ml 11,0 mg 7.8 mg 262 mg 2.6mg 6,7 mg 6.9 mg
H20 (pH=8)

lzgudrojuma istenoSanas piemeri

[016] Vispariga metode I: iepriekS izkarséta kolba, kas aprikota ar magnétisko maisitaju,
iesver triterpenoidu karbonskabi (la-c) (1 ekviv.), to zem inertas gazes (N2 vai Ar) vides
iz8kidina THFaps, (10 ml). Atdzesétam lidz -5 1idz -7 °C $kidumam pievieno tBuOK (1,5 ekviv.),
maisa 30 miniites -5 °C temperatiira un 1 stundu istabas temperatiira. Atkartoti atdzesg reakcijas
maistjumu lidz -5 1idz -7 °C un 1&ni pilinot pievieno ieprieks sagatavotu triflata (2) (2 ekviv.)
§kidumu THFaps. (5 ml), reakcijas maisijumam lauj silt lidz istabas temperattrai un turpina
maisiSanu 12 stundas. P&éc tam reakcijas maisTjumu iekoncentré pazeminata spiediena uz
rotacijas ietvaicétaja, pievieno EtOAc (70 ml) un secigi mazga ar piesatinatu NaCl tdens
Skidumu (3x10 ml), organisko fazi zave virs beziidens Na>SOs, filtré un ietvaic€ ar rotacijas
ietvaicétaja palidzibu. Atlikumu attira hromatografiski uz silikagela (Hex/EtOAc (10%—50%
EtOAC)).

[017] Vispariga metode II: iepriekS izkarséta kolba, kas aprikota ar magnétisko maisitaju,
iesver triterpenoidu ketonu (3a-c) (1 ekviv.), to MeOH (10 ml). Atdzesétam lidz 0 °C skidumam
pakapeniski pa porcijam pievieno NaBHs (4 ekviv.), maisa 5 stundas 0 °C temperattira. Péc tam
reakcijas maisijumam pievieno piesatinatu NHsCl tdens $kidumu (5 ml) un iekoncentré
pazeminata spiediena uz rotacijas ietvaicétaja, pievieno EtOAc (70 ml) un secigi mazga ar
piesatinatu NaCl aidens $kidumu (3x10 ml), organisko fazi zave virs beztidens Na2SOa, filtre
un ietvaicg ar rotacijas ietvaicetaja palidzibu.

[018] Vispariga metode III: iepriek$ izkarséta kolba, kas aprikota ar magnétisko maisitaju,
iesver triterpenoidu fosfonata metilesteri (3a-c vai 4a-c) (1 ekviv.), to zem inertas gazes (N2 vai
Ar) vides iz8kidina DCMaps. (10 ml). Atdzesétam Iidz -40 °C skidumam l&ni pa pilienam
pievieno TMSI (3 ekviv.), maisa 5 stundas -40 °C temperatira. Tad pie atdzeséta reakcijas
maisTjuma l&éni piepilina MeOH (5 ml), maisa reakcijas $kidumu 30 minates. Tad reakcijas
maisijumam pievieno izSkidinatu NaHCO3 (3 ekviv.) skidumu H>O (5-10 ml) reakcijas

maisTjuma, maisa reakcijas Skidumu vél 30 mintites un iekoncentré pazeminata spiediena uz
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rotacijas ietvaicétaja. Cieto atlikumu no suspensijas atdala centrifuggjot, cieto atlikumu mazga
ar H20 (3x2 ml) un zave vakuuma.

[019] 1. piemérs: savienojuma (3a) iegliSana:

Sintez&ts pec visparigas metodes I: betulonskabe (1a) (1 g, 2,199 mmol, 1 ekviv.), triflats (2)
(0,897 g, 3,298 mmol, 1,5 ekviv.), tBUuOK (0,537 g, 4,398 mmol, 2 ekviv.), THF (30 ml).
Reakcijas laiks 2 stundas, 0 °C un 12 stundas istabas temperatiira. Iznakums: 992 mg, 78 %.
Balta amorfa viela. *H KMR (500 MHz, CDCl3) § 4,73 (s, 1H,), 4,60 (s, 1H), 4,48 (dd, 2J=14,86,
3)=8,3 Hz, 1H), 4,39 (dd, 2J=14,6, %J=8,2 Hz, 1H), 3,81 (d, %J=10,9, 6H), 2,98 (td, 2J=11,1, 4,8
Hz, 1H), 2,48 (ddd, 2J=15,5 Hz, 2J=9,8, 7,5 Hz, 1H), 2,39 (ddd, 2J=15,5 Hz, %J=7,6, 4,4 Hz,
1H), 2,31-2,19 (m, 2H), 1,96-1,82 (m, 3H), 1,76-1,69 (m, 1H), 1,68 (s, 3H), 1,62 (t, 3J=11,4
Hz, 1H), 1,54-1,34 (m, 12H), 1,34-1,14 (m, 4H), 1,06 (s, 3H), 1,01 (s, 3H), 0,97 (s, 3H), 0.96
(s, 3H), 0,92 (s, 3H), 0,89-0,82 (m, 1H). ¥C KMR (126 MHz, CDCls) & 218,25, 174,91 (d,
%)=6,4 Hz) , 150,34, 109,96, 56,90, 55,18 (d, 1J=16,4 Hz), 55,10, 53,20 (d, 2J=6,2 Hz), 53,18
(d, 2J=6,2 Hz), 50,04, 49,49, 47,46, 46,90, 42,61, 40,77, 39,77, 38,44, 37,04, 37,00, 34,26,
33,75, 32,03, 30,53, 29,65, 26,74, 25,65, 21,54, 21,15, 19,76, 19,47, 16,10, 15,85, 14,74. 1P
KMR (121 MHz, CDCls) & 21,87. AIMS: [Ca3H5306P+H*] 577,3653; atrasts 577,3626 (4,7
ppm).

[020] 2. piemérs: savienojuma (3b) iegiiSana:

Sintez&ts pec visparigas metodes I: oleanonskabe (1b) (0,780 g, 1,715 mmol, 1 ekviv.), triflats
(2) (0,934 g, 3,431 mmol, 1,5 ekviv.), tBuOK (0,290 g, 2,573 mmol, 2 ekviv.), THF (25 ml).
Reakcijas laiks 2 stundas, 0 °C un 12 stundas istabas temperattira. Iznakums: 607 mg, 61 %.
Balta amorfa viela. *H KMR (500 MHz, CDCls) § 5.33 (t, %J=3,6 Hz, 1H), 4,42 (dd, 2J=14,6
Hz, %J=8,6 Hz, 1H), 4,32 (dd, 2J=14,6 Hz, *J=8,3 Hz, 1H), 3,81 (d, 3J=10,8 Hz, 6H), 2,93-2,84
(m, 1H), 2,54 (ddd, 2J=15,9 Hz, %J=11,1, 7,3 Hz, 1H), 2,36 (ddd, 2J=15,9 Hz, 3J=6,8, 3,5 Hz,
1H), 2,06-1,83 (m, 4H), 1,76-1,61 (m, 5H), 1,52-1,17 (m, 10H), 1,15 (s, 3H), 1,15-1,09 (m,
1H), 1,08 (s, 3H), 1,04 (s, 6H), 0,92 (d, J=9,4 Hz, 6H), 0,78 (s, 3H). 3C KMR (126 MHz,
CDCls) § 217,91, 176,77 (d, 3J=7,8 Hz), 143,54, 122,65, 55,81 (d, 1J=168,8 Hz), 55,14, 53,24
(d, 2J=6,1 Hz), 53,24 (d, 2J=6,1 Hz), 47,59, 47,24, 46,97, 45,89, 41,95, 41,54, 39,39, 39,28,
36,88, 34,30, 33,90, 33,15, 32,36, 32,32, 30,80, 27,74, 26,55, 25,86, 23,65, 23,64, 23,18, 21,62,
19,72, 16,94, 15,17. 3'P KMR (121 MHz, CDCls) § 21,74. AIMS: [C33Hs306P+H*] 577,3653;
atrasts 577,3623 (5,2 ppm).

[021] 3. piemérs: savienojuma (3c) iegliSana:

Sintez&ts pec visparigas metodes I: ursonskabe (1¢) (0,727 g, 1,599 mmol, 1 ekviv.), triflats (2)
(0,870 g, 3,198 mmol, 1,5 ekviv.), tBUuOK (0,270 g, 2,398 mmol, 2 ekviv.), THF (18 ml).
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Reakcijas laiks 2 stundas, 0 °C un 12 stundas istabas temperattira. Iznakums: 654 mg, 71 %.
Balta amorfa viela. *H KMR (500 MHz, CDCls) § 5,29 (d, ®J=3,8 Hz, 1H), 4,33 (d, 2J=8,5 Hz,
2H), 3,80 (d, 2J=10,8 Hz, 6H), 2,55 (ddd, 2J=16,0 Hz, 3J = 10,8, 7,5 Hz, 1H), 2,37 (ddd, 2J=16,0
Hz, 3J=6,9, 3,6 Hz, 1H), 2,25 (d, 3J=11,3 Hz, 1H), 2,04 (td, J=14,4, 6,5 Hz, 1H), 1,99-1,92 (m,
2H), 1,90 (ddd, 2J=12,0 Hz, %J=7,4, 3,6 Hz, 1H), 1,80-1,68 (m, 3H), 1,65-1,55 (m, 3H), 1,55-
1,39 (m, 5H), 1,39-1,23 (m, 4H), 1,17-1,11 (m, 1H), 1,09 (s, 3H), 1,08 (s, 3H), 1,04 (s, 6H),
1,04-0,98 (m, 1H), 0,94 (d, J=6,3 Hz, 3H), 0,86 (d, *J=6,4 Hz, 3H), 0,79 (s, 3H).°*C KMR
(126 MHz, CDCls) § 217,95, 176,62 (d, 3J=8,2 Hz), 138,02, 125,83, 55,81 (d, 1J=168,9 Hz),
55,13, 53,24 (d, 2J=6,1 Hz), 53,21 (d, 2J=6,1 Hz), 53,07, 48,64, 47,55, 46,86, 42,28, 39,60,
39,44, 39,17, 38,91, 36,79, 36,58, 34,31, 32,65, 30.,68, 28,08, 26,67, 24,32, 23,59, 23,58, 21,63,
21,24, 19,71, 17,12, 17,05, 15,37. %P KMR (121 MHz, CDCls) & 21,85. AIMS:
[C33Hs306P+H*] 577,3653; atrasts 577,3623 (5,2 ppm).

[022] 4. piemérs: savienojuma (4a) iegliSana:

Sintez&ts p&c visparigas metodes II: savienojums (3a) (0,310 g, 0,537 mmol, 1 ekviv.), NaBH4
(0,081 g, 2,150 mmol, 4 ekviv.), MeOH (8 ml). Reakcijas laiks 5 stundas, 0 °C temperatiira.
Iznakums: 312 mg, kvant. Balta amorfa viela. *H KMR (500 MHz, CDCls) & 6,02 (bs, 1H),
4,73 (s, 1H), 4,61 (s, 1H), 4,48 (dd, 2J=14,7 Hz, 3=8,3 Hz, 1H), 4,39 (dd, 2J=14,7 Hz, 3J=8,2
Hz, 1H), 3,81 (d, 3J=10,8 Hz, 6H), 3,18 (dd, ®J=11,4, 4,7 Hz, 1H), 2,98 (td, J=11,2, 4,7 Hz,
1H), 2,30-2,34 (m, 1H), 2,24-2,15 (m, 1H), 1,98-1,83 (m, 2H), 1,74-1,31 (m, 17H), 1,31-1,13
(m, 4H), 1,08-0,99 (m, 1H), 1,00-0,95 (m, 6H), 0,92 (s, 3H), 0,82 (s, 3H), 0,75 (s, 3H), 0,68
(d, J=9,4 Hz, 1H). *C KMR (126 MHz, CDCl3) § 174,97 (d, 3J=6,4 Hz), 150,46, 109,91, 79,12,
56,96, 55,50, 55,17 (d, 1J=167,4 Hz), 53,20 (d, 2J=6,1 Hz), 53,17 (d, 2J=6,1 Hz), 50,70, 49,58,
46,96, 42,58, 40,85, 39,01, 38,88, 38,39, 37,35, 37,05, 34,48, 32,12, 30,57, 29,70, 28,13, 27,55,
25,67, 21,03, 19,49, 18,44, 16,30, 16,07, 15,50, 14,85. *'P KMR (121 MHz, CDCls) & 21,88.
AIMS: [Ca3Hs506P+H™] 579,3809; atrasts 579,3782 (4,7 ppm).

[023] 5. piemérs: savienojuma (4b) iegiiSana:

Sintez&ts p&c visparigas metodes II: savienojums (3b) (0,815 g, 1,413 mmol, 1 ekviv.), NaBH4
(0,213 g, 5,652 mmol, 4 ekviv.), MeOH (20 ml). Reakcijas laiks 5 stundas, 0 °C temperattra.
Iznakums: 804 mg, 96 %. Balta amorfa viela. *H KMR (500 MHz, CDCls) § 5,30 (t, 3J=3,6 Hz,
1H), 4,41 (dd, 2J=14,6 Hz, 8,7 Hz, 1H), 4,31 (dd, 2J=14,6 Hz, ®J=8,3 Hz, 1H), 3,80 (d, 3J=10,9
Hz, 6H), 3,25-3,17 (m, 1H), 2,90-2.81 (m, 1H), 2,07-1,95 (m, 1H), 1,91-1,85 (m, 2H), 1,77-
1,16 (m, 17H), 1,13 (s, 3H), 1,09 (d, 2J=14,0 Hz, 1H), 0,98 (s, 3H), 0,98-0,92 (m, 1H), 0,92 (s,
3H), 0,90 (s, 6H), 0,78 (s, 3H), 0,72 (s, 3H). °C KMR (126 MHz, CDCl3) § 176,81 (d, 3J=7,8
Hz), 143,49, 122,89, 79,16, 55,92 (d, 1J=169,5 Hz), 55,13, 53,23 (d, 2J=6,3 Hz), 53,23 (d,
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2)=6,3 Hz), 47,73, 47,24, 45,97, 41,85, 41,48, 39,43, 38,90, 38,60, 37,18, 33,93, 33,18, 32,86,
32,38, 30,81, 28,25, 27,77, 27,34, 25,99, 23,69, 23,57, 23,21, 18,48, 17,02, 15,72, 15,48. 3P
KMR (121 MHz, CDCls) & 21,77. AIMS: [CasHssOsP+NH4"] 596,4075; atrasts 596,4042 (5,5
ppm).

[024] 6. piemérs: savienojuma (4c) iegiisana:

Sintez&ts p&c visparigas metodes II: savienojums (3¢) (0,403 g, 0,699 mmol, 1 ekviv.), NaBH4
(0,106 g, 2,795 mmol, 4 ekviv.), MeOH (8 ml). Reakcijas laiks 5 stundas, 0 °C temperatiira.
Iznakums: 382 mg, 92 %. Balta amorfa viela. *H KMR (500 MHz, CDCls) & 5,26 (bs, 1H), 4,33
(d, 2J=8,4 Hz, 2H), 3,80 (d, %J=10,8 Hz, 6H), 3,21 (dd, J=11,3, 4,6 Hz, 1H), 2,23 (d, 3J=11,3
Hz, 1H), 2,10-1,99 (m, 1H), 1,95-1,84 (m, 2H), 1,79-1,68 (m, 3H), 1,67-1,22 (m, 12H), 1,13-
1,08 (m, 1H), 1.08 (s, 3H), 1,04-0,99 (m, 1H), 0,99 (s, 3H), 0,99-0,94 (m, 1H), 0,94 (d, 3J=6,3
Hz, 3H), 0,92 (s, 3H), 0,86 (d, %J=6,6 Hz, 3H), 0,78 (s, 3H), 0,73 (s, 3H), 0,73-0,69 (m, 1H).
13C KMR (126 MHz, CDCls) & 176,66 (d, 3J=8,3 Hz), 137,93, 126,08, 79,18, 56,48, 55,81 (d,
1J=168,9 Hz), 53,25 (d, 2J=6,4 Hz), 53,25 (d, 2J=6,4 Hz), 53,03, 48,63, 47,67, 42,18, 39,65,
39,19, 38,95, 38,90, 38,77, 37,11, 36,64, 33,15, 30,72, 28,28, 28,12, 27,37, 24,37, 23,70, 23,45,
21,28, 18,46, 17,13, 17,09, 15,76, 15,62. *'P KMR (121 MHz, CDCl3) & 21,91. AIMS:
[C33Hs506P+H*] 579,3809; atrasts 579,3781 (4,8 ppm).

[025] 7. piemérs: savienojuma (5a) iegliSana:

Sintezets pec visparigas metodes II1: savienojums (3a) (0,582 g, 1,009 mmol, 1 ekviv.), TMSI
(430 pl, 3,027 mmol, 3 ekviv.), DCM (10 ml), NaHCO3 (0,254 g, 3,027 mmol, 3 ekviv.), H.O
(5 ml). Reakcijas laiks 5 stundas, 0 °C temperattira. Iznakums: 569 mg, 97 %. Balta amorfa
viela. 'H KMR (500 MHz, MeODq4) & 4,72 (s, 1H), 4,58 (s, 1H), 4,16 (dd, 2J=13,1 Hz, %J=8,7
Hz, 1H), 3,90 (dd, 2J=13,1 Hz, 3J=8,4 Hz, 1H), 3,02 (td, %J=11,2, 4,4 Hz, 1H), 2,58-2,36 (m,
4H), 2,24 (dd, 3J=11,7, 8,1 Hz, 1H), 2,00-1,86 (m, 2H), 1,76 (d, 3J=13,0 Hz, 1H), 1,69 (s, 3H),
1,63 (t, %J=11,3 Hz, 1H), 1,57-1,27 (m, 13H), 1,19 (t, 3J=11,7 Hz, 1H), 1,13-1,06 (m, 1H), 1,06
(s, 3H), 1,04-0,98 (m, 9H), 0,95 (s, 3H). 1*C KMR (126 MHz, MeODa4) § 221,02, 176,99 (d,
3)=8,4 Hz), 151,94, 110,22, 59,92 (d, 1J=162,6 Hz), 57,99, 56,11, 51,23, 50,68, 48,31, 43,61,
41,87, 40,75, 39,60, 38,06, 37,79, 35,05, 34,74, 34,74, 32,92, 31,61, 30,88, 27,17, 26,89, 22,62,
21,43, 20,76, 19,55, 16,54, 16,35, 15,03. 3P KMR (121 MHz, MeODgs) & 14,20. AIMS:
[C31H4906P-H*] 547,3194; atrasts 547,3198 (0,7 ppm).

[026] 8. piemérs: savienojuma (5b) iegliSana:

Sintez&ts p&c visparigas metodes III: savienojums (3b) (0,343 g, 0,595 mmol, 1 ekviv.), TMSI
(260 pl, 1,787 mmol, 3 ekviv.), DCM (7 ml), NaHCOs (0,151 g, 1,787 mmol, 3 ekviv.), H20 (6

ml). Reakcijas laiks 5 stundas, 0 °C temperatiira. Iznakums: 317 mg, 90 %. Balta amorfa viela.
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H KMR (500 MHz, MeODs) & 5,30 (d, 3J=3,7 Hz, 1H), 4,21-4,09 (m, 2H), 2,92 (dd, 2J=14,1
Hz,3J=4,5Hz, 1H), 2,57 (ddd, 2J=16,1 Hz, *J=10,8, 7,4 Hz, 1H), 2,37 (ddd, 2J=16,1 Hz, 3J=7,1,
3,6 Hz, 1H), 2,09-1,86 (m, 4H), 1,84-1,60 (m, 6H), 1,59-1,32 (m, 7H), 1,21 (d, 2J=13,2 Hz,
1H), 1,18 (s, 3H), 1,16-1,09 (m, 2H), 1,08 (s, 6H), 1,05 (s, 3H), 0,95 (s, 3H), 0,91 (s, 3H), 0,83
(s, 3H). 3C KMR (126 MHz, MeODa4) § 220,52, 179,04 (d, 3J=9,0 Hz), 144,96, 124,09, 123,75,
90,51, 60,43 (d, 1J=162,8 Hz), 56,64, 48,23, 48,22, 47,12, 42,97, 42,90, 40,59, 40,22, 37,90,
34,88, 33,56, 33,39, 33,31, 31,59, 28,95, 26,89, 26,31, 24,61, 24,06, 23,89, 21,90, 20,71, 17,51,
15,54. 3P KMR (121 MHz, MeODgs) & 11,53. AIMS: [CaiHa9OeP-H'] 547,3194; atrasts
547,3194 (0 ppm).

[027] 9. piemérs: savienojuma (5c) iegfiSana:

Sintez&ts pec visparigas metodes III: Sintez&ts p&c visparigas metodes III: savienojums (3c)
(0,450 g, 0,780 mmol, 1 ekviv.), TMSI (340 ul, 2,341 mmol, 3 ekviv.), DCM (5 ml), NaHCOs
(0,250 g, 2,341 mmol, 3 ekviv.), H2O (4 ml). Reakcijas laiks 5 stundas, 0 °C temperattra.
Iznakums: 237 mg, 51 %. Balta amorfa viela. 'H KMR (500 MHz, MeODgs) § 5,30 (d, 3J=3,7
Hz, 1H), 4,08 (d, 2J=13,2 Hz, 1H), 4,00 (d, 2J=13,2 Hz, 1H), 2,57 (ddd, 2J=16,0 Hz, %J=10,7,
7,4 Hz, 1H), 2,39 (ddd, 2J=16,0 Hz, 3J=7,1, 3,7 Hz, 1H), 2,32 (d, 3J=11,3 Hz, 1H), 2,10-1,90
(m, 4H), 1,90-1,81 (m, 2H), 1,72 (dt, 2J=13,8 Hz, 3J=4,0 Hz, 1H), 1,67 (dd, 3J=11,0, 5,7 Hz,
1H), 1,62-1,44 (m, 5H), 1,44-1,28 (m, 4H), 1,12 (s, 3H), 1,12-1,08 (m, 1H), 1,08 (s, 6H), 1,05
(s, 3H), 1,03-0,99 (m, 1H), 0,95 (d, 3J=6,2 Hz, 4H), 0,89 (d, 3J=6,4 Hz, 3H), 0,86 (s, 3H). 1*C
KMR (126 MHz, MeODg4) § 220,64, 179,92 (d, 3J=8,8 Hz), 139,68, 126,80, 62,93 (d, 1J=153,5
Hz), 56,50, 54,32, 49,49, 48,15, 43,30, 40,80, 40,46, 40,41, 40,23, 37,82, 37,82, 37,44, 35,14,
33,68, 31,84, 29,39, 27,07, 25,07, 24,51, 24,07, 21,92, 21,60, 20,72, 17,67, 17,63, 15,72. 3'P
KMR (121 MHz, MeODus) 8 11,53. AIMS: [C31H906P-H*] 547,3194; atrasts 547,3195 (0,2
ppm).

[028] 10. piemérs: savienojuma (6a) iegliSana:

Sintez&ts p&c visparigas metodes III: savienojums (4a) (0,280 g, 0,359 mmol, 1 ekviv.), TMSI
(150 pl, 1,078 mmol, 3 ekviv.), DCM (6 ml), NaHCOs (0,091 g, 1,078 mmol, 3 ekviv.), H20 (3
ml). Reakcijas laiks 5 stundas, 0 °C temperatiira. Iznakums: 194 mg, 91 %. Balta amorfa viela.
'H KMR (500 MHz, MeODg4) & 4,62 (s, 1H), 4,48 (s, 1H), 4,08 (dd, 2J=13,5 Hz, 3J=8,9 Hz,
1H), 3,95 (dd, 2J=13,5 Hz, 3J=8,9 Hz, 1H), 3,02 (dd, J=11,4, 4,6 Hz, 1H), 2,93 (td, 3J=11,3,
4,5 Hz, 1H), 2,32 (d, 2J=12,3 Hz, 1H), 2,27-2,19 (m, 1H), 1,99 (dd, 2J=12,1, 3J=8,1 Hz, 1H),
1,88-1,80 (m, 1H), 1,66-1,57 (m, 1H), 1,59 (s, 3H), 1,57-1,11 (m, 15H), 1,11-0,91 (m, 2H),
0,89 (s, 3H), 0,87-0,82 (m, 7H), 0,76 (s, 3H), 0,65 (s, 3H), 0,63-0,57 (m, 1H). 1*C KMR (126
MHz, MeODg2) & 177,50 (d, 2J=8,8 Hz), 152,07, 110,11, 79,69, 61,13 (d, *J=159,5 Hz), 57,95,
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56,90, 52,05, 50,81, 48,32, 43,52, 41,95, 40,11, 39,96, 39,42, 38,33, 37,83, 35,55, 32,99, 31,67,
30,95, 28,61, 28,05, 26,90, 22,08, 19,57, 19,45, 16,74, 16,62, 16,11, 15,11. *'P KMR (121 MHz,
MeODgz) & 11,47. AIMS: [Cs1Hs106P-H*] 549,3350; atrasts 549,3351 (0,2 ppm).

[029] 11. piemérs: savienojuma (6b) iegiiSana:

Sintez&ts p&c visparigas metodes III: savienojums (4b) (0,600 g, 1,037 mmol, 1 ekviv.), TMSI
(440 pl, 3,110 mmol, 3 ekviv.), DCM (10 ml), NaHCOs (0,260 g, 3.110 mmol, 3 ekviv.), H.0
(5 ml). Reakcijas laiks 5 stundas, 0 °C temperattra. Iznakums: 481 mg, 78 %. Balta amorfa
viela. 'H KMR (500 MHz, MeODus) & 5,25 (t, 3J=3,6 Hz, 1H), 4.16 (dd, 2J=13,2 Hz, 3J=8,8
Hz, 1H), 3,96 (dd, 2J=13,3 Hz, 3J=8,6 Hz, 1H), 3,14 (dd, 3J=11,4, 4,5 Hz, 1H), 2,88 (dd,
3J=14,2, 4,4 Hz, 1H), 1,99 (dt, 2J=13,8 Hz, 3J=7,7 Hz, 1H), 1,96-1,79 (m, 3H), 1,79-1,27 (m,
14H), 119 (d, 2J=14,9 Hz, 1H), 1,15 (s, 3H), 1,13-1,00 (m, 2H), 0,97 (s, 3H), 0,94 (s, 6H), 0,90
(s, 3H), 0,78 (s, 6H), 0,77-0,72 (m, 1H). **C KMR (126 MHz, MeODgs) 3 180.03 (d, 3J=8.9
Hz), 145.27, 123.59, 79.77, 62.76 (d, 1J=154.7 Hz), 56.80, 49.17, 48.11, 47.34, 42.85, 40.60,
39.88, 39.85, 38.17, 38.17, 34.99, 33.94, 33.64, 33.17, 31.58, 29.11, 28.74, 27.88, 26.41, 24.53,
24.16, 23.80, 19.50, 17.67, 16.30, 15.91. 3P KMR (121 MHz, MeODu4) & 11,59. AIMS:
[C31H5106P-H*] 549,3350; atrasts 549,3348 (0,4 ppm).

[030] 12. piemérs: savienojuma (6¢) iegisana:

Sintezets péc visparigas metodes III: savienojums (4c) (0,445 g, 0,769 mmol, 1 ekviv.), TMSI
(330 ul, 2,307 mmol, 3 ekviv.), DCM (5 ml), NaHCO3 (0,195 g, 3.110 mmol, 3 ekviv.), H20 (4
ml). Reakcijas laiks 5 stundas, 0 °C temperatiira. Iznakums: 426 mg, 93 %. Balta amorfa viela.
H KMR (500 MHz, MeODa4) & 5,27 (d, 3J=3,9 Hz, 1H), 4,03 (dt, 2J=10,3 Hz, 3J=5,1 Hz, 2H),
3,15 (dd, %J=11,4, 4,6 Hz, 1H), 2,31 (d, 3J=11,3 Hz, 1H), 2,04 (td, 2J=13,3 Hz, 3J=4,3 Hz, 1H),
1,96-1,85 (qd, 2J=12,1 Hz, 3J=4,0 Hz, 3H), 1,84-1,73 (m, 2H), 1,73-1,61 (m, 3H), 1,61-1,46
(m, 5H), 1,45-1,26 (m, 4H), 1,11 (s, 3H), 1,07 (d, 2J=13,4 Hz, 1H), 1,04-0,98 (m, 2H), 0,98
0,93 (m, 9H), 0,89 (d, 3J=6,4 Hz, 3H), 0,79 (s, 3H), 0,78 (s, 3H), 0,74 (d, 3J=11,4 Hz, 1H). 13C
KMR (126 MHz, MeODas) & 179,47 (d, %J=9,2 Hz), 139,44, 127,13, 79,72, 61,63 (d, 1J=158,8
Hz), 56,75, 54,19, 49,49, 49,03, 43,12, 40,83, 40,39, 40,21, 40,01, 39,84, 38,09, 37,51, 34,20,
31,77, 29,29, 28,76, 27,90, 25,09, 24,36, 24,18, 21,59, 19,47, 17,70, 17,62, 16,37, 16,03. 1P
KMR (121 MHz, MeODgs) & 12,17. AIMS: [C31Hs106P-H*] 549,3350; atrasts 549,3349 (0,2
ppm).
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PRETENZIJAS
1 Triterpenoidu dabas savienojumu ar visparigo formulu (3a-C) iegtsanas
panémiens, kas raksturigs ar to, ka triterpenoidu karbonskabes (la-c) un triflats (2) reage
absolutizéta THF $kiduma tBuOK klatiené un veido mérka produktus (3a-c), ko izdala ar

visparpienemtam metodém.

2. Triterpenoidu dabas savienojumi ar visparigo formulu (3a-c):
[remensras) o @
o l VﬂﬁﬁMe =
[3a-c)

kuri iegiiti ar panémienu saskana ar 1. pretenziju.

3. Triterpenoidu dabas savienojumu ar visparigo formulu (4a-Cc) iegtS$anas
panémiens, kas raksturigs ar to, ka ketona funkcionalas grupas saturo$i atvasinajumi (3a-C)
viegli paklaujas reducésanai ar NaBHs atdzeséta 1idz 0 °C MeOH $kiduma un veido atbilstosus
spirta funkcionalo grupu saturo$us produktus, kurus izdala ar visparpienemtam metodém.

4, Triterpenoidu dabas savienojumi ar visparigo formulu (4a-c):

o8
o 7 e
|4a-z) o

kuri iegfiti ar panémienu saskana ar 3. pretenziju.
5. Udens vide $kisto3u triterpenoidu dabas savienojumu ar visparigo formulu (5a-
C) un (6a-c) iegiisanas panémiens, kas raksturigs ar to, ka estera saiti saturosi savienojumi (3a-
C) un (4a-c) tiek paklauti demetiléSanas reakcijai ar TMSI atdzeséta lidz -40 °C dihlormetana
$kiduma 4 stundas, veido produktus, kurus izdala ar vienkar$am un visparpienemtam metodém.
6. Udens vide 8kistosi triterpenoidu dabas savienojumi ar visparigo formulu (5a-c)

un (6a-c):

o i
X Vé;gﬂa. =
(sac x=0p U

{Ea-o X=0H)

kuri iegfiiti ar panémienu saskana ar 5. pretenziju.



Pielikums III

Appendix IIT

C(3)-Phosphonate derivatives of pentacyclic triterpenoids

(unpublished results)



Synthesis: general information

Solvents for the reactions were dried over standard drying agents and freshly distilled prior to use. All
purchased chemicals (Fluka, Aldrich) were used as received. All reactions were followed by TLC on E.
Merck Kieselgel 60 Fass and visualized by using UV lamp. Column chromatography was performed on
silica gel (60 A, Upasil® 60 35-70um). Flash column chromatography was performed on a Biichi Sepacore
system (Biichi-Labortechnik GmbH, Essen, Germany) with a Biichi Control Unit C-620, an UV detector
Biichi UV photometer C-635, Biichi fraction collector C-660 and two Pump Modules C-605. 'H and '*C
NMR spectra were recorded on a Bruker 300 and 500 MHz, in CDCl; or [D4]MeOD at 25 °C. Chemical
shifts (3) values are reported in ppm. The residual solvent peaks are used as internal reference (CDCl3) 7.26
ppm, [D4]MeOD 3.31 ppm for 'H NMR, CDCl; 77.16 ppm, [D4]MeOD 49.00 ppm for 3C NMR), s (singlet),
d (doublet), t (triplet), q (quartet), m (multiplet); J in hertz. '"H and '*C NMR peaks were assigned by analysis
of multidimensional NMR (COSY, HSQC, HMBC). For 3'P NMR calibration, Ph;P was used as external
reference (-6.00 ppm in MeODy,) in a coaxially inserted tube. High-resolution mass spectra (ESI) were
performed on Thermo Fisher Scientific Orbitrap Exploris 120 mass spectrometer operating in Full Scan
mode at the 120000 resolutions.

General method for synthesis of triterpenic acid PMB esters

To a suspension of triterpenic acid (5.50 g, 12.0 mmol, 1.0 eq.) and K>CO; (4.97 g, 36.0 mmol, 3.0 eq.)
in DMF (50 mL) 4-methoxybenzyl bromide (2.90 g, 14.4 mmol, 1.2 eq.) was added dropwise at 0 °C. The
resulting reaction mixture was stirred for 16 h at room temperature and DMF was evaporated at reduced
pressure. Solid residue was dissolved in ethyl acetate (100 mL) and subsequently washed with water (3 x
50 mL) and brine (50 mL). Then it was dried over Na>SOs, filtered and evaporated do dryness to afford
white amorphous solid which was directly used in the next step without additional purification.

General method for synthesis of triterpenic phosphonate ethers 31a-c

To solution of triterpenic acid PMB ester (470 mg, 0.81 mmol, 1 eq.) in THF (4.5 mL) freshly prepared
solution of 0.5 M LDA (1.72 mL, 0.86 mmol, 1.05 eq) in THF was added dropwise at -78 °C and obtained
mixture was stirred for 20 min at ambient temperature. Then a solution of (dimethoxyphosphoryl)methyl
trifluoromethanesulfonate (277 mg, 1.02 mmol, 1.2 eq.) in THF (2mL) was added at -78 °C. The resulting
mixture was left to warm up to room temperature during 1 h and then stirred for additional 2 h at room
temperature. Then the reaction mixture was quenched with MeOH (1 mL) and evaporated to dryness,
redissolved in EtOAc (25 mL) and subsequently washed with H,O (15 mL) and brine (2 x 15 mL). The
combined organic layer was dried over anhydrous Na>SO4. After filtration, the filtrate was concentrated in
vacuo and purified by silica column chromatography (Hexanes-EtOAc 4:1-1:1) to yield the desired product
as a white amorphous solid.

General method for demethylation of triterpenic phosphonate ethers



To a solution of compound 32a-c (140 mg, 0.2 mmol, 1 eq.) in anhydrous DCM (2 mL) TMSI (171 pL
1.2 mmol, 6 eq.) is added dropwise at -40 °C and the resulting reaction mixture is stirred at -40 °C for 5 h.
Then MeOH (1 mL) is added dropwise at -40 °C. The obtained reaction mixture is stirred for additional
30 min at the same temperature and solution of NaHCO; (101 mg, 1.2 mmol, 6 eq.) in H>O (3 mL) is added
dropwise at -40 °C. The resulting reaction mixture is warmed up to room temperature and the organic
solvents are evaporated in vacuo. The obtained aqueous suspension is centrifuged and the supernatant is
removed and discarded. The precipitate is re-suspended in deionized water (1 mL) and the centrifugation —
supernatant removal procedure is repeated additional two times (in total: washing with water 3 x 1 mL).
The obtained precipitate is then suspended in MeCN (1 mL) and centrifuged and the supernatant is removed
and discarded. The precipitate is re-suspended in MeCN (1 mL) and the centrifugation — supernatant
removal procedure is repeated additional four times (in total: washing with MeCN 5 x 1 mL). The obtained
precipitate is then dried in vacuo to yield product as a white amorphous solid.

(395)-3-((dimethoxyphosphoryl)methyloxy)-lup-20(29)en-28-oic
acid 4-methoxybenzyl ester 31a

"HNMR (500 MHz, CDCls) § 7.32 (d, 2H, 2H-Ar, 3J = 8.6 Hz), 6.85
(d, 2H, 2H-Ar, 3J = 8.6 Hz), 5.07 (d, J = 12.0 Hz, 1H, H,-C-Ar), 5.02
(d, 2J=12.0 Hz, 1H, H,-C-Ar), 4.72 (s, 1H, H,-C(29)), 4.58 (s, 1H, Hy-
C(29)), 3.98 (dd, 2J = 13.6, 8.7 Hz, 1H, H.-C(3")), 3.81 (s, 3H, P-OMe),
3.80 (s, 3H, P-OMe), 3.79 (s, 3H, Ar-OMe), 3.67 (dd, 2/ = 13.6, 9.7 Hz,
1H, Hy-C(3”)), 3.00 (ddd, 3J = 11.4, 10.2, 4.5 Hz, 1H, H-C(19)), 2.82 (dd, *J = 11.8, 4.3 Hz, 1H, H-C(3)),
2.24 (dt, 2J = 12.2,3J = 3.1 Hz, 1H, H.-C(16)), 2.15 (td, 3J = 12.3, 3.6 Hz, 1H, H-C(13)), 1.90 — 1.82 (m,
2H, H.-C(21), Ha-C(22)), 1.78 — 1.67 (m, 2H, Ha-C(1), Ha-C(2)), 1.69 — 1.64 (m, 4H, H3-C(30), H.-C(12)),
1.56 (dd, *J = 12.3, 11.4 Hz, 1H, H-C(18)), 1.50 — 1.15 (m, 12H, H»-C(6), H»-C(11), Hp-C(12), H,-C(15),
Hp-C(16), Hp-C(21), Ho-C(7), Ho-C(22), H-C(6)), 1.07 (dt, 2J = 13.4, 3J = 3.1 Hz, 1H, Hs-C(15)), 1.00 —
0.95 (m, 4H, Hy-C(15), H3-C(23)), 0.92 (s, 3H, H3-C(27)), 0.84 — 0.80 (m, 1H, Hy-C(1)), 0.79 (s, 3H, Hs-
C(25)), 0.75 (s, 3H, H3-C(24)), 0.74 (s, 3H, H3-C(26)), 0.67 — 0.61 (m, 1H, H-C(5)). *C NMR (126 MHz,
CDCl3) 6 176.02 (C28), 159.60 (C-OMe), 150.78 (C20), 130.18 (2C-H(Ar)), 128.82 (C-O-C=0), 113.97
(2C-H(Ar)), 109.70 (C29), 90.06 (d, 3J = 12.1 Hz, C(3)), 65.59 (CH»-Ar), 63.21 (d,'J = 167.1 Hz, (C3)),
56.62 (C17), 55.87 (C5), 55.44 (OMe), 53.27 (d, >J = 6.5 Hz, MeOP), 53.13 (d, °J = 6.5 Hz, MeOP), 50.64
(C9),49.56 (C18),47.10 (C19) ,42.51 (C14),40.80 (C8), 39.10 (C4), 38.55 (C1), 38.31 (C13), 37.29 (C10),
37.07 (C21), 34.40 (C7), 32.25 (C16), 30.73 (C22), 29.66 (C15), 28.15 (C23), 25.66 (C12), 22.36 (C2),
21.04 (C11), 19.51 (C30), 18.27 (C6), 16.26 (C24), 16.23 (C25), 15.97 (C26), 14.76 (C27). 'P NMR
(121 MHz, CDCl3) 6 23.85. HRMS: [C41He3O7P + H'] 699.4384; found 699.4402 (2.6 ppm).

(395)-3-((dimethoxyphosphoryl)methyloxy)-olean-12(13)en-
28-oic acid 4-methoxybenzyl ester 31b
"H NMR (500 MHz, CDCls) & 7.27 (d, 3J = 8.6 Hz, 2H, 2H-Ar),
6.88 (d, 3J = 8.6 Hz, 2H, 2H-Ar), 5.26 (t, 3 = 3.7 Hz, 1H, H-C(12)),
5.03 (d, 2/ = 12.1 Hz, H.-C-Ar), 4.97 (d, 2J = 12.1 Hz, 1H, H,-C-Ar),
3.99 (dd, 2J=13.6 Hz, *J = 8.7 Hz, 1H, H,-C(3")), 3.82 (s, 3H, MeO-
P), 3.81 (s, 3H, MeO-Ar), 3.79 (s, 3H, MeO-P), 3.68 (dd, 2J = 13.6 Hz, 3J = 9.6 Hz, 1H, Hy-C(3")), 2.90 —

OPMB




2.83 (m, 2H, H-C(3), H-C(18)), 1.95 (td, 2/ = 13.2 Hz, 3J = 4.0 Hz, 1H, H,-C(16)), 1.86 — 1.80 (m, 2H, H,-
C(11)), 1.75 (ddd, 2/ = 12.4 Hz, 3/ = 12.3, 3.9 Hz, 1H, H,-C(2)), 1.69 — 1.56 (m, SH, Hy-C(16), H,-C(15),
Ha-C(21), Ho-C(1), Hi-C(19)), 1.56 — 1.37 (m, SH, Hy-C(6), Hy-C(2), Hy-C(21), Ho-C(22), H-C(9)), 1.37 —
1.11 (m, 5H, Hy-C(6), Hy-C(22), Ho-C(7), Hy-C(19)), 1.10 (s, 3H, H3-C(27)), 1.04 — 1.00 (m, 1H, Hy-C(15)),
1.00 (s, 3H, H3-C(23)), 0.90 (s, 3H, C(29)), 0.88 (s, 3H, H3-C(30)), 0.87 (s, 3H, H3-C(25)), 0.87 — 0.82 (m,
1H, H-C(1)), 0.77 (s, 3H, Hs-C(24)), 0.72 — 0.67 (m, 1H, H-C(5)), 0.59 (s, 3H, H:-C(26)). *C NMR (126
MHz, CDCls) § 177.64 (C28), 159.52 (C-OMe), 143.90 (C13), 129.95 (2C-H(Ar)), 128.73 (C-O-C=0),
122.51 (C12), 113.90 (2C-H(Ar)), 90.06 (d, 3J = 12.1 Hz, C(3)), 65.86 (CH:-Ar), 63.23 (d,\J = 167.3 Hz,
(C3%)), 55.73 (C5), 55.42 (OMe) , 53.30 (d, /= 6.5 Hz, MeOP), 53.13 (d, /= 6.5 Hz, MeOP), 47.71 (C9),
46.80 (C17), 46.00 (C19), 41.81 (C14), 41.50 (C18), 39.44 (C8), 39.00 (C4), 38.29 (C1), 37.11 (C10), 33.98
(C7), 33.25 (C30), 32.82 (C22), 32.47 (C21), 30.84 (C20), 28.27 (C23), 27.72 (C15), 25.99 (C27), 23.80
(C29), 23.56 (C11), 23.14 (C16), 22.15 (C2), 18.30 (C6), 17.03 (C26), 16.47 (C24), 15.41 (C25). 'P NMR
(121 MHz, CDCls) § 23.81. HRMS: [C4;HsO-P + H'] 699.4384; found 699.4395 (1.6 ppm).

(35)-3-((dimethoxyphosphoryl)methyloxy)-urs-12(13)en-28-
oic acid 4-methoxybenzyl ester 31c
"H NMR (500 MHz, CDCl3) & 7.25 (d, 3J = 8.6 Hz, 2H, 2H-Ar),
6.87 (d, 3J = 8.6 Hz, 2H, 2H-Ar), 5.21 (t, 3J = 3.6 Hz, 1H, H-C(12)),
5.04 (d, 2J = 12.1 Hz, 1H, H,-C-Ar), 4.90 (d, 2/ = 12.1 Hz, 1H, Hy-C-
Ar), 3.99 (dd, 2J = 13.6 Hz, 3J = 8.7 Hz, 1H, H.-C(3")), 3.82 (s, 3H,
MeO-P), 3.81 (s, 3H, MeO-Ar), 3.80 (s, 3H, MeO-P), 3.68 (dd, 2/ = 13.6 Hz, 3J = 9.7 Hz, 1H, Hyx-C(3")),
2.86 (dd, *J=11.7,4.2 Hz, 1H, H-C(3)), 2.24 (d, >J=11.0 Hz, 1H, H-C(18)), 1.98 (td, 2/=13.2 Hz, 4.4 Hz,
1H, H.-C(16)), 1.92 — 1.81 (m, 2H, H>-C(11)), 1.81 — 1.73 (m, 2H, H.-C(2), Ha-C(15)), 1.71 — 1.63 (m, 3H,
Hy-C(16), H.-C(21), Ho-C(1)), 1.61 — 1.53 (m, 1H, Hy-C(21)), 1.53 — 1.41 (m, 5H, H.-C(16), Hp-C(2), He-
C(22), Ha-C(7), H-C(9)), 1.37 — 1.23 (m, 4H, Hys-C(6), H,-C(22), Hs-C(7), H-C(19)), 1.05 (s, 3H, Hs-C(27)),
1.04 — 0.99 (m, 5H, H3-C(23), H-C(20), H,-C(15)), 0.94 — 0.90 (m, 4H, H3-C(30), Hv-C(1)), 0.89 (s, 3H,
H;-C(25)), 0.84 (d, 3J = 6.4 Hz, 3H, H3-C(29)), 0.77 (s, 3H, H3-C(24)), 0.69 (d, >J = 11.7 Hz, 1H, H-C(5)),
0.62 (s, 3H, H3;-C(26)). BC NMR (126 MHz, CDCls) & 177.49 (C28), 159.54 (C-OMe), 138.28 (C13),
130.11 (2C-H(Ar)), 128.66 (C-O-C=0), 125.73 (C12), 113.89 (2C-H(Ar)), 90.12 (d, 3J = 12.1 Hz, C(3)),
65.90 (CH>-Ar), 63.26 (d,'J = 167.1 Hz, (C3”)) 55.75 (C5), 55.42 (OMe), 53.30 (d, 3J = 6.5 Hz, MeOP),
53.13 (d, 3J= 6.5 Hz, MeOP), 53.00 (C18), 48.17 (C17), 47.66 (C18), 42.16 (C14), 39.68 (C8), 39.22 (C19),
38.99 (C4), 38.95 (C20), 38.48 (C1), 37.05 (C10), 36.73 (C21), 33.14 (C7), 30.79 (C22), 28.31 (C23), 28.05
(C15), 24.33 (C16), 23.66 (C11), 23.44 (C27), 22.19 (C2), 21.32 (C30), 18.29 (C6), 17.17 (C29), 17.14
(C26), 16.52 (C24), 15.55 (C25). 'P NMR (121 MHz, CDCl5) § 23.84. HRMS: [C41Hg;07P + H'] 699.4384;
found 699.4396 (1.7 ppm).

Sodium (28-norlup-20(29)-en-(35)-3-
phosphonatomethoxy)(17S)-17-carboxylate 32a

"H NMR (500 MHz, MeOD) § 4.71 (s, 1H, Ha-C(29)), 4.59 (s, 1H,
Hy-C(29)), 3.86 (dd, 2J = 13.3 Hz, *J = 9.0 Hz, 1H, H.-C(3")), 3.56 (dd,
2J=13.3 Hz, °J = 10.2 Hz, 1H, H,-C(3")), 3.02 (td, *J = 10.9, 4.7 Hz,
1H, H-C(19)), 2.89 (dd, *J = 11.8, 4.3 Hz, 1H, H-C(3)), 2.30 (td, °J =




12.0, 3.6 Hz, 1H, H-C(13)), 2.23 (dt, 2/ = 12.8 Hz, 3J = 3.3 Hz, 1H, H,-C(16)), 1.99 — 1.87 (m, 2H, H,-
C(21), H-C(22)), 1.82 (dt, 2/ = 12.6 Hz, J = 4.3 Hz, 1H, H.-C(2)), 1.79 — 1.70 (m, 2H, H,-C(12), Hi-C(1)),
1.70 (s, 3H, Hs-C(30)), 1.63 (dd, >/ = 12.0, 10.9 Hz, 1H, H-C(18)), 1.58 — 1.48 (m, 3H, H.-C(6), Hy-C(2),
H,-C(15)), 1.48 — 1.34 (m, 7H, Hy-C(6), Hi-C(11), Hy-C(22), Hy-C(21), Ho-C(7), Hy-C(16)), 1.34 — 1.21 (m,
2H, Hy-C(11), H-C(9)), 1.18 (dt, 2/ = 13.3 Hz, 3/ = 3.3 Hz, 1H, Hy-C(15)), 1.08 — 1.01 (m, 1H, H,-C(12)),
1.02 (s, 3H, Hs-C(23)), 1.01 (s, 3H, H3-C(27)), 0.94(s, 3H, H3-C(26)), 0.93 — 0.88 (m, 1H, H,-C(1)), 0.87
(s, 3H, Hs-C(25)), 0.79 (s, 3H, H:-C(24)), 0.73 (d, *J = 9.7 Hz, 1H, H-C(5)). *C NMR (126 MHz, MeOD)
§179.99 (C28), 151.98 (C20), 110.19 (C29), 90.88 (d, *J = 12.5 Hz, C(3)), 66.83 (d, 'J = 165.5 Hz, C(3")),
57.46 (C17), 57.21 (C5), 51.96 (C9), 50.42 (C18), 48.48 (C19), 43.58 (C14), 41.96 (C8), 40.09 (C4), 39.74
(C1), 39.65 (C13), 38.34 (C10), 38.13 (C21), 35.57 (C7), 33.32 (C16), 31.69 (C21), 30.83 (C15), 28.57
(C23), 26.87 (C12), 23.31 (C2), 22.12 (C11), 19.54 (C30), 19.27 (C6), 16.76 (C25), 16.69 (C24), 16.64
(C26), 15.10 (C27). 'P NMR (121 MHz, MeODyy) & 20.13. HRMS: [C3Hs/OsP-H'] 549.3350; found
549.3345 (0.9 ppm).

Sodium (28-norolean-12(13)-en-(35)-3-
phosphonatomethoxy)(17S)-17-carboxylate 32b

"H NMR (500 MHz, MeOD) & 5.24 (t, °J = 3.7 Hz, 1H, H-C(12)),
3.84 (dd, %/ =13.2 Hz, *J = 9.0 Hz, 1H, H.-C(3")), 3.55 (dd, 2/ = 13.2
Hz, 3J = 10.2 Hz, 1H, Hy-C(3”)), 2.91 (dd, *J = 11.8, 4.2 Hz, 1H, H-
C(3)), 2.85(dd, 3J=13.3, 4.6 Hz, 1H, H-C(18)), 2.02 (td, 2/ = 13.6 Hz,
3J = 4.0 Hz, 1H, H,-C(16)), 1.94 — 1.88 (m, 2H, H>-C(11)), 1.85 — 1.80 (m, 1H, H.-C(2)), 1.79 — 1.65 (m,
4H, Ha-C(15), Ha-C(21), Ha-C(1), Ha-C(19)), 1.63 — 1.47 (m, 6H, H,-C(6), Hy-C(16), H,-C(2), H>-C(7), H-
C(9)), 1.46 — 1.35 (m, 2H, Hp-C(6), Ha-C(22)), 1.33 — 1.28 (m, 1H, Hp-C(21)), 1.23 — 1.18 (m, 1H, Hp-
C(22)), 1.16 (s, 3H, H3-C(27)), 1.14 — 1.07 (m, 2H, Hy-C(15), H,-C(19)), 1.04 (s, 3H, H3-C(23)), 0.95 (s,
3H, H3-C(25)), 0.94 (s, 3H, H3-C(29)), 0.94 — 0.91 (m, 1H, Hy-C(1)), 0.91 (s, 3H, H3-C(30)), 0.81 (s, 6H,
H;-C(24), Ha-C(25)), 0.78 (d, *J = 11.5 Hz, 1H, H-C(5)). *C NMR (126 MHz, MeOD) & 181.82 (C28),
145.21 (C13), 123.65 (C12), 90.85 (d, 3J=12.1 Hz, C(3)), 66.23 (d, 'J=164.7 Hz, C(3°)), 57.12 (C5), 49.01
(C9),47.63 (C17),47.23 (C19), 42.89 (C14), 42.73 (C18), 40.59 (C8), 39.98 (C4), 39.52 (C1), 38.18 (C10),
34.89 (C22), 34.00 (C21), 33.82 (C7), 33.56 (C30), 31.62 (C20), 28.83 (C15), 28.72 (C23), 26.39 (C27),
24.55 (C11), 24.05 (C16), 23.97 (C29), 23.14 (C2), 19.34 (C6), 17.73 (C26), 16.91 (C24), 15.93 (C25). 'P
NMR (121 MHz, MeODuay) & 19.58. HRMS: [C31Hs5106P-H'] 549.3350; found 549.3342 (1.5 ppm).

Sodium (28-norurs-12(13)-en-(35)-3-
phosphonatomethoxy)(178)-17-carboxylate 32¢

'"H NMR (500 MHz, MeOD) & 5.23 (t, 3J = 3.7 Hz, 1H, H-C(12)),
3.85 (dd, 2/ = 13.2 Hz, 3J = 9.0 Hz, 1H, H,-C(3")), 3.55 (dd, 3/ =13.2
Hz, 3J = 10.1 Hz, 1H, Hs-C(3")), 2.92 (dd, 3J = 11.8, 4.3 Hz, 1H, H-
C(3)), 2.20 (d, 3J=11.3 Hz, 1H, H-C(18)), 2.05 (td, 2/ = 13.4 Hz, 3J =
4.2 Hz, 1H, H,-C(16)), 1.97 — 1.88 (m, 3H, H>-C(11), H.-C(15)), 1.84 (dd, 2/ = 13.7 Hz, 3J = 4.3 Hz, 1H,
H.-C(2)), 1.75 — 1.59 (m, 4H, Hy-C(16), H>-C(21), H-C(1)), 1.59 — 1.25 (m, 9H, H»-C(6), H,-C(11), H»-
C(22), H.-C(7), H-C(9), H-C(19)), 1.12 (s, 3H, H3-C(27)), 1.11 — 1.06 (m, 1H, Hyx-C(15)), 1.05 (s, 3H, Hs-
C(23)), 1.01 — 0.95 (m, 8H, Hy-C(1), H-C(20), H3-C(25), H3-C(30)), 0.97 (d, 3J = 6.4 Hz, 3H, H3-C(29)),
0.85 (s, 3H, H3-C(26)), 0.82 (s, 3H, H3-C(27)), 0.78 (d, 3J = 11.4 Hz, 1H, H-C(5))."*C NMR (126 MHz,




MeOD) & 181.62 (C28), 139.64 (C13), 126.90 (C12), 90.85 (d, >J = 12.3 Hz, (C3)), 66.20 (d, 'J = 164.7 Hz,
C(3%)), 57.10 (C5), 54.36 (C18),49.00 (C17), 48.86 (C9), 43.24 (C14), 40.81 (C8), 40.42 (C20+C19), 39.97
(C4),39.68 (C1), 38.11 (C21+C10), 34.31 (C7), 31.77 (C22), 29.20 (C15), 28.75 (C23), 25.31 (C16), 24.39
(C2), 24.09 (C27), 23.17 (C11), 21.57 (C30), 19.31 (C6), 17.81 (C26), 17.65 (C29), 16.98 (C24), 16.07
(C25). 'P NMR (121 MHz, MeODy,) & 19.49. HRMS: [C3HsOsP-H'] 549.3350; found 549.3341 (1.6
ppm).



'"H NMR (500 MHz, CDCl;) spectrum of (35)-3-((dimethoxyphosphoryl)methyloxy)-lup-20(29)en-28-
oic acid 4-methoxybenzyl ester 31a
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31p NMR (121 MHz, CDCl;) spectrum of (35)-3-((dimethoxyphosphoryl)methyloxy)-lup-20(29)en-28-
oic acid 4-methoxybenzyl ester 31a
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13C NMR (126 MHz, CDCl;) spectrum of (3S5)-3-((dimethoxyphosphoryl)methyloxy)-olean-12(13)en-
28-oic acid 4-methoxybenzyl ester 31b
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31p NMR (121 MHz, CDCls) spectrum of (35)-3-((dimethoxyphosphoryl)methyloxy)-olean-12(13)en-
28-oic acid 4-methoxybenzyl ester 31b
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'H NMR (500 MHz, CDCl;) spectrum of (35)-3-((dimethoxyphosphoryl)methyloxy)-urs-12(13)en-28-
oic acid 4-methoxybenzyl ester 31c
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31p NMR (121 MHz, CDCl;) spectrum of (35)-3-((dimethoxyphosphoryl)methyloxy)-urs-12(13)en-28-
oic acid 4-methoxybenzyl ester 31c
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BC NMR (126 MHz, MeODs) spectrum of sodium (28-norlup-20(29)-en-(3S)-3-
phosphonatomethoxy)(17S)-17-carboxylate 32a
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'H NMR (500 MHz, MeODs) spectrum of sodium (28-norolean-12(13)-en-(3S)-3-
phosphonatomethoxy)(17S)-17-carboxylate 32b
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35p NMR (121 MHz, MeOD,) spectrum of sodium (28-norolean-12(13)-en-(3S)-3-
phosphonatomethoxy)(17S)-17-carboxylate 32b
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BC NMR (126 MHz, MeODs) spectrum of sodium (28-norurs-12(13)-en-(3S)-3-
phosphonatomethoxy)(17S)-17-carboxylate 32¢
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2 Recent investigations of intramolecular C—H bond amination reaction of sulfamate ester derivatives forming

HN"""0 1,2,3-0xathiazine-2,2-diones and 5,6-dihydro-1,2,3-oxathiazinane-2,2-diones from 2017 to 2021 are summarized.

Introduction

In early 2000's Du Bois and coworkers developed rhodium-
catalyzed C—H bond amination approach toward synthesis
of cyclic sulfamidates from acyclic sulfamate esters via
formation of reactive iminoiodinane species.' This opened
capacious research field, which was reviewed in 2017.2 In
the past five years, several novel catalytic systems and
conditions for transformation of omnipresent C—H bonds
into valuable C-N bonds by exploiting sulfamate ester

moiety have been described. Treatment of alcohols with
sulfamoyl chloride is the most common way to obtain
sulfamate esters.” Cyclic sulfamidates as the cyclization
products of the latter have revealed themselves as versatile
precursors for the synthesis of various N-heterocycles. The
cyclic sulfamidate moiety is masked 1,3-amino alcohol, a
significant motif from synthetic and biological point of
view.

Reactions with transition metal stabilized nitrenes

Schomaker group expanded the utility of metal-catalyzed
nitrene transfer to enclose tunable amination of competing
tertiary C—H bonds in similar steric and/or electronic environ-
ments* and site selective amination of a-conjugated C—H
bonds over tertiary alkyl C(sp*)~H bonds’ using ligand-
controlled Ag(I) catalysis. Treatment of sulfamate ester 1
bearing cyclohexyl and isopropyl C-H bonds with
(Me4Phen)AgOT( leads to the formation of oxathiazinanes
2 and 3 in 5:1 ratio. However, application of [(PysMe),AgOTf],
results in the formation of mixture of the same products,
albeit in 1.0:3.9 ratio.

Y2

HN"O  Me
NH; (Me4Phen)AgOTf O\/K)\Me
A 95% 2
O_?—O 2:3=5:1
(@] Me _ > +
H  or [(PysMez)AgOTH], 00
H Me 97% \\S//
1 2:3=1.0:3.9 O"""NH
Me
3 Me
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Reactions with transition metal stabilized nitrenes (continued)

On the other hand, nitrene transfer reaction for compound 4
in the presence of Rh(II),L, displayed higher selectivity for
the formation of compound S, as the bridging equatorial
ligands on the Rh increased in size, but the reaction with
Ag(tpa)OTf was found to be influenced by weak non-
covalent interactions between the substrate and the catalyst
showing better selectivity for compound 6. Schomaker and
coworkers also investigated silver-catalyzed nitrene transfer
reactions in H,O.° It was observed that H,O does not
occupy the coordination site on the silver catalyst and has
little effect on the coordination geometry of the nitrene
intermediate.

Tandem Ag(I)-catalyzed C—H bond amination of sulfamate
esters 7 and following oxidation of cyclic sulfimidate to the
corresponding imine adduct have been reported by
Schomaker group.” The obtained imines 8 can be used as
important intermediates that can undergo diastereoselective
nucleophilic attack. Nitrene transfer into benzylic and
allylic C—H bonds in the presence of catalytic amount of
AgOTf and excess of PhlO was followed by TEMPO-
mediated oxidation of cyclic sulfimidate to a cyclic imine.
After subsequent reaction with the Grignard reagents, syn-
amino alcohols 9 bearing an a-tertiary amine functionality
were obtained in dr>19:1.

Mondal and coworkers have presented a novel method for
intramolecular benzylic C-H bond amination of aromatic
sulfamate esters 10 via photoredox catalysis.® Visible light
irradiation of photoredox system Ru(bpy);(PFs),/Select-
fluor provides cyclic products 11.

In 2019, Liu group disclosed an iron-catalyzed intra-
molecular C—H bond amination in substrates 12 and
formation of 5,6-dihydro-1,2,3-oxathiazinanes 13 using
cheap and commercially available 2,2'-bipyridine ligands
and Fe(OTf), or Fe(ClOs) in combination with
PhI(OCOCF;),.’

Recently, Shi and coworkers demonstrated protocol of
Rh(II)-catalyzed conversion of 1-[(arylethynyl)cycloalkyl]-
methyl sulfamates 14 into six- and seven-membered nitrogen
heterocyles.'® Transformation is based on generation of
metallonitrene 15, which then undergoes reaction with
alkyne providing active species 16. Termination of the
process depends on size of the cycloalkyl substituent.
Cyclobutyl intermediate (n = 2) undergoes alkoxyl moiety
migration (path a), giving six-membered heterocyclic
product 17. In case of cyclopropyl intermediate (n = 1), the
transformation terminates with ring expansion (path ») and
products 18 are obtained.

Later, gem-dimethyl-substituted sulfamates 19 were tested
in a similar transformation.'’ Thus, aryl-substituted o-imino-
metal carbene intermediate 20 (R = Ar) was trapped by
H,0 and then oxidized by iodine(Ill) oxidants forming
aroyl group containing heterocycles 21. On the other hand,
benzyl-substituted o-iminometal carbene intermediate 20
(R = CH,Ar) inserted into neighboring benzyl C—C bond
and yielded 2-styryl group containing heterocycles 22.
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Transition-metal-catalyzed hydroamination reactions

Ryu group has described a catalytic system for allylic shift
in allyl alcohols, which are tethered to sulfamate esters."
The reaction mechanism involves coordination of cationic
Au(T) species to the double bond in allyl alcohols 23 and
formation of metal-n-alkene complex 24. The intramolecular
cyclization of the latter proceeds via anti addition and leads
to the formation of hydrogen-bonded metal-alkyl complex
25. Further proton transfer and subsequent anti elimination
of HyO yields oxathiazinane 26, which is the key intermediate
in synthesis of alkaloid ()-sedamine (27)."

Sathyamoorthi and coworkers have disclosed aza-Wacker
cyclization of sulfamate esters 28 that can be rapidly con-
verted into alkenyl oxathiazinanes 29 in the presence of Pd(0)
precatalyst and Cu(Il) salts under oxygen atmosphere."* The
procedure is compatible with both N-alkyl and N-aryl sulfa-
mates and tolerates a variety of important functional groups.

+

Transition-metal-free reactions of N-iodo derivatives

A variation of the Hofmann-Loffler—Freytag reaction,
which proceeds with 1,6-hydrogen atom abstraction/
transfer (1,6-HAT) in the case of sulfamate esters, was
reported by Kiyokawa and coworkers.'> The transformation
starts with interaction of sulfamate ester 30 and 2.2 equiv
of iodine oxidant — zerz-butyl hypoiodite (+-BuOI)'® or N-iodo-
succinimide (NIS) in the presence of ambient light. Firstly,
N,N-diiodosulfamate ester 31 is formed. The visible light
irradiation then leads to the generation of nitrogen-centered
radical 32, which takes part in the 1,6-HAT process. The
obtained carbon-centered radical intermediate 33 is trapped
by iodine radical or I, and subsequent intramolecular
substitution of alkyl iodide 34 results in the formation of
oxathiazinane 35. Alternatively, radical intermediate 33 can
directly form final product 35 via intramolecular homolytic
substitution (Syi) pathway.

In a similar fashion, alkenes 36 bearing sulfamate ester
moiety undergo intramolecular aziridination in the presence
of in situ generated t-BuOI forming bicyclic products 37."
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Conclusion

Numerous examples of sulfamate ester cyclizations based on
metal-stabilized nitrene C—H bond insertion were described.
The cyclization can also proceed via metal-free radical path-
way by a variation of the Hofmann—L6ftler-Freytag reaction as

well as via m-selective Lewis acid catalyzed amine addition to
unsaturated systems. Sulfamate ester can be a powerful tool for
chemoselective synthesis of 1,2,3-oxathiazinanes and 5,6-di-
hydro-1,2,3-oxathiazinanes involving broad range of substrates.

This work has been supported by the European Social

Fund within the project "Support for the implementation of

doctoral studies at Riga Technical University".
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ABSTRACT: Synthetic protocols for site-selective palladium-
catalyzed C—H arylation and azetidination of pentacyclic
triterpenoids have been developed. Betulin, oleanolic, and ursolic
acids were converted into primary amines C(28)-NH, that were
further transformed into the corresponding picolinamides. The
latter was found to be a suitable directing group for triterpenoid
C(sp®)-H (het)arylation with iodo(het)arenes in the presence of
Pd(OAc),/CuBr,/CsOAc system. C(sp®)-H (het)arylation pro-
vided yields from 29 to 83%, and the C(22)/C(16) selectivity from
9:1 in the lupane (betulin) series to 19:1 in the oleane and ursane
series. The highest isolated yields of C(sp®)-H arylated products
were achieved with iodoarenes bearing electron-donating groups, but the use of electron-deficient iodoarenes gave a significant
proportion of N-picolinoyl azetidine side product. The latter were obtained with good selectivity as major products when 1-iodo-4-
nitrobenzene was used as an additive. C(sp®)-H arylation revealed C(22)-selectivity in all tested triterpenoid series; however, the
azetidination occurred at C(22) in lupane (betulin) series and at C(16) in oleane series. C(sp*)-H (het)arylation and azetidination is
a new entry in the derivatization of natural triterpenoids and can be regarded as a useful tool for further exploration in terms of
medicinal chemistry.
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Oleanolic acid R" = H, R? = Me.
Ursolicacid R’ =Me, R?=H

B INTRODUCTION

Naturally abundant pentacyclic triterpenoids (PCT) are plant
secondary metabolites, which have aroused significant interest

aldehyde. Baldwin’s method'® was successfully applied to
introduce and modify a hydroxyl group on a nonactivated
C(23) methyl group by several research groups.”® Selective

due to a wide range of their biological activities such as
antitumor™” antidiabetic,”™> anti~inﬂammatory,b_8 and anti-
viral properties.”'® Betulin and oleanolic, ursolic, and betulinic
acids are the most naturally abundant and therefore most
notorious compounds of this type.''”'* Development of
semisynthetic derivatives of PCTs by chemical modifications
is known to ameliorate certain designed properties, among
others: cytotoxic selectivity toward cancer cells, enhanced
aqueous solubility,'* and bioavailability."®

The vast majority of synthetic methods for the decoration of
PCT core involve the use of C(3) and C(28) C-O
functionalities and the available olefin moiety.'® On the
other hand, the transition metal catalyzed functionalization of
C(sp®)-H bonds, which is considered a powerful synthetic
tool,'” has been far less applied to the triterpenoid skeletons.
Literature analysis on C(sp®)-H activation in the PCT core has
shown only a few examples (Figure 1). Thus, the Yu group'®
has reported site-selective C—H hydroxylation of different
pentacyclic triterpenoids using Schonecker and Baran’s Cu-
mediated aerobic conditions (Cu(OTf),, O,). In this case, the
site-selectivity has been controlled by the transient pyridine-
imino directing group, which was introduced using C(28)

© XXXX The Authors. Published by
American Chemical Society

WACS Publications

oxygenation of oleanolic C(23) using iridium catalyzed
hydroxyl group-directed silylation/Tamao-Fleming oxidation
sequence was explored by Hartwig.”' Maulide group reported
an approach for functionalization of the B ring in oleanane
triterpenoids using a hydroxylated C(23) group as the key
functionality for further linear reaction sequence.” Lu group
developed an Ir-catalyzed C(sp®)-H amination reaction using
TrocNj as an easily transformable amine source at C(23) of
oleanolic triterpenoid as an example of a topologically and
functionally complex natural product substrate.”> The betulin
scaffold was also investigated in intramolecular metallonitrene-
based C(sp®)-H amination of sulfamate esters. White group
discovered that [Mn(fBuPc)]SbF catalyst preferentially forms
C—N bond at the y-C—H bond of the equatorial C(23) methyl
group and provided oxathiazinane with high site- and
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Figure 1. Previously reported C—H functionalized PCT.
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diastereoselectivity.”* Baran’s group investigated different C—
H oxidation methods on the betulin skeleton to improve the
aqueous solubility of this natural product. The authors
observed that nondirected or enzymatic oxidation of C—H
bonds results in low selectivity and insufficient reaction yield.*®

To the best of our knowledge, besides the aforementioned
C—H hydroxylation and C—H amination examples, there are
no reports on C—C bond forming C—H activation approaches
within the pentacyclic terpenoid series; however, some
successful examples of C(sp®)-H arylation of smaller natural
terpene molecules were reported.”® Furthermore, since the
beginning of this century, plenty of different methods for
C(sp®)-H arylation using different catalytic systems and
directing groups suitable for the late-stage ﬁmctlonahzatlon
of complex molecules have been developed.”” Hence, we
report here an investigation of previously unexplored site-
selective palladium-catalyzed C(sp®)-H (het)arylation of
pentacyclic triterpenoids.

B RESULTS AND DISCUSSION

We started our investigation by })reparlng PCT derivatives
bearing Daugulis directing groups™ that are attached to the
pentacyclic skeleton either by a native carboxylic amide 2a—d
or by a more flexible —CH,—NH- linker 3a—d (Figure 2). 8-

2¢ R?=H, R*=Me

2bR'=Me 2d R%=Me. R*=H

3aR'=CH,
3bR'=Me

3¢ R?%=H, R¥=Me 3¢
3d R?=Me, R>H

Figure 2. Triterpenic 8-aminoquinolinamides 2a—d and picolina-
mides 3a—d.

Aminoquinoline amides 2a—d were prepared by the coupling
of betulonic, ursonic, and oleanonic acids with an 8-
aminoquinoline, with pretransformation of acids into acid
chlorides.”” On the other hand, picolinamide® directing
auxiliary was introduced by an amine reaction with picolinic
acid.

First, oxime 4a was synthesized from commercially available
betulin (1a) according to the literature procedure.’’ To
explore and compare the possible reactivity of the isopropenyl
moiety during the C—H activation, the saturated congener 4b
was also obtained (Scheme 1). Next, we proceeded with oxime
4a and 4b reduction using NaBH;CN/TiCl, and amidation of
the obtained primary amines by freshly generated picolinic
chloride/Et;N. Picolinic amides 3a and 3b were obtained over
two steps with overall 81 and 60% yields, respectively.
(Scheme 1).

Commercially available oleanohc and ursolic acids were
converted into picolinamides 3¢** and 3d in three steps.”>** In
situ-generated activated esters were converted into amides Sa
and Sb. Reduction of the latter with LiAlH, afforded primary
amines that were converted into picolinamides using
previously developed reaction conditions (Scheme 2).

With starting materials 2a and 3a in hand, we explored their
ability to complex palladium and provide C—H deuteration
products that would demonstrate the feasibility of the C—H
activation event. We performed the C—H deuteration
experiments in the presence of Pd(OAc), and CsOAc using
deuterated acetic acid as a solvent. Both of the tested directing
groups provided C(16)/C(22) double-deuterated products
(see Supporting Information Scheme S1 for C(sp*)-H
deuteration of 2a,c,d and Scheme 8 for deuteration of 3a,c
(vide infra)). Inspired by the feasibility of the C—H activation
event, we started to test possible conditions for the C—H
arylation reaction. Surprisingly, no efficient reaction conditions
for successful C-arylation were found in the case of
quinolinamides 2a,c,d.

To our delight, conformationally more flexible picolinamide
3a was found to be a suitable starting material for the
envisaged C—H arylation reactions. The reactive cocktail
containing picolinamide 3a (1 equiv), 4-iodoanisole (4 equiv),
Pd(OAc), (5 mol %), CuBr, (10 mol %)* and CsOAc (4
equiv) in toluene yielded a mixture of C(22)- and C(16)-
regioisomers 6a and 7a in 92:8 ratio with 23% total yield
(Table 1, entry 1). Changing the solvent to HFIP produced no
product at all (entry 2). Then we switched to tAmOH and
examined different bases, but CsOAc was found to be still the
most efficient one (entry 6). It should be pointed out that the
Ag(I) additive did not facilitate the reaction at a reasonable
rate (entry S). Gratifyingly, the use of Pd(OAc), (5 mol %) in
the presence of CuBr, (10 mol %) and CsOAc (4 equiv) in
tAmOH gave C-arylated products 6a/7a in 83% total isolated
yield (entry 10). These appeared to be the best conditions, and
any further variations of palladium source (entries 7,8) and
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Scheme 1. Synthesis of Picolinic Amides 3a,b

H
Ref. 36
_—

1. TiCls (2M HCI)
NH4OAc, NaBH3;CN
MeOH, 16 h, r.t.
- .
2. Picolinoyl chloride
Et;N, DCM/THF

3h,0°C-rt.
Betulin (1a) 3a, 81% (over 2 steps)
3b, 60% (over 2 steps)
Scheme 2. Synthesis of Picolinamides 3c,d
. R2? - R?
1. LiAIH,, THF v [
HCTU, Et;N - LiAlH,,
DMF NH, 24 h, reflux N \N
— . (¢]
NH3/MeOH 2.Picolinoyl chloride
3hrt HO EtsN, DCM/THF HO™
3h,0°C-rt.

1b: R'=H, R?%=Me Oleanolic acid
1c: R'=Me, R,=H Ursolic acid

5a, 84%
5b, 91%

3c, 55% (over 2 steps)
3d, 47% (over 2 steps)

Table 1. Optimization of C(sp*)-H Arylation Conditions for Reaction 3a — 6a + 7a

4 equiv.
140 Ecs,ygfi p HO
3a
entry catalyst (mol %) additive (mol %)

1 Pd(OAc), s CuBr, 10
2 Pd(OAc), N CuBr, 10
3 Pd(OAc), N CuBr, 10
4 Pd(OAc), N CuBr, 10
5 Pd(OAc), s
6 Pd(OAc), s
7 Pd,(dba); S CuBr, 10
8 PdCl, s CuBr, 10
9 Pd(OAc), 2.5 CuBr, S
10 Pd(0OAc), s CuBr, 10
11 Pd(OAc), 75 CuBr, 15
12 Pd(OAc), 10 CuBr, 20
13 Pd(OAc), 20 CuBr, 40
14 Pd(OAc), s Cu(OAc), 10
15 Pd(OAc), s CuCl, 10

base (4 equiv) solvent total isolated yield of 6a + 7a (92:8), %

CsOAc Tol 23
CsOAc HFIP 0

K,CO; tAmOH 2

Cs,CO;4 tAmOH 19
AgOAc tAmOH 17
CsOAc tAmOH 70
CsOAc tAmOH 76
CsOAc tAmOH 78
CsOAc tAmOH 21
CsOAc tAmOH 83
CsOAc tAmOH 79
CsOAc tAmOH 75
CsOAc tAmOH 58
CsOAc tAmOH 58
CsOAc tAmOH 78

amount (entries 11—13), or Cu(II) source (entries 14,15) did
not provide any improvement. We detected practically the
same 92:8 ratio of regioisomers 6a/7a by '"H NMR in all crude
reaction mixtures. We have also tested the influence of 4-
iodoanisole excess on reaction outcome: the use of 2 equiv
diminished the total isolated yield of products 6a + 7a to a
73—78% range. On the other hand, the use of 3 equiv of 4-
iodoanisole in some experiments gave the total isolated yield of
products 6a + 7a as high as 90%, yet the results had some
dispersion, and a yield range of 83—90% was observed. Hence,
we considered the iodoarene use in 4-fold excess as optimal.

Having found suitable C(sp®)-H arylation conditions, we
examined the scope of the aryl iodide components (Table 2).
Reactions with aryl iodides possessing electron-rich aryl rings
worked well, and C(sp*)-H arylation products 6a—d/7a—d
were obtained in the summary yield range 50—83% (entries 1—
4, Table 2). Two molecular structures of compounds 6a*® and
6b>” were unambiguously proven by their single crystal X-ray
analysis (Figure 3). Once we started to perform reactions at a
larger scale, the formation of C(22)-azetidine byproduct 8 was
observed. Arylation employing iodoarenes with electron-
withdrawing substituents proceeded poorly and provided
both arylated regioisomers within a 29—54% yield range. On
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Table 2. Scope and Isolated Yields of C(sp®)-H Arylation Products of Picolinamide 3a

Arl (4 eq.)
Pd(OAC), (5 mol%)
CuBr; (10 mol%)
CsOAc (4 eq.)

tAmOH (0.05 M)

T G 2eh
Ar Yield of 6a-i (%) Yield of 7a-i (%) Yield of 8 (%)
H()ome 6a, 76 7a,7 10
O 6b, 64 7b, 9 26
H)we 6¢, 60 7e, 5 19
H()ron 6d, 45 7d, 6 10
= )ores 6e, 32 7e, 6 36
o 6f, 32 71,6 56
Ho (31), 3, (51),
HO<, 6g, 22 7,7 40
HO)on 6h, 19 7h, 12 64
HO-e 6i, 42 7i, 12 44
HOve: - - 61
“Reaction time 48 h.

Figure 3. Single crystal X-ray diffraction analysis of 6a and 6b.

the other hand, iodobenzenes with substituents such as
—COOMe, —C(O)Me, —CN, —Cl, —NO, (entries 6—10,
Table 2) gave azetidine 8 as the major product in 40—64%
yields. The highest azetidine yield was observed with I-C4H,—
CN (64%), but I-C¢H,—NO, provided it as a single reaction
product in 61% yield, which facilitated its isolation and
purification. An additional experiment with methyl 4-
iodobenzoate and extended reaction time to 48 h was
performed, but it did not improve the C(sp*)-H arylation
outcome. Azetidines as C(sp®)-H arylation byproducts have
been reported before, and a targeted azetidination protocol
employing AgOAc/C4F;I on simple model substrates has been
previously reported by Wu and co-workers.*® Additionally, it is
known that azetidines can be formed in Pd-catalyzed and

picolinamide-directed intramolecular C—H amination employ-
ing PhI(OAc), as oxidant and Li,CO; as a base.*”*’ However,
in our hands, such a control experiment, which would lead to
azetidine 8 as the main product, did not result in any
conversion of starting material 3a. It should be mentioned that
the picolinamide directing group is instrumental also for the
azetidination step, as a control experiment with free amine 4a’
(3f-hydroxy-lup-20(29)en-28-amine) did not result in azeti-
dine formation. Also, control experiments run in the absence of
Arl did not provide the azetidine product, and only the
unchanged starting material was recovered.

We have also explored C(sp®)-H (het)arylation reactions of
3a with 4-iodo N,N-dimethyl aniline, 3-iodopyridine and 4-
iodo-1-methyl-1H-pyrazole, but no conversion of starting
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Scheme 3. C(sp®)-H Hetarylation of Picolinamide 3a

/ HetAr-l (4eq.)

J,, Pd(OAc), (5 mol%) !

- CuBr; (10 mol%)
CsOAc (4 eq.)

{AMOH (0.05 M) W
o 140°C.24h

6m [C22] + 7m [C16]
5:1

24%

27%

60 [C22] + 70 [C16]
5:1

34%

Scheme 4. C(sp®)-H Arylation and Azetidination of Lupane-Derived Picolinamide 3b

OMe

|
(4 equiv.)

Pd(OAc), (5 mol%)
CuBr; (10 mol%)
HN_ O CsOAc (4 equiv.) |

tAmOH (0.05 M) (4 equiv.)
HO N7 140 °C
« | 24h
3b
NO,
|
(4 equiv.)

HO

N azetidine 11,
17%

azetidine 11,
50%

11, 80%

material was observed. Additionally, we have performed
hetarylation with S-iodo indole and 7-iodo carbazole (Scheme
3), and the expected products 6m/7m and 60/70 were isolated
in 24 and 34% yields, respectively, albeit without formation of
azetidine. We also tested N-Cbz-protected 5-iodo indole and 7-
iodo carbazole, but unexpectedly low conversion of a 3a was
observed that encumbered product isolation and character-
ization.

In all C(sp®)-H (het)arylation cases discussed above, we
have not detected any formation of diarylated products. Longer
reaction time, higher concentration of an (het)aryl iodide
component, as well as higher catalyst loading were found to be
ineffective. The only exception was the reaction between 3a
and 2-iodo thiophene, which resulted in a detectable amount
of diarylated product 7j’ (5%) besides monoaddition products

6j/7j and azetidine 8. However, the second C—H activation
has taken place at the first installed thiophene moiety in
product 7j (Scheme 3).

In a parallel series of experiments reaction of saturated
lupane-derived picolinamide 3b with 4-iodoanisole leads to the
formation of 9:1 regioisomers 9a/10a in 78% total yield, along
with 17% of azetidine 11 (Scheme 4). Next, a reaction between
3b and 1-(4-iodophenyl)ethan-1-one gave 9:1 regioisomers
9g/10g in 26% total yield along with 50% of azetidine 11, but
reaction with 1-iodo-4-nitrobenzene provided only azetidine
11 in very good 80% yield. Regardless of some differences in
yields between the product series 6/7/8 and 9/10/11, there
are no notable differences in the reactivity between betulin-
derived picolinic amide 3a and saturated lupane-derived
picolinamide 3b.
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Scheme S. Synthesis of Unprotected Azetidines 12 and 13

11 R=Me

-H 12, 66%
13, 64%

Scheme 6. C(sp®)-H Arylation of Oleanolic and Ursolic Amides 3c,d”

Pd(OAc), (5 mol%)
|| cuBr, (10 mol%)

tAmOH (0.05 M)
140 °C
24h

3c: R'=H, R?=Me
3d: R'=Me, R?=H

“brsm = based on recovered starting material.

N CsOAc (4 eq.)

OMe

14a: R'=H, R?=Me; 60% (91% brsm)
14b: R'=Me, R%=H; 62% (88% brsm)

15a: R'=H, R?=Me; 38% (59% brsm)
15b: R'=Me, R2=H; 28% (95% brsm)

Scheme 7. Azetidine 17 Formation from Oleanolic Amide 3¢

O
(4eq)
Pd(OAc); (5 mol%)
CuBr; (10 mol%)
CsOAc (4 eq.)

tAMOH (0.05 M)
140 °C
| 24 h

(o]

16, 34% (brsm. 99%)

picric acid

MeOH

17, 87%

Azetidines 8 and 11 were observed as 1:1 mixtures of
rotamers in their NMR spectra. In order to simplify the NMR
characterization and to provide NH azetidines for further
synthetic applications, we tested the cleavage of the
picolinamide moiety. First, subjecting both 8 and 11 to
alkaline hydrolysis conditions afforded no product. Con-
sequently, reductive cleavage conditions employing LiAIH, in
THF at room temperature afforded desired NH-azetidines 12
and 13 (Scheme 5).

Encouraged by the successful arylation of betulin and lupane
core, we also have examined the arylation of oleanolic and
ursolic acid-derived picolinamides 3¢,d employing 4-methox-
yphenyl iodide and 4-iodobenzoic acid methyl ester (Scheme
6). Arylation of ursane and oleane cores resulted in higher 19:1
site-selectivity at C(22). Full conversion of 3c and 3d was not
reached, but in most cases, reactions were quite clean, and after

subtraction of the recovered unreacted starting material, high
yields of products can be formally calculated. It is worth
mentioning that analogously, as in previous cases, electron-
deficient 4-iodobenzoic acid methyl ester provides significantly
lower yields of arylation products 15a,b than the reaction with
4-methoxyphenyl iodide. Interestingly, reactions of oleane and
ursane starting materials 3c,d — 14a,b/15a,b did not provide
the azetidine byproduct.

On the other hand, slow yet clean reaction between
oleanolic amide 3¢ and 1-iodo-4-nitrobenzene provided only
azetidine 16, which was isolated in 34% yield along with 65%
of unreacted starting material (Scheme 7). Surprisingly, C—N
bond formation in this case occurred at C(16) of the oleanolic
core. Product 16 exists as a mixture of two stable rotamers in a
2:1 ratio. Further reductive cleavage of the directing group
with LiAlH, released corresponding azetidine 17, which was
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Scheme 8. C—H Deuteration of Picolinamides 3a,c at Different Times”

50%
7N . )
N instant formation of
— C(16) and C(22)
dideuterated product 33%
o Reaction continues with the
deuteration of the same
C(16) and C(22) positions.
Pd(OAc); (40 mol%) The yield refers to isolated
CsOAc (1 equiv.) 10% and fully characterized
CDACOOD dideuterated product 19.
16 h, 80 °C
15 min 1h 16 h
N=
Y
N7
A ’ reaction starts with the
slow, yet selective 35% " . N
formation of C(16) Reaction continues with D.
monodeuterated product insertion in  additiona
positions.
The yield refers to isolated
d fully characterized
Pd(OAC); (40 mol%) : an
2
CsOAc (1 equiv.) 10% . trideuterated product 20.
CD;CO0D <5%
16 h, 80 °C [ |
15 min 1h 4h 16 h

“D-insertion rate during reactions 3a — 19 and 3¢ — 20" — 20 was established by integration of 2D HSQC NMR cross-peaks; depicted yields of
final products 19 and 20 are the isolated yields.

Scheme 9. Plausible Pd-Catalyzed C(sp*®)-H Arylation and Azetidination Mechanism
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Scheme 10. Arylation Attempts of Compounds 6a, 7a, and Extended Amide 23

Iz

Pd(OAc),
CuBry, CsOAc

tAmOH
140 °C, 24 h

Pd(OAc),
CuBr,, CsOAc
— = T

tAmOH
140°C,24h

o Arl, Pd(OAc),
N CuBry, CsOAC
e R

tAMOH
140°C, 24 h

23:R'=Ar,R?=H
23":R"'=H,R?=Ar

further transformed into crystalline azetidinium picrate 18. The
molecular structure of the latter was unambiguously estab-
lished by its single-crystal X-ray diffraction analysis.*"

In order to explain the differences in C—H amination
regioselectivity between betulin derived picolinamide 3a and
oleanolic acid derived picolinic amide 3¢, additional C—H
deuteration experiments were carried out. In the beginning of
our study we discovered that C—H deuteration of betulin
derived picolinamide 3a proceeded at both reaction sites
C(16) and C(22) in 16 h at 80 °. Similar type of product was
observed in the case of oleanolic acid derived picolinamide 3¢
after 16 h reaction, but for this substrate also vinylic proton at
C(12) was substituted with deuterium, yielding trideuterated
product 20 (Scheme 8).

For clarity, the acidic —OH and —NH groups in Scheme 8
are depicted in their nondeuterated form as they undergo fast
proton exchange during the isolation process. It was observed
that the C(16)/C(22) C—H dideuteration of betulin core
occurs without site selectivity, albeit with a higher rate. Thus,
within 15 min already 10% conversion of starting material 3a
into dideuterated product 19 was observed. After 1 h, the
conversion has reached 50%, and after 16 h, product 19 was
isolated in 33% yield. On the other hand, picolinamide 3¢
initially underwent C(16)-selective deuteration with a lower
rate, providing only 10% conversion into monodeuterated
intermediate 20’ after 1 h. After an additional 3 h (total
reaction time 4 h), there was ~ 40% conversion of starting
material 3¢ into C(16)-monodeuterated intermediate 20’.
Finally, after 16 h at 80 °C, trideuterated product 20 was
isolated in 35% yield in the oleane series. From this, we can
conclude that C(16)-H deuteration and C(22)-H deuteration
rates for the betulin core are very similar, but the oleane
molecular skeleton exhibits a certain kinetic preference for
C(16)-H deuteration. A similar C(16)-H selectivity of
oleanolic acid-derived quinoline amide was reported by
Yuyong and co-workers.**

Based on the generally accepted concept, most likely,
reductive elimination is the rate-limiting step in the C(sp*)-H
arylation process.* This assumption is also supported by the
experiments with 8-aminoquinoline amide auxiliary that
contains a less flexible CO-NH linker (compounds 2a,c,d),
which was able to ensure C(sp®)-H deuteration, but failed in
the arylation/azetidination experiments. Summing up the
obtained regioselectivity patterns with more reactive starting
materials bearing a flexible —CH,—NH- linker (compounds
3a—d), we can conclude that reductive elimination occurs
more slowly with palladium(IV) complexes bearing aryl
substituents with electron-withdrawing substituents. In such
complexes, at some point, reductive elimination forming the
C—N bond is faster than that forming the C—C bond.*** In
the betulinic series, reductive elimination from C(22)-[Pd]-
NC(O) system outperforms reductive elimination C(22)-
[Pd]-Ar-EWG if 4-NO,—C¢H,I is used in the oxidative
addition step (Scheme 9). This leads to the formation of
azetidine. In the oleanolic series, the general rule for reductive
elimination rates is the same: Ar-EDG > picolinamide > Ar-
EWG. Only in this case, the C—H activation step is slower,
C(16)-H-selective, and apparently kinetically comparable with
the reductive elimination from the C(16)-[Pd]-NC(O)
system. Therefore, starting material 3¢ provides azetidine 16
at C (16) when treated with 4-NO,—C,H,I. Additionally,
azetidine formation at C(22) in the oleanolic core would result
in an unfavorable 1,3-diaxial interaction with one of the C(20)-
geminal methyl groups, but such a steric constraint is absent in
the betulin molecular skeleton. Radical scavengers TEMPO
and galvinoxyl, which were used in the control experiments,
did not influence the yield and selectivity of reaction 3a — 6f +
7f + 8, thus ruling out a single electron transfer mechanistic
pathway for the C—Pd bond formation step (Scheme S2,
Supporting Information).

Next, we explored the possibility of additional C—H
arylation of previously obtained products 6a and 7a that, if
successful, shall provide C(16),C(22)-bis-arylated products 21

https://doi.org/10.1021/acsomega.5c01632
ACS Omega XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c01632/suppl_file/ao5c01632_si_005.pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c01632?fig=sch10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c01632?fig=sch10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c01632?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Scheme 11. Synthesis of Amine 24 and Amino Acid 26

reflux
17h

OMe
Zn/HCI

e

THF/H,0

26, 84%

and 22 (Scheme 10). Also, betulin amine homologue 23,
containing —(CH,),— linker between the terpene core and
directing group, was explored as a starting material. In all these
experiments, starting materials 6a, 7a, and 23 remained intact
under our developed C—H arylation conditions.

Finally, the pyridyl amide was effectively removed from the
arylated product 6a in high yield by reductive cleavage with
Zn/HCI to give the free amine 24. The ester cleavage from
compound 6f and subsequent cleavage of the directing group
gave novel betulin-derived amino acid 24 (Scheme 11).

H SUMMARY

We have developed a palladium-catalyzed C(sp®)-H arylation
of different triterpenoid picolinamides with aryl iodides, which
is the first C—C bond forming C—H activation protocol in the
triterpenoid series. All three tested congeners possessing
betulin, oleane, and ursane cores provided C(22)-arylation
selectivity, and the aryl products were obtained in average to
good yields. Oleane and ursane-derived picolinamides gave
better C(22)/C16 selectivity up to 19:1, but betulin-derived
picolinamides gave higher isolated yields — up to 83%. As
expected, iodoarenes bearing electron-donating groups gave
higher yields of C(sp®)-arylation products, but in all cases
azetidine side product was observed. On the other hand,
switching to iodoarenes bearing electron-withdrawing groups
shifted reactivity toward C(sp*)- azetidination. The latter was
the only detectable process when 4-NO,—CsH,I was used.
Interestingly, the C(22)/C16 selectivity of the C(sp®)-
azetidination process was substrate-dependent. Thus, the
betulin scaffold provided C(22)-azetidine, but the oleane
scaffold gave C(16)-azetidine. The picolinamide directing
group was successfully removed from the modified triterpe-
noids in the presence of Zn/HCl without any cationic
rearrangements. Additionally, the obtained annulated betulin-
and oleane-derived azetidines open broad possibilities for their
further derivatization that may provide a novel approach to
important terpenoid-based compounds in terms of medicinal
chemistry.

B EXPERIMENTAL SECTION

General Information. Solvents for the reactions were
dried over standard drying agents and freshly distilled prior to
use. All purchased chemicals (Fluka, Aldrich) were used as
received. All reactions were followed by TLC on E. Merck
Kieselgel 60 F,s, and visualized by using a UV lamp. Column

chromatography was performed on silica gel (60 A, 40—63 ym,
ROCC). Flash column chromatography was performed on a
Biichi Sepacore system (Biichi-Labortechnik GmbH, Essen,
Germany) with a Biichi Control Unit C-620, an UV detector
Biichi UV photometer C-635, a Biichi fraction collector C-660,
and two Pump Modules C-60S. 'H and *C NMR spectra were
recorded on a Bruker 300 and 500 MHz, in CDCI,,
[Dg]DMSO, [Dg]THF, or [D,]MeOD at 25 °C. Chemical
shifts (§) values are reported in ppm. The residual solvent
peaks are used as internal reference (CDCl;) 7.26 ppm,
[D¢]DMSO 2.50 ppm, [Dg]THF 3.58 ppm, [D,]MeOD 3.31
ppm for '"H NMR, CDCl; 77.16 ppm, [Dg]DMSO 39.52 ppm,
[Dg]THF 67.57 ppm, [D,]MeOD 49.00 ppm for *C NMR), s
(singlet), d (doublet), t (triplet), q (quartet), m (multiplet); J
in hertz. High-resolution mass spectra (ESI) were performed
on an Agilent 1290 Infinity series UPLC connected to an
Agilent 6230 TOF mass spectrometer (calibration at m/z
121.050873 and m/z 922.009798).

3p-Hydroxy-lup-20(29)en-28-amine (4a’). Solution of
oxime 4a (S g 10.9 mmol, 1 equiv) and NH,0OAc (3.11 g
40.4 mmol, 3.7 equiv) in MeOH (120 mL) was cooled to —10
°C, and NaBH;CN (1.99 g, 31.7 mmol, 2.9 equiv) was added
portion-wise. The resulting reaction mixture was stirred at
ambient temperature for 10 min, and then TiCl; solution in 2
M HCI (20% w/v, 21.8 mL, 43.6 mmol, 4 equiv) was added
dropwise. After 1 h, the reaction mixture was heated up to
room temperature and left stirring until complete conversion
of the starting material was observed (TLC control). The
reaction mixture was cooled to 0 °C, and 1 M NaOH aqueous
solution (125 mL) was added dropwise, maintaining the
temperature at 0—10 °C. The obtained precipitate was filtered
through a Celite pad (H = 70 mm, d = 50 mm) and washed
with a hot THF/MeOH 1:1 mixture (1000 mL). The filtrate
was partially evaporated, and the obtained precipitate was
filtered and subsequently washed with H,O (20 mL) and
MTBE (30 mL), then dried in an oven at 120 °C for 1 h to
give a white amorphous solid (4.36 g, 90%), which was used
without additional purification.

3p-Hydroxy-lupan-28-amine (4b’). Solution of oxime 4b
(S g 11.0 mmol, 1 equiv) and NH,OAc (3.13 g, 40.7 mmol,
3.7 equiv) in MeOH (120 mL) was cooled to —10 °C, and
NaBH;CN (2.00 g, 31.9 mmol, 2.9 equiv) was added portion-
wise. The resulting mixture was stirred at ambient temperature
for 10 min, and then TiCl; solution in 2 M HCI (22.0 mL, 44
mmol, 4 equiv) was added dropwise. After 1 h reaction was
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heated up to room temperature and left stirring until complete
conversion of the starting material (TLC control). Reaction
mixture was cooled to 0 °C, and 1 M NaOH aqueous solution
(125 mL) was added dropwise, maintaining the temperature at
0—10 °C. Obtained precipitate was filtered through a Celite
pad (H = 70 mm, d = SO0 mm) and washed with a hot THF/
MeOH 1:1 mixture (1000 mL). Filtrate was partially
evaporated and obtained precipitate was filtered and
subsequently washed with H,O (20 mL) and MTBE (30
mL), then dried in oven at 120 °C for 1 h to give white
amorphous solid (3.24 g, 67%), which was used directly for the
next step without additional purification.

3p-Hydroxy-olean-12(13)-ene-28-amine (5a’) or 3p-Hy-
droxy-urs-12(13)-ene-28-amine (5b’). HCTU (1.08 g, 2.62
mmol) and Et;N (0.44 g, 4.36 mmol) were added to a solution
of oleanolic acid 1a or ursolic acid 1b (1g, 2.18 mmol) in DMF
(5 mL) at room temperature. The resulting reaction mixture
was stirred for 1 h; then, a saturated solution of NH; in EtOH
(1 mL) was added at room temperature, and the obtained
mixture was stirred for 12 h. The resulting mixture was diluted
with water (15 mL) and filtered. The precipitate was washed
with water (15 mL) and dried at 70 °C for 48 h to obtained
amide Sa or Sb as a white solid (837 mg, 84% for Sa and 908
mg, 91% for 5b), which was used directly for the next step
without additional purification. LiAIH, (140 mg, 3.68 mmol)
was added portionwise to a solution of crude Sa or Sb (0.42 g,
0.92 mmol) in THF (3 mL) at 0 °C. Then the reaction
mixture was stirred for 96 h at reflux temperature, cooled to 0
°C, and slowly quenched sequentially with water (1 mL), and
15% aqueous NaOH (2 mL). The obtained suspension was
filtered, and the filtrate was evaporated to dryness and purified
by silica column chromatography (DCM-MeOH 99:1—10:1)
to yield pure oleanolic amine (0.26 g, 65%) or ursolic amine
(0.21 g, 52%) after two steps.

General Procedure | for the Synthesis of Picolinic
Amides. To a solution of picolinic acid (124 mg, 1 mmol, 1
equiv) in a mixture of anhydrous DCM (2 mL) and THF (2
mL), one drop of DMF and oxalyl chloride (127 mg, 1 mmol,
1 equiv) were subsequently added dropwise at 0 °C. Then the
resulting reaction mixture was warmed up to room temper-
ature and stirred for 1 h. The solution was concentrated in
vacuo to remove excess oxalyl chloride and then redissolved
back in DCM (6 mL) Then it was cooled to 0 °C and solution
of triterpenoid amine (1.0S mmol, 1.0S equiv) and triethyl-
amine (505 mg, S mmol, S equiv) in DCM (10 mL) was added
dropwise during 30 min at ambient temperature. The resulting
reaction mixture was warmed to room temperature and stirred
for S h. Then it was diluted with DCM (50 mL) and washed
with water (2 X 30 mL) and brine (2 X 30 mL), dried over
anhydrous Na,SO,, filtered, and concentrated under reduced
pressure. The obtained residue was purified by silica column
chromatography (Hexanes-EtOAc 10:1—4:1) to yield picolinic
amide as a white amorphous solid.

3p-Hydroxy-28-picolinamido-lup-20(29)ene (3a). Accord-
ing to GP I, compound 3a was prepared from the
corresponding amine (390 mg, 0.882 mmol, 1.05 equiv),
picolinic acid (103 mg, 0.841 mmo, 1 equiv), oxalyl chloride
(86 puL, 1.009 mmol, 1 equiv), Et;N (293 yL, 2.106 mmol, S
equiv), DCM,,, (15 mL), THF,; (30 mL). Yield 457 mg,
90%. HRMS (ESI): m/z calc. for [C3H,N,O, + H]*
547.4258; found 547.4273. 'H NMR (500 MHz, CDCL,) &
8.54 (d, ’] = 4.8 Hz, 1H, H—C(6'), 8.21 (d, 3] = 7.8 Hz, 1H,
H-C(3")), 8.03 (t, ¥ = 6.5 Hz, 1H, H-N), 7.84 (td, 3] = 7.8

Hz, ¥ = 1.7 Hz, 1H, H-C(4'), 7.41 (dd, 3] = 7.8, 4.8 Hz, 1H,
H-C(5')), 472 (d, ¥ = 2.3 Hz, 1H, H,-C (29)), 4.60 (s, 1H,
H,-C (29)), 3.71 (dd, ¥J = 13.8 Hz, ¥] = 6.5 Hz, 1H, H,-C
(28)), 3.24 (dd, *J = 13.8 Hz, 3] = 6.5 Hz, 1H, H,-C (28)),
3.18 (dd, 3] = 11.3, 4.8 Hz, 1H, H—C (3)), 2.55 (td, 3] = 11.2,
5.6 Hz, 1H, H—C (19)), 2.18 —2.07, m, 1H, H,-C (21)), 1.90
(ddd, *J = 13.7 Hz, %] = 13.6 Hz, 4.4 Hz, 1H, H,-C (15)), 1.83
(td, 3 = 12.0, 3.4 Hz, 1H, H-C (13)), 1.80—1.76 (m, 1H, H,-
C (16)), 1.76—1.71 (m, 1H, H,-C (22)), 1.70 (s, 3H, H,—C
(30)), 1.69—1.47 (m, SH, H,-C (16), H,-C (12), H,—C (2),
H,-C (1)), 1.47-1.36 (m, 6H, H,-C (6), H,-C (11), H,-C
(21), H,—C (7), H-C (18)), 1.34—1.22 (m, 3H, H,-C (11),
H,-C (16), H-C (9)), 1.14—1.03 (m, 6H, H,—C (26), H,-C
(12), Hy-C (15), Hy-C (22)), 0.99 (s, 3H, H;—C (27)), 0.97
(s, 3H, H;—C (23)), 0.93—0.86 (m, 1H, H,-C (1)), 0.84 (s,
3H, H;—C (25)), 0.76 (s, 3H, H;—C (25)), 0.72—0.66 (m,
1H, H—C (5)). *C NMR (126 MHz, CDCL,) § 164.71 (N—C
= 0), 15043 (C20), 150.17 (C2'), 148.14 (C6¢'), 137.51
(C4'), 126.17 (CS’), 122.37 (C3'), 109.92 (C29), 79.13 (C3),
55.47 (C5), 50.56 (C9), 49.17 (C18), 47.57 (C19), 47.33
(C17), 42.88 (C14), 41.08 (C8), 39.01 (C4), 38.86 (C1),
37.48 (C13), 37.43 (C28), 37.31 (C10), 35.22 (C22), 34.30
(C7), 30.51 (C16), 29.94 (C21), 28.13 (C23), 27.56 (C2),
27.41 (C15), 25.37 (C12), 20.98 (C11), 19.46 (C30), 18.43
(C6), 16.24 (C25), 16.20 (C26), 15.51 (C24), 14.96 (C27).

3p-Hydroxy-28-picolinamido-lupane (3b). According to
GP I, compound 3b was prepared from the corresponding
amine (400 mg, 0.901 mmol, 1.05 equiv), picolinic acid (106
mg, 0.858 mmo, 1 equiv), oxalyl chloride (88 yL, 1.029 mmol,
1 equiv), Et;N (300 pL, 2.145 mmol, S equiv), DCM,,, (1S
mL), THF,,, (30 mL). Yield 405 mg, 86%. HRMS (ESI): m/z
cale. for [C;HN,O, + H]* 549.4415; found 549.4416. 'H
NMR (500 MHz, CDCL;) & 8.54 (d, ] = 4.8 Hz, 1H, H—
C(6'), 8.20 (d, 3] = 7.8 Hz, 1H, H—C(3’)), 8.00 (dd, %] = 6.5,
6.0 Hz, 1H, H-N), 7.84 (t, ] = 7.8 Hz, 1H, H-C(4'), 7.41
(dd, %] = 7.8, 4.8 Hz, 1H, H-C(5')), 3.74 (dd, JJ = 13.8 Hz, ¥J
= 6.5 Hz, 1H, H,-C (28)), 3.25-3.11 (m, 2H, H-C (3), H,-C
(28)), 1.97—1.81 (m, 4H, H,-C (15), H-C (20), H-C (13),
H-C (19)), 1.80—1.46 (m, 10H, H,—C (21), H,-C (6), H,-C
(11)1 HZ_C (2): Ha‘C (16)1 Ha'c (12)) Ha‘c (22)7 HJ-C (1)))
1.47-1.17 (m, 8H, Hy-C (6), Hy-C (11), H,-C (12), Hy-C
(16), H,—C (7), Hy-C (18), Hy-C (9)), 1.13 (s, 3H, H;—C
(26)), 1.08—1.02 (m, 1H, H,-C (15)), 0.97 (s, 6H, H;—C
(23), H;—C (27)), 0.96—0.87 (m, 2H, H,-C (22), H,-C (1)),
0.92 (d, ¥ = 6.8 Hz, 3H, H-C (30)), 0.85 (s, 3H, H;—C
(25)), 0.78 (d, 3] = 6.0 Hz, 3H, H;—C (29)), 0.77 (s, 3H, Hy—
C (24)), 0.72—0.66 (m, 1H, H—C (5)). *C NMR (126 MHz,
CDCl;) 6 164.66 (C=0), 15024 (C2'), 148.14 (C¢'),
137.50 (C4'), 126.13 (CS'), 122.36 (C3’), 79.16 (C3), 55.43
(Cs), 50.24 (C9), 48.50 (C18), 47.43 (C17), 44.43 (C19),
43.04 (C14), 41.12 (C8), 39.02 (C4), 38.86 (Cl), 37.51
(C28), 37.28 (C10), 37.05 (C13), 35.36 (C22), 34.37 (C7),
30.61 (C16), 29.60 (C20), 28.14 (C23), 27.55 (C2), 27.30
(C15), 27.00 (C12), 23.10 (C30), 21.97 (C21), 20.98 (C11),
18.45 (C6), 16.20 (C25 + C26), 15.53 (C24), 15.14 (C29),
14.85 (C27).

3p-28-Picolinamido-olean-12(13)-ene (3c). According to
GP I, compound 3c was prepared from the corresponding
amine (1.04 g, 2.354 mmol, 1.0 equiv), picolinic acid (276
mg, 2.242 mmo, 1 equiv), oxalyl chloride (230 uL, 2.690
mmol, 1 equiv), Et;N (780 yL, 5.60S mmol, S equiv), DCM,
(15 mL), THF,,;, (5 mL). Yield 1.083 g, 88%. HRMS (ESI):
m/z cale. for [C3sHg,N,O, + H]* 547.4258; found 547.4254.
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'H NMR (500 MHz, CDCL) § 8.54 (d, 3] = 4.8 Hz, 1H, H—
C(6'), 8.20 (d, *] = 7.8 Hz, 1H, H—C(3")), 8.10 (dd, 3] = 7.5,
5.6 Hz, 1H, H-N), 7.83 (td, 3] = 7.8 Hz, ¥] = 1.7 Hz, 1H, H—
C(4'), 7.41 (dd, ] = 7.8, 4.8 Hz, 1H, H-C(5")), 527 (d, ] =
3.7 Hz, 1H, H-C (12)), 3.74 (dd, ¥J = 13.7 Hz, 3] = 7.5 Hz,
1H, H,-C (28)), 3.22 (dd, ¥J = 10.9, 4.8 Hz, 1H, H-C (3)),
2.97 (dd, J = 13.7 Hz, 3] = 5.6 Hz, 1H, Hy-C (28)), 2.08 (dd,
3] = 13.5, 4.5 Hz, 1H, H-C (18)), 2.00—-1.83 (m, 4H, H,—C
(11), H,-C (16), H,-C (15)), 1.75 (dd, ¥ = 13.6 Hz, ] = 13.5
Hz, 1H, H,-C (19)), 1.68—1.47 (m, 7H, H,-C (6), H,—C (2),
H,-C (7), H,-C (22), H,-C (1), H-C (9)), 1.47—1.22 (m, 4H,
H,-C (6), Hy-C (7), Hy-C (22), H,-C (21)), 1.22—1.18 (m,
1H, H,-C (21)), 1.18 (s, 3H, H;—C (27)), 1.14-1.09 (m, 2H,
H,-C (16), H,-C (19)), 1.09 (s, 3H, H;—C (26)), 1.04 —1.00
(m, 1H, Hy-C (15)), 0.99 (s, 3H, H;—C (23)), 0.99—0.96 (m,
1H, H,-C (1)), (s, 3H, H;—C (25)), 0.89 (s, 3H, H;—C (30)),
0.88 (s, 3H, H;—C (29)), 0.79 (s, 3H, H;—C (24)), 0.77—0.72
(m, 1H, H-C (5)). °C NMR (126 MHz, CDCl,) § 164.39
(C =0), 15029 (C2’), 148.13 (C6’), 143.97 (C13), 137.46
(C4), 126.09 (C5"), 122.99 (C12), 122.39 (C3'), 79.17 (C3),
55.35 (CS), 47.80 (C9), 47.41 (C28), 46.68 (C19), 44.78
(C18), 41.93 (C14), 40.04 (C8), 38.93 (C4), 38.78 (C1),
37.09 (C10), 36.83 (C17), 34.24 (C21), 33.34, (C30), 32.60
(C7), 32.14 (C22), 31.08 (C20), 28.24 (C13), 27.39 (C2),
26.24 (C27), 25.99 (C15), 23.77 (C11), 23.70 (C29), 22.59
(C16), 18.47 (C6), 16.86 (C26), 15.73 (C24), 15.67 (C25).
3-28-Picolinamido-urs-12(13)-ene (3d). According to GP
I, compound 3d was prepared from the corresponding amine
(230 mg, 0.498 mmol, 1.05 equiv), picolinic acid (62 mg,
0.504 mmo, 1 equiv), oxalyl chloride (56 L, 0.504 mmol, 1
equiv), Et;N (120 pL, 1.261 mmol, S equiv),DCM,,, (S mL).
Yield 208 mg, 80%. HRMS (ESI): m/z calc. for [C3sHs,N,0,
+ HJ]* 547.4258; found 547.4267. 'H NMR (500 MHz,
CDCl;) § 8.55 (d, 3] = 4.7 Hz, 1H, H-C(6')), 8.20 (d, ] =
7.8 Hz, 1H, H—C(3")), 8.06 (dd, *] = 7.6, 5.4 Hz, 1H, H-N),
7.83 (td, 3] = 7.8 Hz, ¥ = 1.8 Hz, 1H, H-C(4')), 7.40(dd, ] =
7.8, 47 Hz, 1H, H-C(5')), 523 (t, *] = 3.6 Hz, 1H, H-C
(12)), 3.75 (dd, ¥J = 13.7 Hz, *] = 7.6 Hz, 1H, H,-C (28)),
3.23 (dd, 3] = 11.0, 4.9 Hz, 1H, H-C (3)), 2.91 (dd, *J = 13.7
Hz, % = 5.4 Hz, 1H, H,-C (28)), 2.06—1.92 (m, 4H, H,—C
(11), H,-C (16), H,-C (15)), 1.77-1.50 (m, 7H, H,-C (6),
H,-C (2), H,-C (7), H-C (22), H,-C (1), H-C (9)), 1.50—
1.34 (m, 6H, H,-C (6), H,-C (22), Hy-C (7), H,-C (22), H-
C (19), H-C (18)), 1.28—1.20 (m, 1H, Hy-C (21)), 1.19-
1.14 (m, 1H, H,-C (16)), 1.13 (s, 3H, H;—C (26)), 1.12 (s,
3H, H;—C (26)), 1.06—0.99 (m, 2H, H,-C (15), H,-C (1)),
1.00 (s, 3H, H;—C (23)), 0.96 (s, 3H, H;—C (25)), 0.95-0.91
(m, 4H, H;—C (30), H-C (20)), 0.83 (d, *] = 5.6 Hz, 3H,
H,—C (29)), 0.80 (s, 3H, H;—C (24)), 0.74 (d, 3 = 11.5 Hz,
1H, H-C (5)). *C NMR (126 MHz, CDCl;) § 164.37 (C=
0), 150.35 (C2’), 148.13 (C6'), 138.44 (C13), 137.44 (C4'),
126.06 (CS’), 125.77 (C12), 122.39 (C3’), 79.20 (C3), 56.51
(C18), 55.36 (CS), 47.89 (C9), 47.67 (C28), 4227 (Cl4),
40.26 (C8), 39.64 (C19), 39.52 (C20), 38.98 (C4), 38.93
(C1), 37.88 (C17), 37.04 (C10), 36.29 (C22), 32.89 (C7),
30.80 (C21), 28.27 (C23), 27.43 (C2), 26.47 (C15), 23.93
(C16), 23.64 (C11), 23.53 (C27), 21.43 (C30), 18.45 (C6),
17.52 (C29), 16.96 (C26), 15.84 (C25), 15.77 (C24).
(17R)-17-(2-(Picolinamido)ethyl)-28-norlup-20(29)-en-3-
ol (23). According to GP I, compound 23 was prepared from
the corresponding amine (860 mg, 4.492 mmol, 1.0S equiv),
picolinic acid (221 mg, 1.797 mmo, 1 equiv), oxalyl chloride
(185 pL, 2.156 mmol, 1.2 equiv), Et;N (626 uL, 4.492 mmol,

2.5 equiv), DCM,,;, (40 mL)), THE, (60 mL). Yield 849
mg, 84%. HRMS (ESI): m/z calc. for [C3;H¢N,O, + HJ*
561.4415; found 561.4398. '"H NMR (500 MHz, CDCL,) &
8.55 (d, ] = 4.7 Hz, 1H, H-C(6')), 821 (d, J = 7.7 Hz, 1H,
H-C(3")), 8.00 (t, 3] = 5.7 Hz, 1H, H-N), 7.85 (td, ] = 7.7,
1.8 Hz, 1H, H—C(4')), 7.42 (ddd, *] = 7.7, 4.7 Hz, *] = 1.8 Hz,
1H, H-C(5')), 4.67 (d, ¥J = 2.4 Hz, 1H, H,-C (29)), 4.57 (s,
1H, H,-C (29)), 3.45 (dddd, %] = 12.8 Hz, 3] = 11.6, 5.9, 5.7
Hz, 1H, H,-C(28')) 3.38 (dddd, %] = 12.8 Hz, ’] = 11.1, 5.7,
5.3 Hz, 1H, H,-C(28)), 3.18 (dd, ’] = 11.4, 4.7 Hz, 1H, H—C
(3),2.41 (td, *] = 11.1, 5.6 Hz, 1H, H-C (19)), 1.97 (dtd, *] =
14.0, ’] = 10.6, 8.2 Hz, 1H, H,-C (21)), 1.86 (ddd, ¥J = 12.5
Hz, 3] = 12.4 Hz, 6.1 Hz, 1H, H,-C (28)), 1.82—1.70 (m, 3H,
H,-C (16), H,-C (22), H-C (13)), 1.68 (s, 3H, H-C (30)),
1.67-1.57 (m, 4H, H,-C (12), H,-C (2), H,-C (15), H,-C
(1)), 1.57—1.35 (m, 8H, H,—C (6), H,-C (11), H,-C (2), Hy-
C (21), H,—C (7), H-C (18)), 1.35—1.17 (m, 4H, H,-C
(28), H,-C (11), H,-C (16), H—C (9)), 1.12—1.06 (m, 2H,
H,-C (22), Hy-C (12)), 1.06—1.02 (m, 4H, H,—C (26), H,-C
(15)), 0.97 (s, 3H, H;—C (27)), 0.96 (s, 3H, H;—C (23)),
0.93—0.89 (m, 1H, H,-C (1)), 0.82 (s, 3H, Hy—C (25)), 0.76
(s, 3H, H;—C (24)), 0.68 (d, *] = 9.3 Hz, 1H, H-C (5)). BC
NMR (126 MHz, CDCl) & 16432 (N—C=0), 150.79
(C20), 150.27 (C2’), 148.14 (C¢’), 137.52 (C4’), 126.20
(CS’), 122.32 (C3'), 109.71 (C29), 79.14 (C3), 55.46 (CS),
50.61 (C9), 50.15 (C18), 47.49 (C19), 4529 (C17), 42.70
(C14), 41.03 (C8), 39.02 (C1), 38.85 (C4), 37.35 (C13),
37.32 (C10), 35.99 (C28'), 35.95 (C22), 34.35 (C7), 31.33
(C16), 30.15 (C21), 28.13 (C23), 27.68 (C2), 27.55 (C28),
27.48 (C15), 25.24 (C12), 21.08 (C11), 19.44 (C30), 18.45
(C6), 16.29 (C25), 1625 (C26), 15.51 (C24), 15.06 (C27).
General Procedure Il for Arylation Reaction. A solution
of picolinic amide (0.20 mmol, 1 equiv), iodo (het)arene (0.80
mmol, 4 equiv), Pd(OAc), (2 mg, 0.01 mmol, 0.05 equiv),
CuBr, (4 mg, 0.02 mmol, 0.1 equiv), and CsOAc (154 mg,
0.80 mmol, 4 equiv) in +AmOH (2 mL) was stirred in a
pressure vessel under a nitrogen atmosphere for 24 h at 140
°C. The resulting reaction mixture was cooled to room
temperature and filtered through a Celite pad (H = S0 mm, d
= 15 mm), followed by washing with THF/EtOAc 1:1 (10
mL). The filtrate was concentrated under reduced pressure,
and the crude mixture was purified by column chromatography
on silica gel (Hexanes-EtOAc 10:1 — 1:1), yielding desired
arylation products as a white amorphous solid.
(225)-22-(4-Methoxyphenyl)-3-hydroxy-28-picolinami-
do-lup-20(29)en (6a) and (16R)-16-(4-Methoxyphenyl)-3p-
hydroxy-28-picolinamido-lup-20(29)ene (7a). According to
GP II, compounds 6a and 7a were prepared from picolinic
amide 3a (50 mg, 0.091 mmol, 1 equiv), l-iodo-4-
methoxybenzene (86 mg, 0.366 mmol, 4 equiv), Pd(OAc),
(1 mg, 0.004 mmol, 0.0S equiv), CuBr, (2 mg, 0.009 mmol,
0.1 equiv), and CsOAc (70 mg, 0.366 mmol, 4 equiv) in t-
AmOH (2 mL). Yield 46 mg, 83%. HRMS (ESI): m/z calc. for
[C43HeoN,0;5 + H]* 653.4677; found 653.4676.
(225)-22-(4-Methoxyphenyl)-3-hydroxy-28-picolinami-
do-lup-20(29)ene (6a). "H NMR (500 MHz, CDCL,) & 8.20
(dd, ¥ = 5.3 Hz, ] = 1.8 Hz, 1H, H-C(6")), 8.00 (d, ’] = 7.7
Hz, 1H, H—C(3")), 7.70 (td, *] = 7.7 Hz, *] = 1.8 Hz, 1H, H—
C(4')), 7.28—7.24 (m, 3H, H-C(5'), H-C(3"), H-C(5")),
6.92 (d, 3] = 9.3 Hz, 1H, H-N), 6.87 (d, *] = 8.7 Hz, 2H, H—
C(2"), H=C(6")), 4.80 (d, J = 2.2 Hz, 1H, H,-C (29)), 4.66
(s, 1H, Hy-C (29)), 4.14 (dd, *J = 14.2, 3] = 9.3 Hz, 1H, H,-C
(28)), 3.78 (s, 3H, CH,—0) 3.19 (dd, °] = 11.3, 4.8 Hz, 1H,
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H-C (3)), 2.96 (dd, *] = 14.2, 3] = 2.8 Hz, 1H, H,-C (28)),
2.88 (dd, ¥ = 10.0, 8.3 Hz, 1H, H-C (22)), 2.64 (ddd, 7J =
13.6 Hz, ¥ = 11.5, 10.0 Hz, H,-C (21)), 2.61 (ddd, ] = 11.5,
10.9, 4.2 Hz, 1H, H-C (19)), 2.02 (td, 3] = 12.0, 3.5 Hz, 1H,
H-C (13)), 1.89 (dd, ¥ = 12.0, 10.9 Hz, 1H, H-C (18)),
1.84 (ddd, ’J = 13.1 Hz, ] = 6.9, 3.5 Hz, 1H, H,-C (16)), 1.76
(s, 3H, H-C (30)), 1.76—1.70 (m, 4H, H,-C (12), H,-C (7),
H,-C (15), H,-C (1)), 1.65—1.23 (m, 10H, H,—C (2), H,—C
(6), H,—C (11), H,-C (16) H,-C (7), H,-C (21), H-C (9)),
1.17 (s, 3H, H;—C (26)), 1.15—1.07 (m, 1H, H,.C (12)), 1.03
(s, 3H, H;—C (27)), 1.03—0.97 (m, 1H, H,-C (15)), 0.96 (s,
3H,H;—C (23)), 0.94—0.85 (m, 1H, Hy-C (1)), 0.84 (s, 3H,
H,—C (25)), 0.76 (s, 3H, H;—C (24)), 0.71-0.64 (m, 1H,
H-C (5)). ®C NMR (126 MHz, CDCl;) § 163.98 (C=0),
158.95 (C4”) 150.14 (C20), 149.97 (C2'), 147.61 (C6'),
136.96 (C4'), 132.01 (C1"), 128.62 (C2" + C6"), 125.69
(Cs"), 121.78 (C3’), 11440 (C3” + CS”), 110.38 (C29),
79.20 (C3), 55.53 (CS), 55.29 (O—CHj,) 53.98 (C22), 50.68
(C9), 50.46 (C18), 50.14 (C17), 46.23 (C19), 42.73 (C14),
41.02 (C8), 39.02 (C1), 38.90 (C4), 37.68 (C13), 37.34
(C10), 35.91 (C28), 34.22 (C7), 34.09 (C21), 30.21 (C16),
28.13 (C23), 27.59 (C2), 27.41 (C15), 25.21 (C12), 20.99
(C11), 19.30 (C30), 18.37 (C6), 16.21 (C25), 16.06 (C26),
15.50 (C24), 15.14 (C27).
(16R)-16-(4-Methoxyphenyl)-3p-hydroxy-28-picolinami-
do-lup-20(29)ene (7a). "H NMR (500 MHz, CDCl;) § 8.21
(d, ¥ = 4.5 Hz, 1H, H-C(6'), 7.99 (d, ’] = 7.8 Hz, 1H, H—
C(3'), 7.71 (td, *] = 7.8 Hz, ] = 1.8 Hz, 1H, H-C(4")), 7.29
(dd, % = 7.8, 4.5 Hz, 1H, H-C(5")), 7.24 (d, ’] = 8.7 Hz, 2H,
H-C(3"), H=C(5")), 7.03 (d, 3] = 9.9 Hz, 1H, H-N), 6.86
(d, 3] = 8.7 Hz, 2H, H-C(2"), H-C(6")), 4.74 (d, 3] = 2.4
Hz, 1H, H,-C (29)), 4.62 (s, 1H, H,-C (29)), 3.79 (s, 3H, O—
CH,;), 3.70 (dd, ¥J = 14.3, ] = 9.9 Hz, 1H, H,-C (28)), 3.46
(d, %] = 14.3 Hz, 1H, H,-C (28)), 3.20 (dd, *] = 11.4, 4.9 Hg,
1H, H-C (3)), 2.88 (dd, ] = 13.2, 3.5 Hz, 1H, H-C (16)),
2.69 (td, 3] = 11.2, 42 Hz, 1H, H—C (19)), 2.41 (dd, %] = 13.4
Hz, 3 = 13.2 Hz, 1H, H,-C (15)), 2.01 (dddd, *] = 13.7 Hz, ¥]
=112, 104, 6.5 Hz, 1H, H,-C (21)), 1.89 (dd, 3] = 12.0, 11.2
Hz, 1H, H-C (18)), 1.80 (td, 3 = 12.0, 3.5 Hz, 1H, H-C
(13)), 1.75 (s, 3H, H—C (30)), 1.74—1.58 (m, SH, H,-C (12),
H,—C (2), H,-C (22), H,-C (1)), 1.58—1.23 (m, 10H, H,—C
(6)» HZ_C (11)7 Hb'C (21)) Hb'c (15)) HZ_C (7)) Hb'c
(22), H=C (9)), 1.18 (s, 3H, H;—C (26)), 1.13—1.07 (m, 4H,
H;—C (27), Hy-C (12)), 0.98 (s, 3H, H;—C (23)), 0.96—0.90
(m, 1H, Hy-C (1)), 0.88 (s, 3H, H;—C (25)), 0.78 (s, 3H,
H;—C (24)), 0.73-0.69 (m, 1H, H-C (5)). *C NMR (126
MHz, CDCl,;) 6 164.11 (C=0), 158.72 (C4"), 150.47 (C20),
149.85 (C2'), 147.68 (C6'), 137.02 (C4'), 135.77 (C1"),
128.60 (C2” + C6”"), 125.77 (CS’), 121.80 (C3’), 114.19
(C3” + C5”), 109.64 (C29), 79.15 (C3), 55.48 (CS), 55.34
(CH;—0), 51.32 (C17), 51.13 (C18), 50.62 (C9), 47.73
(C16), 46.93 (C19), 43.38 (C14), 41.44 (C8), 39.04 (C1),
38.93 (C4), 37.37 (C10), 37.09 (C13), 36.38 (C28), 35.14
(C22), 34.50 (C7), 32.49 (C15), 30.11 (C21), 28.16 (C23),
27.57 (C2), 25.71 (C12), 21.08 (C11), 20.22 (C30), 18.45
(C6), 16.41 (C26), 16.37 (C25), 15.58 (C24), 15.54 (C27).
(225)-22-Phenyl-3/3-hydroxy-28-picolinamido-lup-20(29)-
ene (6b) and (16R)-16-Phenyl-3[-hydroxy-28-picolinamido-
lup-20(29)ene (7b). According to GP II, compounds 6b and
7b were prepared from picolinic amide 3a (100 mg, 0.183
mmol, 1 equiv), iodobenzene (149 mg, 0.731 mmol, 4 equiv),
Pd(OAc), (2 mg, 0.009 mmol, 0.05 equiv), CuBr, (4 mg,
0.018 mmol, 0.1 equiv), and CsOAc (140 mg, 0.731 mmol, 4

equiv) in +-AmOH (2 mL). Yield 83 mg, 73%. HRMS (ESI):
m/z cale. for [C,HggN,O, + H]* 623.4571; found 623.4574.

(225)-22-Phenyl-3/3-hydroxy-28-picolinamido-lup-20(29)-
ene (6b). '"H NMR (500 MHz, CDCl;) § 8.17 (dd, ’] = 4.8
Hz, ¥ = 1.7 Hz, 1H, H—C (6)), 7.99 (d, ] = 7.8, Hz, 1H, H—
C(3")), 7.69 (td, 3] = 7.8 Hz, /] = 1.7 Hz, 1H, H-C(4)),
7.36-728 (m, 4H, H-C(2"), H-C(3"), H—C(5"), H—
C(6")), 7.27-7.23 (m, 2H, H-C(4"), H-C(5")), 6.92 (d, ]
= 9.3 Hz, 1H, H-N), 4.81 (d, J = 2.2 Hz, 1H, H,-C (29)),
4.66 (s, 1H, H,-C (29)), 4.15 (dd, ?J = 14.2, 3] = 9.3 Hz, 1H,
H,-C (28)), 3.19 (dd, ’] = 11.4, 4.8 Hz, 1H, H-C (3)), 3.02
(dd, ¥J = 142, 3] = 2.7 Hz, 1H, H,-C (28)), 2.93 (dd, ’] = 10.3
9.3 Hz, 1H, H—C (22)), 2.70 (ddd, ?J = 13.6 Hz, 3] = 11.1,
10.3 Hz, 1H, H,-C (21)), 2.64 (ddd, 3] = 11.3, 11.1, 4.6 Hz,
1H, H-C (19)), 2.03 (td, ] = 12.0, 3.6 Hz, 1H, H-C (13)),
1.91 (dd, *J = 12.0, 11.3 Hz, 1H, H-C (18)), 1.84 (ddd, JJ =
13.1 Hz, 3] = 7.0, 3.6 Hz, 1H, H,-C (16)), 1.77 (s, 3H, H-C
(30)), 1.76—1.65 (m, 4H, H,-C (12), Hy-C (21), H,-C (1),
H,-C (15)), 1.65—1.23 (m, 10H, H,—C (2), H,—C (6), H,—C
(11), Hy-C (16) H,—C (7), H-C (9)), 1.17 (s, 3H, H;—C
(26)), 1.14—1.07 (m, 1H, H, C (12)), 1.03 (s, 3H, H;—C
(27)), 1.02—0.96 (m, 1H, H,-C (15)), 0.96 (s, 3H,H;—C
(23)), 0.96—0.89 (m, 1H, H,-C (1)), 0.84 (s, 3H, H;—C
(25)), 0.76 (s, 3H, H;—C (24)), 0.71-0.66 (m, 1H, H—C
(5)). *C NMR (126 MHz, CDCl;) § 164.01 (C=0), 150.06
(C20), 14991 (C2'), 147.43 (C6’), 140.10 (C1"), 136.95
(C4’), 129.01 (C3” + CS"), 127.92 (C2” + C6"), 126.67
(C4"), 125.60 (CS’), 121.75 (C3’), 110.43 (C29), 79.19
(C3), 55.53 (CS), 54.83 (C22), 50.68 (C9), 50.66 (C18),
50.39 (C17), 46.23 (C19), 42.72 (C14), 41.02 (C8), 39.02
(C4), 38.90 (C1), 37.69 (C13), 37.34 (C10), 35.90 (C28),
34.09 (C7 + C21), 30.25 (C16), 28.13 (C23), 27.59 (C2),
27.40 (C15), 25.21 (C12), 21.00 (C11), 19.29 (C30), 18.37
(C6), 16.21 (C25), 16.07 (C26), 15.50 (C24), 15.15 (C27).

(16R)-16-Phenyl-3-hydroxy-28-picolinamido-lup-20(29)-
ene (7b). '"H NMR (500 MHz, CDCl;) § 8.17 (dd, ¥] = 4.8
Hz, ¥ = 1.7 Hz, 1H, H—C (6)), 7.98 (d, *] = 7.8, Hz, 1H, H—
C(3")), 7.71 (td, 3] = 7.8 Hz, /] = 1.7 Hz, 1H, H-C(4)),
7.35-724 (m, 6H, H-C(2"), H-C(3"), H—C(5"), H—
C(6"), H—C(4"), H—C(5')),7.06 (d, *] = 9.3 Hz, 1H, H-N),
475 (d, ¥ = 2.3 Hz, 1H, H,-C (29)), 4.62 (s, 1H, H,-C (29)),
3,73 (dd, ¥J = 14.2 Hz, 3] = 9.3 Hz, 1H, H,-C (28)), 3.40 (d, *J
= 14.2 Hz, 1H, H,-C (28)), 3.20 (dd, ’] = 11.4, 49 Hz, 1H,
H-C (3)), 2.92 (dd, ¥ = 13.0, 3.5 Hz, 1H, H-C (16)), 2.70
(td, ¥ = 10.9, 4.5 Hz, 1H, H—C (19)), 2.47 (dd, ¥J = 13.3 Hz,
3] = 13.0 Hz, 1H, H,-C (15)), 2.02 (dddd, ¥ = 12.8 Hz, 3] =
12.5, 10.9, 7.5 Hz, 1H, H,-C (21)), 1.91 (dd, ] = 11.9, 10.9
Hz, 1H, H-C (18)), 1.82 (td, 3] = 11.9, 3.7 Hz, 1H, H-C
(13)), 1.77 (s, 3H, H—C (30)), 1.76—1.65 (m, 3H, H,-C (12),
H,-C (22), H,-C (1)), 1.65—1.40 (m, 8H, H,—C (6), H,-C
(11), H,—C (2), Hy-C (22), H,—C (7)), 1.40- 1.23 (m, 4H,
H,-C (11), H,-C (21), Hy-C (15), H-C (9)), 1.19 (s, 3H,
H,—C (26)), 1.14—1.08 (m, 4H, H, C (12), H,—C (27)),
0.98 (s, 3H,H;—C (23)), 0.96—0.89 (m, 1H, H,-C (1)), 0.88
(s, 3H, H;—C (25)), 0.78 (s, 3H, H;—C (24)), 0.74—0.67 (m,
1H, H-C (5)). '*C NMR (126 MHz, CDCl,) 6 164.14 (C=
0), 150.44 (C20), 149.82 (C2'), 147.54 (C6’), 143.76 (C1"),
137.01 (C4'), 128.83 (C3” + C5"), 127.82 (C2" + C6"),
126.51 (C4"), 125.69 (CS’), 121.76 (C3'), 109.66 (C29),
79.14 (C3), 55.48 (CS), 51.33 (C18), 51.30 (C17), 50.62
(C9), 48.73 (C16), 46.94 (C19), 43.38 (C14), 41.45 (C8),
39.03 (C4), 38.92 (C1), 37.37 (C10), 37.11 (C13), 36.38
(C28), 35.06 (C22), 34.49 (C7), 32.33 (C15), 30.13 (C21),
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28.15 (C23), 27.56 (C2), 25.71 (C12), 21.08 (Cl11), 20.24
(C30), 18.44 (C6), 16.41 (C25), 16.36 (C26), 15.57 (C24),
15.53 (C27).
(225)-22-Tolyl-3p-hydroxy-28-picolinamido-lup-20(29)-
ene (6¢c) and (16R)-16-Tolyl-35-hydroxy-28-picolinamido-
lup-20(29)ene (7c). According to GP II, compounds 6¢ and 7¢
were prepared from picolinic amide 3a (100 mg, 0.183 mmol,
1 equiv), l-iodo-4-methylbenzene (159 mg, 0.731 mmol, 4
equiv), Pd(OAc), (2 mg, 0.009 mmol, 0.0S equiv), CuBr, (4
mg, 0.018 mmol, 0.1 equiv), and CsOAc (140 mg, 0.731
mmol, 4 equiv) in -AmOH (2 mL). Yield 75 mg, 65%. HRMS
(ESI): m/z calc. for [C43HgN,O, + H]* 637.4728; found
637.4726.
(225)-22-Tolyl-3p-hydroxy-28-picolinamido-lup-20(29)-
ene (6¢). '"H NMR (500 MHz, CDCl;) § 8.18 (dd, 1H, %] =
5.3 Hz, ¥J = 1.8 Hz, H-C(6')), 8.01 (d, ’] = 7.8 Hz, 1H, H—
C(3')), 7.70 (td, ] = 7.8 Hz, ¥J = 1.8 Hz, 1H, H-C(4)),
7.28=7.24 (m, 1H, H—C(5")), 7.23 (d, ¥ = 7.9 Hz, 2H, H—
C(2"), H-C(6")), 7.13 (d, %] = 7.9 Hz, 2H, H-C(3"), H-
C(5")), 6.90 (d, *] = 9.4 Hz, 1H, H-N), 4.80 (d, “ = 2.2 Hz,
1H, H,-C (29)), 4.66 (s, 1H, H,-C (29)), 4.13 (dd, %] = 14.2,
3] = 9.4 Hz, 1H, H,-C (28)), 3.19 (dd, 3] = 11.3, 4.8 Hz, 1H,
H-C (3)), 3.00 (dd, %] = 14.4, ’] = 2.8 Hz, 1H, H,-C (28)),
2.89 (dd, 3] = 10.1, 9.1 Hz, 1H, H-C (22)), 2.73—2.58 (m,
2H, H,-C (21), H—C (19)), 2.33 (s, 3H, H;C-Ph), 2.02 (td, ’]
=12.0, 3.6 Hz, 1H, H-C (13)), 1.89 (dd, ] = 12.0, 11.2 Hz,
1H, H—C (18)), 1.84 (ddd, %] = 13.1 Hz, ¥] = 6.9, 3.5 Hz, 1H,
H,-C (16)), 1.76 (s, 3H, H—C (30)), 1.76—1.65 (m, 4H, H,-C
(12), H,-C (7), H,-C (1), H-C (15)), 1.65—1.23 (m, 10H,
H,—C (2), H,—C (6), H,—C (11), Hy-C (16) H,-C (7), Hy-C
(21), H-C (9)), 1.16 (s, 3H, H;—C (26)), 1.14—1.08 (m, 1H,
H,.C (12)), 1.03 (s, 3H, H;—C (27)), 1.03—0.96 (m, 1H, H,-
C (15)), 0.96 (s, 3H,H;—C (23)), 0.96—0.85 (m, 1H, H,-C
(1)), 0.84 (s, 3H, H;—C (25)), 0.76 (s, 3H, H;—C (24)),
0.71-0.66 (m, 1H, H-C (5)). *C NMR (126 MHz, CDCl,)
5 164.02 (C=0), 150.12 (C20), 150.05 (C2'), 147.52 (C6"),
136.94 (C4' + C1"), 136.33 (C4"), 129.62 (C3" + C5"),
127.71 (C2"+ C6"), 125.57 (CS'), 121.88 (3"), 110.36 (C29),
79.17 (C3), 55.52 (C5), 54.40 (C22), 50.67 (C9), 50.59
(C18), 50.18 (C17), 46.25 (C19), 42.70 (C14), 41.00 (C8),
39.00 (C1), 38.88 (C4), 37.67 (C13), 37.33 (C10), 35.95
(C28), 34.14 (C7), 34.09 (C21), 30.23 (C16), 28.11 (C23),
27.57 (C2), 27.40 (C1S), 25.19 (C12), 21.22 (CH,;—Ph),
20.99 (Cl11), 19.29 (C30), 18.36 (C6), 16.20 (C25), 16.05
(C26), 15.49 (C24), 15.13 (C27).
(16R)-16-Tolyl-3-hydroxy-28-picolinamido-lup-20(29)-
ene (7¢). '"H NMR (500 MHz, CDCL;) 6 8.19 (d, ] = 4.5 Hz,
1H, H—C(6'), 8.00 (d, ’] = 7.8 Hz, 1H, H—C(3’), 7.72 (td, 3J
= 7.8, Y] = 1.8 Hz, 1H, H-C(4')), 7.29-7.26 (m, 1H, H—
C(5')), 7.21 (d, ¥] = 7.9 Hz, 2H, H—C(2"), H—C(6")), 7.12
(d, 3 = 7.9 Hz, 2H, H-C(3"), H-C(5")), 7.04 (d, *] = 9.5
Hz, 1H, H-N), 4.74 (d, ’] = 2.4 Hz, 1H, H,-C (29)), 4.62 (s,
1H, H,-C (29)), 3.72 (dd, ¥J = 14.4, 3] = 9.5 Hz, 1H, H,-C
(28)), 3.38 (d, %] = 14.4 Hz, 1H, H,-C (28)), 3.20 (dd, ] =
11.4, 49 Hz, 1H, H-C (3)), 2.88 (dd, 3] = 13.2, 3.2 Hz, 1H,
H-C (16)), 2.69 (td, %] = 11.0, 4.4 Hz, 1H, H-C (19)), 2.44
(dd, ¥ = 13.4 Hz, ¥ = 13.2 Hz, 1H, H,-C (15)), 2.06—1.96
(m, 1H, H,-C (21)), 1.89 (dd, ¥J = 12.0 Hz, ¥] = 11.4 Hz, 1H,
H-C (18)), 1.80 (td, *] = 12.0, 3.5 Hz, 1H, H-C (13)), 1.75
(s, 3H, H-C (30)), 1.74—1.67 (m, 3H, H,-C (12), H,-C (22),
H,-C (1)), 1.66—1.23 (m, 12H, H,—C (2), H,—C (6), H,—C
(11), Hy-C (21), Hy-C (15), H,—C (7), H,-C (22), H-C
(9)), 1.18 (s, 3H, H;—C (26)), 1.13—1.07 (m, 4H, H;—C

(27), Hy-C (12)), 0.97 (s, 3H, H;—C (23)), 0.96—0.90 (m,
1H, H,-C (1)), 0.87 (s, 3H, H;—C (25)), 0.78 (s, 3H, H;—C
(24)), 0.73—0.69 (m, 1H, H-C (5)). *C NMR (126 MHz,
CDCl;) § 164.16 (C=0), 150.48 (C20), 149.97 (C2'),
147.63 (C6'), 140.68 (C1”), 137.03 (C4'), 136.15 (C4"),
129.45 (C3” + CS”), 127.63 (C2"+ C6"), 125.68 (CS'),
121.90 (3'), 109.64 (C29), 79.14 (C3), 55.48 (CS), 50.62
(C9), 50.22 (C18), 50.21 (C17), 48.28 (C16), 46.95 (C19),
4337 (C14), 41.44 (C8), 39.04 (C1), 38.92 (C4), 37.37
(C13), 37.10 (C10), 36.42(C28), 35.08 (C22), 34.46 (C7),
32.39 (C15), 30.13 (C21), 28.16 (C23), 27.57 (C2), 25.71
(C12), 21.22 (CH;—Ph), 21.08 (C11), 20.21 (C30), 18.45
(C6), 16.41 (C25), 16.36 (C26), 15.57 (C24), 15.54 (C27).
(225)-22-(4-Hydroxyphenyl)-3p-hydroxy-28-picolinami-
do-lup-20(29)ene (6d) and (7d). According to GP II,
compounds 6d and 7d were prepared from picolinic amide
3a (100 mg, 0.183 mmol, 1 equiv), 4-iodophenol (161 mg,
0.731 mmol, 4 equiv), Pd(OAc), (2 mg, 0.009 mmol, 0.05
equiv), CuBr, (4 mg, 0.018 mmol, 0.1 equiv), and CsOAc
(140 mg, 0.731 mmol, 4 equiv) in -AmOH (2 mL). Yield 58
mg, 50%. HRMS (ESI): m/z calc. for [C,,HN,0; + H]*
639.4520; found 639.4504.
(225)-22-(4-Hydroxyphenyl)-3p-hydroxy-28-picolinami-
do-lup-20(29)ene (6d). "H NMR (500 MHz, CDCl;) § 8.34
(dd, 1H, 3] = 5.1 Hz, *] = 1.8 Hz, H—C(6)), 8.00 (d, *] = 7.7
Hz, 1H, H-C(3')), 7.70 (td, 3] = 7.7 Hz, *] = 1.8 Hz, 1H, H—
C(4')), 7.29-7.23 (m, 1H, H-C(5')), 7.20 (d, °] = 8.6 Hz,
2H, H-C(2"), H-C(6")), 7.03 (d, ¥] = 9.0 Hz, 1H, H-N),
6.83 (d, ’] = 8.6 Hz, 2H, H—C(3"), H-C(5")), 4.79 (d, ¥J =
2.3 Hz, 1H, H,-C (29)), 4.66 (s, 1H, Hy-C (29)), 4.16 (dd, %]
= 14.1, °] = 9.0 Hz, 1H, H,-C (28)), 3.49 (s, 1H, OH) 3.19
(dd, %] = 11.4, 4.8 Hz, 1H, H-C (3)), 2.94 (dd, ¥J = 14.1, ¥] =
2.4 Hz, 1H, H,-C (28)), 2.87 (dd, *J = 10.1, 8.7 Hz, 1H, H-C
(22)), 2.69-2.55 (m, 2H, H,-C (21), H-C (19)), 1.99 (td, ¥J
=119, 42 Hz, 1H, H-C (13)), 1.88 (dd, *] = 11.9, 10.9 Hz,
1H, H-C (18)), 1.82 (ddd, ¥ = 13.1 Hz, ’] = 6.8, 3.5 Hz, 1H,
H,-C (16)), 1.76 (s, 3H, H=C (30)), 1.76—1.65 (m, 4H, H,-C
(12), H,-C (7), H,-C (1), H,-C (15)), 1.65—1.23 (m, 9H,
H,-C (Z)r H,-C (6)1 H,-C (11)) H,-C (16) H,-C (7)) H,-C
(21), H-C (9)), 1.15 (s, 3H, H;—C (26)), 1.13—1.05 (m, 1H,
H,.C (12)), 1.02 (s, 3H, H;—C (27)), 1.01—0.97 (m, 1H, Hy-
C (15)), 0.96 (s, 3H,H;—C (23)), 0.94—0.88 (m, 1H, H,-C
(1)), 0.83 (s, 3H, H;—C (25)), 0.76 (s, 3H, H;—C (24)),
0.71-0.65 (m, 1H, H—C (5)). *C NMR (126 MHz, CDCl,)
8 164.19 (C=0), 155.25 (C4"), 150.08 (C20), 149.74 (C2'),
147.95 (C6'), 137.02 (C4'), 131.85 (C1”), 128.87 (C2" +
C6"), 125.75 (CS'), 121.75 (C3'), 11594 (C3" + CS”),
110.40 (C29), 79.26 (C3), 55.52 (CS), 53.97 (C22), 50.66
(C9), 5042 (C18), 50.11 (C17), 46.20 (C19), 42.72 (C14),
40.99 (C8), 39.01 (C4), 38.88 (Cl), 37.68 (C13), 37.33
(C10), 35.97 (C28), 34.21 (C7), 34.08 (C21), 30.20 (C16),
28.12 (C23), 27.55 (C2), 27.40 (C15), 25.20 (C12), 20.98
(C11), 19.31 (C30), 18.37 (C6), 16.21 (C25), 16.07 (C26),
15.50 (C24), 15.13 (C27).
(225)-22-(4-(tert-Butyldimethylsilyl)oxyphenyl)-3/-hy-
droxy-28-picolinamido-lup-20(29)ene (6e) and (16R)-16-(4-
(tert-Butyldimethylsilyl)oxyphenyl)-3p-hydroxy-28-picolina-
mido-lup-20(29)ene (7e). According to GP II, compounds 6e
and 7e were prepared from picolinic amide 3a (100 mg, 0.183
mmol, 1 equiv), tert-butyl(4-iodophenoxy)dimethylsilane (244
mg, 0.731 mmol, 4 equiv), Pd(OAc), (2 mg, 0.009 mmol, 0.05
equiv), CuBr, (4 mg, 0.018 mmol, 0.1 equiv), and CsOAc
(140 mg, 0.731 mmol, 4 equiv) in +AmOH (2 mL). Yield 45
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mg, 33%. HRMS (ESI): m/z calc. for [C,sH,,N,05Si + H]*
753.5385; found 753.5368.
(225)-22-(4-(tert-Butyldimethylsilyl)oxyphenyl)-35-hy-
droxy-28-picolinamido-lup-20(29)ene (6e). 'H NMR (500
MHz, CDCl;) § 8.32 (d, 1H, %] = 4.7 Hz, H—C(6")), 8.00 (d,
3] = 7.7 Hz, 1H, H-C(3")), 7.69 (td, *] = 7.7 Hz, *] = 1.7 Hz,
1H, H—C(4')),7.25 (dd, 3] = 7.7, 4.7 Hz, 1H, H-C(5")), 7.19
(d, 3] = 8.1 Hz, 2H, H-C(2"), H-C(6")), 6.98 (d, 3] = 9.8
Hz, 1H, H-N), 6.81 (d, ’] = 8.1 Hz, 2H, H-C(3"), H—
C(5")), 479 (d, ] = 2.2 Hz, 1H, H,-C (29)), 4.65 (s, 1H, Hy-
C (29)), 4.14 (dd, *] = 14.1 Hz, 3] = 9.8 Hz 1H, H,-C (28)),
3.18 (dd, ] = 11.3, 4.8 Hz, 1H, H—C (3)), 2.95 (d, ¥J = 14.1
Hz, 1H, H,-C (28)), 2.86 (dd, ¥ = 9.6, 92 Hz, 1H, H-C
(22), 2.66 —2.57 (m, 2H, H,-C (21), H-C (19)), 2.01 (td, 3]
= 12.2, 3.4 Hz, 1H, H-C (13)), 1.91-1.80 (m, 2H, H-C
(18), H,-C (16)), 1.76 (s, 3H, H;—C (30)), 1.75—1.64 (m,
4H, H,-C (22), H,-C (15), H,-C (21), H,-C (1)), 1.65—1.24
(mr 10H, HZ_C (2)) HZ_C (6)f HZ_C (11)1 Hb'c (16)! H,-
C (7), H=C (9)), 1.17 (s, 3H, H;—C (26)), 1.15—1.08 (m,
1H, H,-C (15)), 1.02 (s, 3H, H;—C (27)), 1.00 (s, 9H,
(CH,);C), 1.00—0.96 (m, 1H, Hy-C (15)), 0.96 (s, 3H, H;—C
(23)), 0.95-0.90 (m, 1H, H,-C (1)), 0.84 (s, 3H, H;—C
(25)), 0.76 (s, 3H, H;—C (24)), 0.68 (d, *] = 10.5 Hz, 1H, H—
C (%)), 0.17 (s, 3H, H;—C-Si), 0.16 (s, 3H, H;—C-Si). *C
NMR (126 MHz, CDCl;) § 164.07 (C=0), 154.96 (C4'),
150.16 (C20), 149.97 (C2'), 147.97 (C¢’), 136.92 (C4'),
13249 (C1”), 128.66 (C2" + C6"), 125.56 (CS’), 121.69
(C3), 120,49 (C3” + CS§"), 110.38 (C29), 79.20 (C3), 55.54
(C3), 54.08 (C22), 50.68 (C9), 50.48 (C18), 50.16 (C17),
46.24 (C19), 42.72 (C14), 41.01 (C8), 39.02 (C4), 38.90
(C1), 37.69 (C13), 37.35 (C10), 35.90 (C28), 34.28 (C21),
34.09 (C7), 30.23 (C16), 28.13 (C23), 27.59 (C2), 27.42
(C15), 25.81 (C12), 25.20 ((CH;);C), 21.00 (C11), 19.26
(C30), 18.37 (C6), 1825 (C(CH,),), 1621 (C25), 16.06
(C26), 15.50 (C24), 15.15 (C27), —4.32 ((CH,),Si).
(16R)-16-(4-(tert-Butyldimethylsilyl)oxyphenyl)-35-hy-
droxy-28-picolinamido-lup-20(29)ene (7e). 'H NMR (500
MHz, CDCl;) § 8.32 (d, 1H, %] = 4.7 Hz, H—C(6")), 7.99 (d,
3] = 7.7 Hz, 1H, H-C(3')), 7.71 (td, *] = 7.7 Hz, *] = 1.7 Hz,
1H, H-C(4)), 7.26 (dd, %] = 7.7, 4.7 Hz, 1H, H-C(5")), 7.18
(d, 3] = 8.1 Hz, 2H, H-C(2"), H-C(6")), 7.09 (d, 3] = 9.7
Hz, 1H, H-N), 6.79 (d, ’] = 8.1 Hz, 2H, H-C(3"), H—
C(5")), 474 (d, *] = 2.2 Hz, 1H, H,-C (29)), 4.62 (s, 1H, Hy-
C (29)), 3.71 (dd, ¥J = 14.3 Hz, 3] = 9.7 Hz, 1H, H,-C (28)),
3.33 (d, ¥J = 14.3 Hz, 1H, H,-C (28)), 3.20 (dd, 3 = 11.3, 4.8
Hz, 1H, H-C (3)), 2.86 (dd, ¥] = 13.0, 3.2 Hz, 1H, H-C
(16)), 2.69 (td, *] = 11.0, 4.4 Hz, 1H, H—C (19)), 2.39 (dd, ¥J
= 13.6 Hz, %] = 13.0 Hz, 1H, H,-C (15)), 2.08—1.96 (m, 2H,
H,-C (21), H,-C (2)), 1.88 (dd, ’] = 11.9, 11.0 Hz, 1H, H-C
(18)), 1.79 (td, 3] = 11.9, 3.7 Hz, 1H, H—C (13)), 1.74 (s, 3H,
H-C (30)), 1.76—1.20 (m, 15H, H,—C (12), H,—C (22), H,-
C (1)) Hb'c (Z)r H,—-C (ll)r H,—-C (6)1 H,-C (7)) Hb'C
(15), Hy-C (21), H-C (9)), 1.17 (s, 3H, H;—C (26)), 1.09 (s,
3H, H,—C (27)), 1.01 (s, 9H, (H;C);C), 0.98 (s, 3H,H;—C
(23)), 0.97-0.90 (m, 1H, H,-C (1)), 0.88 (s, 3H, H;—C
(25)), 0.78 (s, 3H, H;—C (24)), 0.74—0.69 (m, 1H, H-C
(5)), 0.18 (s, 3H, H;—C-Si), 0.17 (s, 3H, H;—C-Si)."*C NMR
(126 MHz, CDCl;) § 16420 (N—C=0), 154.71 (C4"),
150.50 (C20), 149.87 (C2'), 148.02 (C¢’), 136.97 (C4'),
136.25 (C1”), 128.56 (C2" + C6"), 125.65 (CS’), 121.71
(C3), 120.25 (C3” + CS§"), 109.61 (C29), 79.15 (C3), 55.48
(Cs), 51.31 (C18), 51.17 (C17), 50.62 (C9), 47.86 (C16),
46.94 (C19), 43.38 (C14), 41.44 (C8), 39.04 (C4), 38.93

(C1), 37.37 (C13), 37.09 (C10), 36.39 (C28), 35.13 (C22),
34.51 (C7), 32.51 (C15), 30.13 (C21), 28.16 (C23), 27.57
(C2), 25.82 ((CH,;);), 25.71 (C12), 21.09 (Cl1), 20.25
(C30), 18.44 (C6), 18.28 (C((CH;);C), 16.40 (C25), 16.36
(C26), 15.54 (C24), 14.27 (C27), —4.28 ((CH,)Si), —4.31
((CH,)Si).
(225)-22-(4-Methoxycarbonylphenyl)-3-hydroxy-28-pi-
colinamido-lup-20(29)ene (6f) and (16R)-16-(4-Methoxycar-
bonylphenyl)-3p-hydroxy-28-picolinamido-lup-20(29)ene
(7f). According to GP II, compounds 6f and 7f were prepared
from picolinic amide 3a (100 mg, 0.183 mmol, 1 equiv),
methyl 4-iodobenzoate (161 mg, 0.731 mmol, 4 equiv),
Pd(OAc), (2 mg, 0.009 mmol, 0.05 equiv), CuBr, (4 mg,
0.018 mmol, 0.1 equiv), and CsOAc (140 mg, 0.731 mmol, 4
equiv) in +-AmOH (2 mL). Yield 47 mg, 38%. HRMS (ESI):
m/z cale. for [C44HoN,O, + H]* 681.4626; found 681.4606.
(225)-22-(4-Methoxycarbonylphenyl)-3-hydroxy-28-pi-
colinamido-lup-20(29)ene (6f). "H NMR (500 MHz, CDCl;)
58.05 (dd, 1H, % = 4.9 Hz, ¥ = 1.6 Hz, H—C(6')), 7.96 (d, ]
=7.7 Hz, 1H, H-C(3")), 7.95 (d, ¥ = 8.2 Hz, 2H, H-C(3"),
H-C(5")), 7.68 (td, °] = 7.7 Hz, ¥ = 1.6 Hz, 1H, H-C(4')),
7.40 (d, %] = 8.2 Hz, 2H, H-C(2"), H-C(6")), 7.22 (dd, ’ =
7.7, 4.9 Hz, 1H, H-C(5)),), 6.87 (d, *] = 9.0 Hz, 1H, H-N),
4.81 (d, ¥ = 2.3 Hz, 1H, H,-C (29)), 4.68 (s, 1H, H,-C (29)),
4.06 (dd, %] = 14.3, ] = 9.0 Hz, 1H, H,-C (28)), 3.90 (s, 3H,
O-CH,) 3.20 (dd, 3] = 11.4, 4.7 Hz, 1H, H-C (3)), 2.94 (dd,
] = 14.3, %] = 2.4 Hz, 1H, H,-C (28)), 2.87 (dd, *] = 9.8, 9.6
Hz, 1H, H-C (22)), 2.73 (ddd, ¥ = 13.6 Hz, 3] = 11.2, 9.8 Hz,
1H H,-C (21)), 2.68—2.53 (m, 2H, H-C (19), OH), 2.00 (td,
3] =11.7,3.5 Hz, IH, H—C (13)), 1.93 (dd, 3] = 11.7, 11.0 Hz,
1H, H-C (18)), 1.86 (ddd, ¥ = 13.1 Hz, ’] = 6.7, 3.5 Hz, 1H,
H,-C (16)), 1.77 (s, 3H, H-C (30)), 1.76—1.65 (m, 4H, H,-C
(12), H,-C (7), H,-C (1), H,-C (15)), 1.65—1.23 (m, 10H,
H,—C (2), H,—C (6), H,—C (11), H,-C (16) H,-C (7), H,-C
(21), H-C (9)), 1.14 (s, 3H, H;—C (26)), 1.13—1.05 (m, 1H,
H,.C (12)), 1.04 (s, 3H, H;—C (27)), 1.01-0.97 (m, 1H, Hy-
C (15)), 0.96 (s, 3H,H;—C (23)), 0.94—0.88 (m, 1H, H,-C
(1)), 0.84 (s, 3H, H;—C (25)), 0.76 (s, 3H, H;—C (24)),
0.73—0.66 (m, 1H, H—C (5)). '*C NMR (126 MHz, CDCl,)
8 16726 (0—C=0), 164.12 (N-C=0), 149.66 (C20),
14941 (C2'), 147.54 (C6'), 145.88 (Cl”), 137.05 (C4'),
13023 (C3” + CS”), 128.61 (C4"), 127.81 (C2" + C6"),
125.84 (C53'), 121.84 (C3'), 110.68 (C29), 79.26 (C3), 55.51
(Cs), 54.81 (C22), 52.12 (O—CH,;), 50.87 (C17), 50.79
(C18), 50.64 (C9), 46.16 (C19), 42.68 (C14), 41.00 (C8),
39.00 (C4), 38.88 (Cl), 37.69 (C13), 37.32 (C10), 36.00
(C28), 34.11 (C7), 33.85 (C21), 30.27 (C16), 28.11 (C23),
27.51 (C2), 27.37 (C15), 25.20 (C2), 20.97 (C11), 19.36
(C30), 18.36 (C6), 16.21 (C25), 16.03 (C26), 15.49 (C24),
15.15 (C27).
(16R)-16-(4-Methoxycarbonylphenyl)-3-hydroxy-28-pi-
colinamido-lup-20(29)ene (7f). 'H NMR (500 MHz, CDCl,)
§8.07 (d, ] = 4.7 Hz, 1H, H—C(6'), 7.96 (d, ] = 7.7 Hz, 1H,
H-C(3")), 7.94 (d, 3] = 8.2 Hz, 2H, H-C(3", H-C(5")),
7.70 (td, 3] = 7.7, *] = 1.7 Hz, 1H, H-C(4')), 7.39 (d, ] = 8.2
Hz, 2H, H-C(2"), H—C(6")), 7.24 (dd, ] = 7.7, 4.7 Hz, 1H,
H-C(5")), 6.99 (d, ¥ = 9.0 Hz, 1H, H-N), 4.75 (d, ] = 2.2
Hz, 1H, H,-C (29)), 4.64 (s, 1H, H,-C (29)), 3.92 (s, 3H, O—
CH,;), 3.64 (dd, ¥J = 14.5 Hz, 3] = 9.0 Hz, 1H, H,-C (28)),
3.45 (dd, %] = 14.5 Hz, 3] = 3.2 Hz, 1H, H,-C (28)), 3.20 (dd,
3] = 11.3, 49 Hz, 1H, H-C (3)), 2.97 (dd, ¥] = 13.0, 3.4 Hz,
1H, H-C (16)), 2.68 (td, *] = 11.1, 4.5 Hz, IH H-C (19)),
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2.48 (dd, ¥ = 132 Hgz, 3] = 13.0 Hz, 1H, H,-C (15)), 2.03
(ddd, *J = 13.6 Hz, %] = 11.0, 7.6 Hz, 1H, H,-C (21)), 1.92
(dd, 3] = 12.0, 11.1 Hz, 1H, H-C (18)), 1.82 (td, ¥J = 12.0,
3.6 Hz, 1H, H-C (13)), 1.75 (s, 3H, H;—C (30)), 1.75—1.58
(m, SH, H,-C (12), H,—C (2), H,-C (22), H,-C (1)), 1.58—
142 (m, 6H, H,—C (6), H,-C (21), H,-C (22), H,—C (7)),
1.42—1.23 (m, 4H, H,-C (11), H,-C (21), Hy-C (16), H-C
(9)), 121 (s, 3H, Hy—C (26)), 1.14-1.07 (m, 4H, H;—C
(27), Hy-C (12)), 0.98 (s, 3H, H;—C (27)), 0.97—0.90 (m,
1H, H,-C (1)), 0.88 (s, 3H, Hy;—C (25)), 0.78 (s, 3H, H;—C
(24)), 0.75—0.68 (m, 1H, H-C (5)). 3*C NMR (126 MHz,
CDCl,) 6 167.32 (0—C=0), 16420 (N—C=0), 150.17
(C20), 149.46 (C2’), 149.35 (C1”), 147.62 (C6'), 137.11
(C4), 130.07 (C3” + C5"), 12844 (C4"), 127.77 (C2" +
C6"), 125.88 (CS’), 121.82 (C3'), 109.86 (C29), 79.18 (C3),
5548 (CS), 52.15 (O—CH;), 5149 (C17), 5138 (C18),
50.59 (C9), 48.81 (C16), 46.86 (C19), 43.39 (Cl14), 41.45
(C8), 39.03 (C4), 38.92 (C1), 37.37 (C10), 37.11 (C13),
36.35 (C28), 35.06 (C22), 34.51 (C7), 32.12 (C15), 30.04
(C21), 28.14 (C23), 27.53 (C2), 25.65 (C12), 21.04 (C11),
20.20 (C30), 18.43 (C6), 16.43 (C26), 16.36 (C25), 15.60
(C27), 15.54 (C24).
(225)-22-(4-Methylcarbonylphenyl)-3-hydroxy-28-picoli-
namido-lup-20(29)ene (6g) and (16R)-16-(4-Methylcarbo-
nylphenyl)-3p-hydroxy-28-picolinamido-lup-20(29)ene (7g).
According to GP II, compounds 6g and 7g were prepared from
picolinic amide 3a (100 mg, 0.183 mmol, 1 equiv), 1-(4-
iodophenyl)ethan-1-one (180 mg, 0.731 mmol, 4 equiv),
Pd(OAc), (2 mg, 0.009 mmol, 0.05 equiv), CuBr, (4 mg,
0.018 mmol, 0.1 equiv), and CsOAc (140 mg, 0.731 mmol, 4
equiv) in +AmOH (2 mL). Yield 35 mg, 29%. HRMS (ESI):
m/z cale. for [CyHoN,O; + H]* 665.4677; found 665.4658.
(225)-22-(4-Methylcarbonylphenyl)-3-hydroxy-28-picoli-
namido-lup-20(29)ene (6g). "H NMR (500 MHz, CDCl;) §
8.02 (d, ¥ = 4.7 Hz, 1H, H-C(6")), 7.96 (d, 3] = 7.7 Hz, 1H,
H-C(3")), 7.86 (d, ¥ = 8.2 Hz, 2H, H-C(3"), H-C(5")),
7.69 (td, *] = 7.7,%] = 1.7 Hz, 1H, H—C(4')), 7.42 (d, *] = 8.2
Hz, 2H, H-C(2"), H—C(6")), 7.23 (dd, 3] = 7.7, 4.7 Hz, 1H,
H-C(5")), 6.90 (dd, ’] = 8.5, 4.7 Hz, 1H, H-N), 4.82 (d, ¥ =
2.2 Hz, 1H, H,-C (29)), 4.68 (s, 1H, H,-C (29)), 4.03 (dd, *J
=14.3 Hz, ] = 8.5 Hz, 1H, H,-C (28)), 3.21 (dd, 3] = 11.4, 4.7
Hz, 1H, H-C (3)), 3.12 (dd, %] = 14.3 Hz, ’] = 4.7 Hz, 1H,
H,-C (28)),2.97 (dd, ] = 9.9, 9.5 Hz, 1H, H-C (22)), 2.85—
2.62 (m, 2H, H,-C((21), H-C (19)), 2.50 (s, 3H, H,C—-C=
0), 2.00 (td, *] = 11.8, 3.6 Hz, 1H, H-C (13)), 1.94 (dd, *] =
11.8, 10.9 Hz, 1H, H—C (18)), 1.88 (ddd, ¥ = 13.1 Hz, ’] =
13.1, 3.6 Hz, 1H, H,-C (16)), 1.77 (s, 3H, H-C (30)), 1.77—
1.65 (m, 4H, H,-C (12), H,-C (7), H,-C (1), Hy-C (21)),
1.65—1.44 (m, 6H, H,-C (6), H,-C (11), H,-C (15), H,—C
(2), Hy-C (16)), 1.44—1.25 (m, 4H, H,-C (7), H,-C (6), H,-
C (11), H-C (9)), 1.13 (s, 3H, H;—C (26)), 1.13—1.08 (m,
1H, H,.C (12)), 1.07—1.02 (m, 4H, H;—C (27), H,-C (15)),
0.96 (s, 3H,H;—C (23)), 0.95—0.88 (m, 1H, H,-C (1)), 0.84
(s, 3H, H;—C (25)), 0.76 (s, 3H, H;—C (24)), 0.73—0.66 (m,
1H, H-C (5)). *C NMR (126 MHz, CDCl;) § 197.99 (C=
0), 164.13 (N—C=0), 149.60 (C20), 149.32 (C2’), 147.55
(C6"), 14623 (C1”), 137.15 (C4’), 135.76 (C4"), 128.99
(C3” + C5”), 128.02 (C2” + C6"), 126.02 (C3'), 121.88
(€3’), 110.73 (C29), 79.30 (C3), 55.51 (CS), 54.83 (C22),
50.85 (C17), 50.84 (C18), 50.64 (C9), 46.16 (C19), 42.69
(C14), 41.00 (C8), 39.00 (C4), 38.88 (Cl1), 37.71 (C13),
37.33 (C10), 36.05 (C28), 34.13 (C7), 33.88 (C21), 30.27
(C16), 28.11 (C23), 27.50 (C2), 27.37 (C15), 26.66 (CH;—

C=0)), 25.20 (C2), 20.98 (C11), 19.38 (C30), 18.36 (C6),
16.21 (C25), 16.03 (C26), 15.49 (C24), 15.17 (C27).
(16R)-16-(4-Methylcarbonylphenyl)-3/-hydroxy-28-picoli-
namido-lup-20(29)ene (7g). "H NMR (500 MHz, CDCl;) §
8.02 (dd, 1H, %] = 4.9 Hz, *] = 1.6 Hz, H—C(6")), 7.97 (d, ] =
7.7 Hz, 1H, H—C(3)), 7.86 (d, ’] = 8.0 Hz, 2H, H-C(3"),
H-C(5")), 7.70 (td, °] = 7.7 Hz, ¥ = 1.6 Hz, 1H, H-C(4")),
7.41 (d, %] = 8.0 Hz, 2H, H-C(2"), H-C(6")), 7.24 (dd, *] =
7.7, 4.9 Hz, 1H, H-C(5'))), 7.00 (dd, ¥ = 8.5, 3.6 Hz, 1H,
H-N), 4.76 (d, ¥ = 2.2 Hz, 1H, H,-C (29)), 4.64 (s, 1H, Hy-
C (29)), 3.61 (dd, ¥J = 14.5 Hz, ] = 8.5 Hz, 1H, H,-C (28)),
3.50 (dd, %] = 14.5 Hz, 3] = 3.5 Hz, 1H, H,-C (28)), 3.20 (dd,
3] = 11.4, 49 Hz, 1H, H-C (3)), 2.98 (dd, *] = 13.1, 3.5 Hz,
1H, H-C (16)), 2.68 (td, %] = 11.0, 4.4 Hz, 1H H-C (19)),
2.49 (dd, ¥J = 13.5 Hz, 3] = 13.1 Hz, 1H, H,-C (15)), 2.53 (s,
3H, H;C—C=0), 2.09—1.97 (m, 1H, H,-C (21)), 1.93 (dd, 3]
=11.9, 11.0 Hz, 1H, H-C (18)), 1.82 (td, °] = 11.9, 3.6 Hz,
1H, H-C (13)), 1.76 (s, 3H, H;—C (30)), 1.75—1.58 (m, SH,
H,-C (12), H,—C (2), H,-C (22), H,-C (1)), 1.58—1.42 (m,
6H, H,—C (6), H,-C (21), H,-C (22), H,—C (7)), 1.42—1.23
(m, 4H, H,-C (11), Hy-C (21), Hy-C (16), H—C (9)), 1.21 (s,
3H, H;—C (26)), 1.14—1.07 (m, 4H, H;—C (27), H,-C (12)),
0.98 (s, 3H, H;—C (23)), 0.97—0.90 (m, 1H, H,-C (1)), 0.88
(s, 3H, H;—C (25)), 0.78 (s, 3H, H;—C (24)), 0.75—0.68 (m,
1H, H—C (5)). *C NMR (126 MHz, CDCl;) § 198.00 (O=
C—CHj;), 164.12 (N—C=0), 150.13 (C20), 149.68 (C2’),
149.49 (C1”), 147.61 (C6'), 137.14 (C4'), 135.60 (C4"),
128.80 (C3” + CS”), 127.97 (C2” + C6"), 125.98 (CS’'),
121.85 (C3’), 109.89 (C29), 79.16 (C3), 55.48 (CS), 51.47
(C17), 51.40 (C18), 50.60 (C9), 48.83 (C16), 46.86 (C19),
43.38 (C14), 41.45 (C8), 39.03 (C4), 3892 (C1), 37.38
(C10), 37.10 (C13), 36.34 (C28), 35.06 (C22), 34.51 (C7),
32.17 (C15), 30.04 (C21), 28.14 (C23), 27.54 (C2), 26.70
(CH;—C=0), 25.65 (C12), 21.04 (C11), 20.20 (C30), 18.43
(C6), 16.44 (C26), 16.36 (C25), 15.61 (C27), 15.54 (C24).
(225)-22-(4-Cyanophenyl)-3-hydroxy-28-picolinamido-
lup-20(29)ene (6h) and (16R)-16-(4-Cyanophenyl)-3f-hy-
droxy-28-picolinamido-lup-20(29)ene (7h). According to GP
II, compounds 6h and 7h were prepared from picolinic amide
3a (100 mg, 0.183 mmol, 1 equiv), 4-iodobenzonitrile (167
mg, 0.731 mmol, 4 equiv), Pd(OAc), (2 mg, 0.009 mmol, 0.05
equiv), CuBr, (4 mg, 0.018 mmol, 0.1 equiv), and CsOAc
(140 mg, 0.731 mmol, 4 equiv) in +-AmOH (2 mL). Yield 37
mg, 31%. HRMS (ESI): m/z calc. for [C,;3H,,N;0, + H]*
648.4524; found 648,4512.
(225)-22-(4-Cyanophenyl)-3-hydroxy-28-picolinamido-
lup-20(29)ene (6h). "H NMR (500 MHz, CDCl,) & 8.29 (d, *]
= 4.7 Hz, 1H, H-C(6")), 7.99 (d, *] = 7.8 Hz, 1H, H-C(3")),
7.74 (td, 3] = 7.7,%] = 1.7 Hz, 1H, H-C(4')), 7.55 (d,*] = 7.8
Hz, 2H, H-C(3"), H—C(5")), 7.42 (d, *] = 7.8 Hz, 2H, H—
C(2"), H-C(6")), 7.34 (dd, *] = 7.7, 4.8 Hz, 1H, H-C(5")),
6.82—6.73 (dd, *] = 8.4, 3.8 Hz, 1H, H-N), 4.82 (s, 1H, H,-C
(29)), 4.69 (s, 1H, H,-C (29)), 4.02 (dd, *] = 14.4 Hz, 3] = 8.4
Hz, 1H, H,-C (28)), 3.19 (dd, ¥ = 11.4, 47 Hz, 1H, H-C
(3)), 3.10 (dd, ¥J = 14.4, %] = 3.8 Hz, 1H, H,-C (28)), 2.95
(dd, ¥ = 10.1, 8.3 Hz, 1H, H-C (22)), 2.76—2.62 (m, 2H,
H-C (19), H,-C (21)), 1.99 (td, ’] = 12.0, 3.5 Hz, 1H, H-C
(13)), 1.93 (dd, ¥ = 12.0, 10.9 Hz, 1H, H-C (18)), 1.81—
1.77 (m, 1H, H,-C (15)), 1.77 (s, 3H, H;—C (30)), 1.76—1.65
(m, 3H, H,-C (12), H,-C(C21), H,-C (1)), 1.65—1.44 (m,
SH, H,-C (6), H,-C (11), H,—C (2), H,-C (16)), 1.44—1.35
(m, 4H, Hy-C (6), H,—C (7)), 1.34—1.24 (m, 2H, Hy-C (11),
H-C (9)), 1.14 (s, 3H, H;—C (26)), 1.14—1.10 (m, 1H, H,-C
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(12)), 1.10—1.04 (m, 1H, Hy-C (15)), 1.04 (s, 3H, H;—C
(27)), 0.96 (s, 3H, H;—C (23)), 0.95-0.89 (m, 1H, H,-C
(1)), 0.84 (s, 3H, H;—C (25)), 0.76 (s, 3H, H;—C (24)), 0.68
(d, 3] = 9.9 Hz, 1H, H-C (5)). *C NMR (126 MHz, CDCl;)
5 163.86 (N—C=0), 149.44 (C20), 149.40 (C2'), 147.75
(C6"), 14626 (C1”), 137.25 (C4'), 132.56 (C3" + C5"),
128.58 (C2” + C6”), 126.24 (CS’), 121.85 (C3’), 119.16
(C4”), 110.85 (C29), 110.31 (CN), 79.15 (C3), 55.52 (CS),
54.90 (C22), 51.05 (C9), 50.87 (C18), 50.63 (C17), 46.03
(C19), 42.67 (C14), 41.02 (C8), 39.02 (C4), 38.89 (Cl),
37.67 (C13), 37.33 (10), 35.78 (C28), 34.13 (C7), 33.72
(C21), 3025 (C16), 28.12 (C23), 27.56 (C2), 27.36 (C15),
2521 (Cl12), 20.96 (C11), 19.41 (C30), 18.36 (C6), 16.22
(C26), 16.06 (C25), 15.49 (C24), 15.17 (C27).
(16R)-16-(4-Cyanophenyl)-3-hydroxy-28-picolinamido-
lup-20(29)ene (7h). 'H NMR (500 MHz, CDCl,) 6 8.30 (d,
1H, 3] = 4.7 Hz, H-C(6")), 7.99 (4, 3] = 7.7 Hz, 1H, H—
C(3')), 7.75 (td, ] = 7.7 Hz, ] = 1.7 Hz, 1H, H-C(4")), 7.53
(d, ¥ = 8.1 Hz, 2H, H—C(3"), H-C(5")), 7.41 (d, 3] = 8.1
Hz, 2H, H-C(2"), H—C(6")), 7.34 (dd, ’] = 7.7, 4.7 Hz, 1H,
H-C(5')), 6.90 (dd, 3] = 8.2, 4.1 Hz, 1H, H-N), 4.75 (d, ¥J =
2.2 Hz, 1H, H,-C (29)), 4.64 (s, 1H, Hy-C (29)), 3.57 (dd, *J
= 14.6 Hz, ] = 8.2 Hz, 1H, H,-C (28)), 3.50 (dd, ’J = 14.6 Hz,
3] = 4.1 Hz, 1H, H,-C (28)), 3.19 (dd, 3] = 11.3, 4.8 Hz, 1H,
H-C (3)), 2.96 (dd, %] = 13.1, 3.4 Hz, 1H, H-C (16)), 2.67
(td, 3 = 11.0, 4.4 Hz, 1H, H—C (19)), 2.46 (dd, ¥J = 13.3 Hg,
3] = 13.1 Hz, 1H, H,-C (15)), 2.06 (dddd, ¥ = 13.2 Hz, ’] =
11.5, 11.0, 6.3 Hz, 1H, H,-C (21)), 1.91 (dd, ¥ = 11.9, 11.0
Hz, 1H, H-C (18)), 1.82 (td, ¥ = 11.9, 3.7 Hz, 1H, H-C
(13)), 1.76 (s, 3H, H—C (30)), 1.76—1.59 (m, 5H, H,-C (12),
H,-C (22), H,-C (1), H,—C (2)), 1.58—1.43 (m, 6H, H,—C
(6), H,-C (11), H,-C (22), H,—C (7)), 1.43- 1.23 (m, 4H,
H,-C (11), H,-C (21), Hy-C (15), H-C (9)), 1.21 (s, 3H,
H,—C (26)), 1.16—1.09 (m, 4H, H,.C (12), H;—C (27)),
0.98 (s, 3H,H;—C (23)), 0.97—0.90 (m, 1H, H,-C (1)), 0.88
(s, 3H, H;—C (25)), 0.78 (s, 3H, H;—C (24)), 0.74—0.69 (m,
1H, H—C (5)). 3C NMR (126 MHz, CDCl,) 6 163.97 (N—
C=0), 149.96 (C20), 149.61 (C1”), 149.40 (C2'), 147.84
(C6"), 13727 (C4'), 13237 (C3” + C5"), 128.54 (C2" +
C6"), 12627 (C5'), 121.85 (C3’), 119.21 (C4"), 110.15
(C29), 109.98 (CN), 79.09 (C3), 55.48 (CS), 51.53 (C17),
51.39 (C18), 50.57 (C9), 48.87 (C16), 46.81 (C19), 43.38
(C14), 41.44 (C8), 39.03 (C4), 38.92 (Cl1), 37.37 (C10),
37.07 (C13), 36.12 (C28), 35.04 (C22), 34.52 (C7), 32.00
(C15), 29.98 (C21), 28.14 (C23), 27.54 (C2), 25.61 (C12),
21.02 (C11), 20.20 (C30), 18.41 (C6), 16.45 (C25), 16.36
(C26), 15.61 (C24), 15.53 (C27).
(225)-22-(4-Chlorophenyl)-3-hydroxy-28-picolinamido-
lup-20(29)ene (6i) and (16R)-16-(4-Chlorophenyl)-3p-hy-
droxy-28-picolinamido-lup-20(29)ene (7i). According to GP
11, compounds 6i and 7i were prepared from picolinic amide
3a (100 mg, 0.183 mmol, 1 equiv), 1-chloro-4-iodobenzene
(174 mg, 0.731 mmol, 4 equiv), Pd(OAc), (2 mg, 0.009 mmol,
0.0S equiv), CuBr, (4 mg, 0.018 mmol, 0.1 equiv), and CsOAc
(140 mg, 0.731 mmol, 4 equiv) in +-AmOH (2 mL). Yield 65
mg, 54%. HRMS (ESI): m/z calc. for [C,,H;,CIN,O, + H]*
657.4181; found 657.4170.
(225)-22-(4-Chlorophenyl)-3p-hydroxy-28-picolinamido-
lup-20(29)ene (6i). "H NMR (500 MHz, CDCL;) & 8.32 (d, 3]
=4.7 Hz, 1H, H-C(6")), 7.97 (d, ’] = 7.7 Hz, 1H, H-C(3")),
7.69 (td, 3] = 7.7, ] = 1.7 Hz, 1H, H—C(4')), 7.31=7.16 (m,
SH, H-C(8"), H-C(2"), H-C(3"), H-C(5"), H-C(6")),
6.89 (dd, 3] = 9.5,2.8 Hz, 1H, H-N), 4.78 (d, ¥J = 2.2 Hz, 1H,

H.-C (29)), 4.64 (s, 1H, H,-C (29)), 4.10 (dd, ¥J = 14.2 Hz, ]
=9.5 Hz, 1H, H,-C (28)), 3.16 (dd, ¥ = 11.4, 4.7 Hz, 1H, H—
C (3)), 2.96 (dd, %] = 14.2 Hz, *] = 2.8 Hz, 1H, H,-C (28)),
2.86 (dd, 3] = 9.6, 9.1 Hz, 1H, H—C (22)), 2.68—2.54 (m, 2H,
H,-C((21), H-C (19)), 1.97 (td, 3] = 11.9, 3.5 Hz, 1H, H-C
(13)), 1.88 (dd, %] = 11.9, 10.9 Hz, 1H, H-C (18)), 1.80
(ddd, *J = 13.1 Hz, 3] = 13.1, 3.6 Hz, 1H, H,-C (16)), 1.74 (s,
3H, H-C (30)), 1.74—1.62 (m, 4H, H,-C (12), H,-C (15),
H,-C (1), Hy-C (21)), 1.62—1.51 (m, 2H, H,—C (2)), 1.51—
1.31 (m, 6H, H,—C (6), H,-C (11), Hy-C (16), H,—C (7)),
1.31-1.22 (m, 2H, H,-C (11), H-C (9)), 1.13 (s, 3H, H;—C
(26)), 1.12—1.05 (m, 1H, H, C (12)), 1.01-0.96 (m, 4H,
H;—C (27), H,-C (15)), 0.93 (s, 3H,H;—C (23)), 0.93—0.88
(m, 1H, Hy,-C (1)), 0.81 (s, 3H, H;—C (25)), 0.74 (s, 3H,
H,—C (24)), 0.70—0.63 (m, 1H, H-C (5)). *C NMR (126
MHz, CDCl,) § 164.06 (N—C=0), 149.77 (C20), 149.61
(C27), 148.05 (C6'), 138.71 (C1”), 137.06 (C4'), 132.73
(C4”), 129.12 (C2" + C6”), 129.09 (C3” + CS”), 125.87
(Cs’), 121.76 (C3’), 110.59 (C29), 79.20 (C3), 55.52 (Cs),
54.17 (C22), 50.65 (C9), 50.61 (C18), 50.45 (C17), 46.12
(C19), 42.69 (C14), 41.01 (C8), 39.01 (C4), 38.89 (Cl),
37.65 (C13), 37.33 (10), 35.84 (C28), 34.09 (C7), 34.03
(C21), 30.17 (C16), 28.12 (C23), 27.56 (C2), 27.37 (C15),
2521 (Cl12), 20.97 (C11), 19.36 (C30), 18.36 (C6), 16.21
(C26), 16.04 (C25), 15.49 (C24), 15.14 (C27).
(16R)-16-(4-Chlorophenyl)-3-hydroxy-28-picolinamido-
lup-20(29)ene (7i). '"H NMR (500 MHz, CDCl;) & 8.36 (m, d,
3] = 4.5 Hz, 1H, H-C(6¢')), 8.00 (d, 3] = 7.8 Hz, 1H, H—
C(3'),7.72 (td, *] = 7.8, T = 1.8 Hz, 1H, H-C(4")), 7.31 (dd,
3] = 7.8, 4.5 He, 1H, H—C(S")), 7.29-7.21 (m, 4H, H-C(2"),
H-C(3"), H-C(5"), H—C(6")), 7.05 (d, ] = 9.3 Hz, 1H, H—
N), 4.75 (d, 3] = 2.4 Hz, 1H, H,-C (29)), 4.63 (s, 1H, H,-C
(29)), 3.67 (dd, ¥J = 14.3, 3] = 9.3 Hz, 1H, H,-C (28)), 3.38
(d, %] = 14.3 Hz, 1H, H,-C (28)), 3.21 (dd, ’] = 11.4, 4.9 Hz,
1H, H-C (3)), 2.90 (dd, ] = 13.0, 3.5 Hz, 1H, H-C (16)),
2.68 (td, 3] = 11.4, 4.4 Hz, 1H, H-C (19)), 2.41 (dd, ] = 13.4
Hz, ¥ = 13.0 Hz, 1H, H,-C (15)), 2.05-1.96 (m, 1H, H,-C
(21)), 1.90 (dd, ¥J = 12.0 Hz, *] = 11.4 Hz, 1H, H-C (18)),
1.79 (td, 3] = 12.0, 3.5 Hz, 1H, H-C (13)), 1.75 (s, 3H, H—C
(30)), 1.74—1.67 (m, SH, H,-C (12), H,-C (22), H,-C (1),
H,—C (2)), 1.66—1.23 (m, 10H, H,—C (6), H,—C (11), H,-C
(21)1 Hb'C (15)1 H,—-C (7)r Hb'C (22)1 H-C (9))r 1.18 (S)
3H, H;—C (26)), 1.13—1.07 (m, 4H, H;—C (27), Hy-C (12)),
0.98 (s, 3H, H;—C (23)), 0.96—0.90 (m, 1H, H,-C (1)), 0.88
(s, 3H, H;—C (25)), 0.78 (s, 3H, H;—C (24)), 0.73—0.68 (m,
1H, H-C (5)). C NMR (126 MHz, CDCL;) § 164.01 (N—
C=0), 149.94 (C20), 149.16 (C2'), 147.88 (C6'), 141.99
(C1”), 136.90 (C4’), 132.29 (C4"), 128.81 (C2" + C6"),
128.64 (C3” + CS”), 125.75 (CS’), 121.53 (C3'), 109.55
(C29), 78.94 (C3), 55.52 (CS), 51.03 (C17), 50.97 (C18),
50.34 (C9), 47.78 (C16), 46.59 (C19), 43.13 (C14), 41.17
(C8), 38.87 (C4), 38.66 (Cl), 37.11 (C13), 36.82 (C10),
36.08(C28), 34.79 (C22), 34.26 (C7), 32.01 (C15), 29.77
(C21), 27.89 (C23), 27.26 (C2), 25.40 (C12), 20.78 (C11),
19.97 (C30), 18.17 (C6), 16.15 (C26), 16.10 (C25), 15.34
(C24), 1528 (C27).
(225)-22-(Thiophen-2-yl)-3f-hydroxy-28-picolinamido-
lup-20(29)ene (6j) and (16R)-16-(2-Thiophenyl)-3-hydroxy-
28-picolinamido-lup-20(29)ene (7j). According to GP I, a
mixture of compounds 6j, 7j, 7j’, and 8 was prepared from
picolinic amide 3a (100 mg, 0.183 mmol, 1 equiv), 2-
iodothiophene (80 uL, 0.731 mmol, 4 equiv), Pd(OAc), (2
mg, 0.009 mmol, 0.0 equiv), CuBr, (4 mg, 0.018 mmol, 0.1
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equiv), and CsOAc (140 mg, 0.731 mmol, 4 equiv) in t-
AmOH (2 mL). Total yield of isomers 6j and 7j (3:1) 23 mg,
20% along with 7j’ (5%) and 8 (27%). HRMS (ESI) of 6j: m/
z cale. for [C4HoN,0,S + H]* 629.413S; found 629.4114.
(225)-22-(2-Thiophenyl)-3-hydroxy-28-picolinamido-
lup-20(29)ene (6j). "H NMR (500 MHz, CDCl;) & 8.30 (d, ’J
= 4.8 He, 1H, H-C(6')),8.04 (d, 3] = 7.8 Hz, 1H, H-C(3")),
7.72 (td, 3] = 7.8 Hz, /] = 1.8 Hz, 1H, H-C(4")), 7.29 (dd, %]
=7.8,4.8 Hz, 1H, H—C(5")), 7.19 (4, ¥ = 9.7 Hz, 1H, H-N),
7.17 (d, 3] = 4.9 Hz, 1H, H-C(5")), 7.01 (dd, *] = 4.9, 3.6 Hz,
1H, H-C(4")), 6.97 (d, ’] = 3.6 Hz, 1H, H-C(3")), 4.79 (s,
1H, H,-C (29)), 4.66 (s, 1H, H,-C (29)), 4.17 (dd, ¥J = 14.2
Hz, 3] = 9.7 Hz, 1H, H,-C (28)), 3.19 (dd, 3] = 11.3, 4.8 Hz,
1H, H-C (3)), 3.10 (dd, ] = 10.1, 9.3 Hz, 1H, H-C (22)),
3.00 (d, ¥J = 14.2 Hz, 1H, H,-C (28)), 2.63 (ddd, ] = 11.1,
10.8, 4.6 Hz, 1H, H-C (19)), 2.58 (ddd, ¥J = 13.4 Hz, ] =
11.1, 10.1 Hz 1H, H,-C (21)), 2.08—1.98 (m, 2H, H-C (13),
H,-C (16)), 1.92 (ddd, ¥J = 13.4 Hz, 3] = 9.3, 4.6 Hz, 1H, Hy-
C (21)), 1.85 (dd, ¥ = 11.6, 10.8 Hz, 1H, H—C (18)), 1.84—
1.76 (m, 1H, H,-C (15)), 1.75 (s, 3H, H-C (30)), 1.74—1.65
(m, 2H, H,-C (12), H,-C (1)), 1.64—1.53 (m, 2H, H,—C
(2)), 1.51-1.34 (m, 6H, H,—C (6), H,-C (11), H,-C (16),
H,—C (7)), 1.33—1.22 (m, 2H, H,-C (11), H-C (9)), 1.18 (s,
3H, H;—C (26)), 1.12—1.07 (m, 1H, H, C (12)), 1.06—1.00
(m, 4H, H;—C (27), H,-C (15)), 0.96 (s, 3H,H;—C (23)),
0.95—0.87 (m, 1H, H,-C (1)), 0.84 (s, 3H, H;—C (25)), 0.76
(s, 3H, H;—C (24)), 0.71-0.66 (m, 1H, H-C (5))."*C NMR
(126 MHz, CDCly) § 164.13 (N—C=0), 150.05 (C20),
149.67 (C2'), 147.64 (C6¢'), 144.36 (C2"), 137.04 (C4'),
127.35 (C4”), 125.70 (CS’), 123.90 (C3"), 123.76 (CS"),
121.90 (C3’), 110.68 (C29), 79.19 (C3), 55.53 (CS), 50.66
(C9), 50.32 (C18), 50.19 (C19), 50.03 (C17), 46.24 (C22),
42.75 (C14), 41.03 (C8), 39.02 (C4), 38.90 (C1), 37.73
(C13), 37.34 (C10), 36.86 (C21), 36.18 (C28), 34.11 (C7),
29.84 (C16), 28.13 (C23), 27.58 (C2), 27.45 (C15), 25.18
(C12), 20.97 (C11), 19.32 (C30), 18.38 (C6), 16.21 (C25),
16.08 (C26), 15.51 (C24), 15.07 (C27).
(16R)-16-(2-Thiophenyl)-3p-hydroxy-28-picolinamido-
lup-20(29)ene (7j). "H NMR (500 MHz, CDCl;) & 8.30 (d, 3]
= 4.8 Hz, 1H, H-C(6')),8.02 (d, ’] = 7.8 Hz, 1H, H-C(3")),
7.74 (td, %] = 7.8 Hz, ¥] = 1.8 Hz, 1H, H-C(4')), 7.33-7.27
(m, 2H, H-C(5’), H-N)), 7.16 (d, ’] = 5.2 Hz, 1H, H-
C(5")), 6.98 (dd, *] = 5.2, 3.5 Hz, 1H, H-C(4")), 6.94 (d, ]
= 3.5 Hz, 1H, H-C(3")), 475 (d, %] = 2.2 Hz, 1H, H,-C
(29)), 4.62 (s, 1H, H,-C (29)), 3.75 (dd, %] = 14.6 Hz, 3] = 9.8
Hz, 1H, H,-C (28)), 3.36 (dd, %] = 14.6 Hz, %] = 2.9 Hz, 1H,
H,-C (28)) 3.20 (dd, *] = 11.4, 4.8 Hz, 1H, H-C (3)), 3.15
(dd, ¥ = 12.9, 3.7 Hz, 1H, H-C (16)), 2.72 (ddd, ] = 11.1,
10.7, 5.8 Hz, 1H, H—C (19)), 2.34 (dd, ] = 13.2 Hz, 3] = 12.9
Hz, 1H, H,-C (15)), 2.16—2.02 (m, 1H, H,-C (21)), 1.99 (dd,
%] = 10.8 Hz, ’] = 7.8 Hz, 1H, H-C (22)), 1.88—1.78 (m, 2H,
H-C (13), H-C (18)), 1.74 (s, 3H, H;—C (30)), 1.72—1.60
(m, 4H, H,-C (12), H,—C (2), H,-C (1)), 1.60—1.35 (m, 8H,
H,—C (6), H,-C (11), H,-C (21), H,—C (7), Hy-C (22), Hy-
C (19)), 1.42—-1.23 (m, 2H, Hy-C (11), H-C (9)), 1.16 (s,
3H, H;—C (26)), 1.12—1.07 (m, 4H, H;—C (27), H,-C (12)),
0.98 (s, 3H, H;—C (23)), 0.93—0.88 (m, 1H, H,-C (1)), 0.87
(s, 3H, H;—C (25)), 0.78 (s, 3H, H;—C (24)), 0.76—0.68 (m,
1H, H—C (5))."*C NMR (126 MHz, CDCl;) § 164.32 (N—
C=0), 150.19 (C20), 149.83 (C2’), 147.90 (C2"), 147.71
(C6’), 137.12 (C4'), 126.94 (C4"), 125.83 (CS'), 123.54
(€3”), 12335 (CSs”), 121.92 (C3’), 109.84 (C29), 79.16
(C3), 55.46 (C5), 51.30 (C17), 50.76 (C18), 50.53 (C9),

47.14 (C19), 44.85 (C16), 43.57 (C14), 41.34 (C8), 39.03
(C4), 38.90 (C1), 37.36 (C10), 36.91 (C13), 36.67 (C28),
35.02 (C22), 34.44 (C7), 34.38 (C15), 30.08 (C21), 28.15
(C23), 27.54 (C2), 25.52 (C12), 21.01 (C11), 20.06 (C30),
18.43 (C6), 16.37 (C26), 16.32 (C25), 15.66 (C27), 15.53
(C24).
(16R)-16-([2,3'-Bisthiophen]-2’-yl)-33-hydroxy-28-picoli-
namido-lup-20(29)ene (7j’). "H NMR (500 MHz, CDCl;) &
8.52 (d, 3] = 4.8 Hz, 1H, H-C(6')), 8.14 (d, ’] = 7.8 Hz, 1H,
H-C(3")), 8.13 (t, ] = 5.6 Hz, 1H, H-N), 7.82 (td, }] = 7.8
Hz, *] = 1.8 Hz, 1H, H-C(4')), 7.39 (dd, 3] = 7.8, 4.8 Hz, 1H,
H-C(5")), 7.30 (d, 3] = 5.1 Hz, 1H, C(5")), 7.16 (d, 3] = 5.2
Hz, 1H, H-C(5")), 7.06 (d, 3] = 3.5 Hz, 1H, H-C(3")), 7.00
(dd, ¥ = 5.1, 3.5 Hz, 1H, H-C(4")), 6.91 (d, 3] = 5.2 Hz, 1H,
H-C(4")), 473 (d, /T = 2.2 Hz, 1H, H,-C (29)), 4.59 (s, 1H,
H,-C (29)), 3.80 (dd, ¥ = 13.6 Hz, ¥ = 5.6 Hz, 1H, H,-C
(28)), 3.63 (dd, %J = 13.6 Hz, %] = 5.6 Hz, 1H, H,-C (28))
3.18 (dd, 3] = 11.4, 4.8 Hz, 1H, H—C (3)), 3.05—2.94 (m, 1H,
H-C (16)), 2.17-1.93 (m, 2H, H-C (19), H,-C (22)), 1.76
(dd, 3 = 10.1, 7.8 Hz, 1H, H—C (18)), 1.68—1.56 (m, 5H, H,-
C (1), H,-C (15), H,—C (2), H,-C (12)), 1.55 (s, 3H, H;—C
(30)), 1.53—1.47 (m, 2H, H,-C (22), H,-C (6)), 1.46—1.32
(m, 6H, H,-C (6), H,-C (11), H,—C (21), H,-C (7), H-C
(13)), 1.31—1.22 (m, 2H, H,-C (7), H=C (9)), 1.17 (dd, *] =
11.2 Hz, %] = 5.9 Hz, 1H, H,-C (15)), 1.14—1.02 (m, 2H, H,-
C (11), Hy-C (12)), 0.97 (s, 3H, H;—C (26), 0.94 (s, 3H,
H,;—C (23)), 0.94—0.91 (m, 1H, H,-C (1)), 0.83 (s, 3H, H;—
C (25)), 0.76 (s, 6H, H;—C (27), H;—C (24)), 0.72—0.66 (m,
1H, H-C (5)). 3C NMR (126 MHz, CDCl;) 6 164.45 (N—
C=0), 14991 (C2’), 149.39 (C20), 148.95 (C2"), 148.33
(C6), 139.22 (C2”), 137.39 (C4'), 133.92 (C4"), 130.63
(C37), 127.71 (C3"), 12691 (C4"), 126.17 (CS'), 125.78
(Cs"), 12228 (C3’), 121.23 (C5”), 110.70 (C29), 79.21
(C3), 56.11 (CS), 53.59 (C13), 53.57 (C19), 51.61 (C9),
49.08 (C28), 47.79 (C14), 45.16 (C17), 44.62 (C16), 40.63
(C8), 39.24 (C4) 39.13 (Cl1), 38.09 (C18), 37.38 (Cl10),
3522 (C7), 35.02 (C15), 31.91 (C22), 28.09 (C23), 27.53
(C2), 27.26 (C12), 27.19 (C21), 22.15 (C11), 19.49 (C27),
18.87 (C30), 18.42 (C6), 16.49 (C25), 1591 (C26), 15.40
(C24).
(225)-22-(1H-5-Indolyl)-3-hydroxy-28-picolinamido-lup-
20(29)ene (6m) and (16R)-16-(1H-5-Indolyl)-3-hydroxy-28-
picolinamido-lup-20(29)ene (7m). According to GP II, a
mixture of compounds 6m and 7m was prepared from
picolinic amide 3a (100 mg, 0.183 mmol, 1 equiv), S-iodo-1H-
indole (173 mg, 0.731 mmol, 4 equiv), Pd(OAc), (2 mg, 0.009
mmol, 0.05 equiv), CuBr, (4 mg, 0.018 mmol, 0.1 equiv), and
CsOAc (140 mg, 0.731 mmol, 4 equiv) in +AmOH (2 mL).
Total yield of isomers 6m and 7m (5:1) 28 mg, 24%. HRMS
(ESI): m/z cale. for [C,,HoN;0, + H]" 662.4680; found
662.4683.
(225)-22-(1H-5-Indolyl)-3-hydroxy-28-picolinamido-lup-
20(29)ene (6m). 1TH NMR (500 MHz, CDCI3) & 8.17 (bs,
1H, H-N(1")), 7.89 (d, 3] = 7.7 Hz, 1H, H-C(3')), 7.65 (s,
1H, H-C(4"), 7.58 (td, ] = 7.7, ] = 1.7 Hz, 1H, H-C(4')),
7.44 (dd, %] = 4.7 Hz, *] = 1.5 Hz, 1H, H-C(6")), 7.33 (d, ¥ =
8.4 Hz, 1H, H-C(6"), 7.22 (t, 3] = 2.8 Hz, 1H, H-C(2"),
7.18 (d, ] = 8.4 Hz, 1H, H-C(7")), 7.07 (dd, *] = 7.7, 4.7 Hz,
1H, H-C(8')), 6.92 (d, ¥J = 9.7 Hz, 1H, H-N—-C=0), 6.54
(dd, ¥ = 2.8 Hz, ¥] = 2.6 Hz, 1H, H-C(3")), 4.82 (d, “J = 2.3
Hz, 1H, H,-C (29)), 4.67 (s, 1H, H,-C (29)), 4.18 (dd, ¥J =
14.0, 3] = 9.7 Hz, 1H, H,-C (28)), 3.20 (dd, 3] = 11.4, 4.8 Hz,
1H, H-C (3)) 3.06 (dd, ’J = 11.2, 10.1 Hz, 1H, H-C (22)),
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3.02 (d, ¥J = 14.0 Hz, 1H, H,-C (28)) 2.80 (dt, ¥J = 14.0, ] =
11.2 Hz, 1H, H,-C (21)), 2.66 (td, ’] = 11.2, 5.0 Hz, 1H, H—C
(19)), 2.20—1.85 (m, 3H, H—C (13), H—C (18), H,-C (16)),
1.79 (s, 3H, H;—C (30)), 1.78—1.66 (m, 4H, H,-C (12), H,-C
(21), H,-C (1), H,-C (15)), 1.66—1.21 (m, 10H, H,—C (2),
H,—C (6), H,—C (11), H,-C (16), H-C (9), H,—C (7), 1.17
(s, 3H, H;—C (26)), 1.16—1.06 (m, 1H, H,-C (12)), 1.05 (s,
3H, H;—C (27)), 1.02—0.98 (m, 1H, H,-C (15)), 0.96 (s, 3H,
H;—C (23)) 0.94-0.88 (m, 1H, H,-C (1)), 0.84 (s, 3H, Hy—
C (25)), 0.76 (s, 3H, H;—C (24)), 0.73—0.66 (m, 1H, H—C
(5)). 13C NMR (126 MHz, CDCI3) § 164.07 (C=0),
150.36 (C20), 149.72 (C2’), 147.30 (C6¢'), 136.73 (C4),
135.57 (C7a"), 131.25 (C5"), 129.00 (C3a”), 125.31 (CS'),
124.28 (C2"), 122.55 (C7"), 121.54 (C3’), 119.21 (C4"),
111.42 (C6"), 110.24 (C29), 103.10 (C3"), 79.25 (C3), 55.54
(CS), 54.83 (C22), 50.69 (C9), 50.47 (C18), 50.29 (C17),
46.30 (C19), 42.78 (C14), 41.02 (C8), 39.02 (C4), 38.89
(C1), 37.70 (C13), 37.34 (C10), 36.10 (C28), 34.50 (C7),
34.08 (C21), 30.36 (C16), 28.13 (C23), 27.58 (C2), 27.45
(C15), 2526 (C12), 21.00 (C11), 19.38 (C30), 18.37 (C6),
16.21 (C25), 16.05 (C26), 15.50 (C24), 15.16 (C27).
(16R)-16-(1H-5-Indolyl)-3-hydroxy-28-picolinamido-lup-
20(29)ene (7m). "H NMR (500 MHz, CDCl;) & 8.13 (bs, 1H,
H-N(1")), 7.89 (4, 3] = 7.7 Hz, 1H, H—-C(3")), 7.63 (s, 1H,
H-C(4")), 7.60 (td, °] = 7.7 Hz, ¥] = 1.7 Hz, 1H, H-C(4')),
7.49 (d, ] = 4.7 Hz, 1H, H-C(6')), 7.32 (d, *] = 8.4 Hz, 1H,
H-C(6")), 7.23 (t, 3] = 2.8 Hz, 1H, H-C(2")), 7.16 (4, *] =
8.4 Hz, 1H, H—C(7")), 7.08 (dd, 3] = 7.7, 4.7 Hz, 1H, H—
C(5")), 7.05 (d, 3] = 10.1 Hz, 1H, H-N—C=0), 6.54 (dd, *J
= 2.8 Hz, ¥J = 2.6 Hz, 1H, H-C(3")), 4.75 (s, 1H, H,-C
(29)), 4.62 (s, 1H, H,-C (29)), 3.76 (dd, ¥ = 14.2 Hz, ] =
10.1 Hz, 1H, H,-C (28)), 3.39 (d, % = 142 Hz, 1H, H,-C
(28)), 3.20 (dd, ] = 11.2, 4.9 Hz, 1H, H-C (3)), 3.04 (dd, %]
=132, 3.1 Hz, 1H, H-C (16)), 2.71 (dt, %] = 11.2, 5.6 Hz,
1H, H—C (19)), 2.56 (dd, ’J = 13.4 Hz, *] = 13.2 Hz, 1H, H,-
C (15)), 2.12—1.98 (m, 1H, H,-C (21)), 1.94 (dd, ’] = 11.8,
11.2 Hz, 1H, H-C (18)), 1.83 (td,* J = 11.8, 3.2 Hz, 1H, H—C
(13)), 1.76 (s, 3H, H-C (30)), 1.76—1.41 (m, 12H, H,—C
(6)! H,-C (11)1 H,-C (12)’ H,-C (2)) H,-C (15)1 H,-C (7)1
H,—C (22), H,-C (1)), 1.38—1.24 (m, 3H, H,-C (11), H,-C
(21), H=C (9)), 1.22 (s, 3H, H;—C (26)), 1.13 (s, 3H, H;—C
(27)), 1.13-1.09 (m, 1H, H,-C (12)) 0.98 (s, 3H, H;—C
(23)), 0.97-0.89 (m, 1H, H,-C (1)), 0.89 (s, 3H, H;—C
(25)), 0.79 (s, 3H, H;—C (24)), 0.75-0.69 (m, 1H, H-C
(5)). 3C NMR (126 MHz, CDCL;) § 164.12 (C=0), 150.66
(C20), 149.80 (C2'), 147.37 (C¢'), 136.77 (C4’), 135.33
(C7a"), 131.07 (CS”), 128.86, (C3a") 125.35 (CS'), 124.24
(C27), 122,96 (C7"), 121.54 (C3'), 118.76 (C4"), 111.09
(C6"), 109.52 (C29), 103.20 (C3"), 79.17 (C3), 55.49 (CS),
51.61 (C17), 51.22 (C18), 50.67 (C9), 48.52 (C16), 46.99
(C19), 43.49 (C14), 41.50 (C8), 39.04 (C4), 38.94 (C1),
37.39 (C10), 37.17 (C13), 36.53 (C28), 35.29 (C22), 34.51
(C7), 32.83 (C15), 30.20 (C21), 28.16 (C23), 27.58 (C2),
25.77 (C12), 21.13 (C11), 20.28 (C30), 18.47 (C6), 16.44
(C25), 16.39 (C26), 15.65 (C27), 15.55 (C24).
(225)-22-(9H-3-Carbazolyl)-3-hydroxy-28-picolinamido-
lup-20(29)ene (60) and (16R)-16-(9H-3-Carbazolyl)-3-hy-
droxy-28-picolinamido-lup-20(29)ene (70). According to GP
II, a mixture of compounds 60 and 70 was prepared from
picolinic amide 3a (100 mg, 0.183 mmol, 1 equiv), 3-iodo-9H-
carbazole (214 mg, 0.731 mmol, 4 equiv), Pd(OAc), (2 mg,
0.009 mmol, 0.05 equiv), CuBr, (4 mg, 0.018 mmol, 0.1
equiv), and CsOAc (140 mg, 0.731 mmol, 4 equiv) in t-

AmOH (2 mL). Total yield of isomers 60 and 70 (5:1) 44 mg,
34%. HRMS (ESI): m/z cale. for [C,3HN;O, + HI*
712.4837; found 712.4835.
(225)-22-(9H-3-Carbazolyl)-3p-hydroxy-28-picolinamido-
lup-20(29)ene (60). 'H NMR (500 MHz, CDCL,) & 8.16 (s,
1H, H-N (9)), 8.06—8.03 (m, 2H, H-C(4"), H-C(5")),
7.80 (d, ¥ = 7.8 Hz, 1H, H-C(3')), 7.45—-7.40 (m, 3H, H—
C(8"), H—C(4'), H—C(7")), 7.38 (dd, *] = 8.6, ¥J = 1.9 Hz,
1H, H-C(2"), 7.34 (d, ] = 8.6 Hz, 1H, H-C(1")), 7.23-7.17
(m, 2H, H-C(6"), H-C(6"), 6.92—6.86 (m, 2H, H-N-C=
0, H-C(5"), 4.84 (d, ¥J = 2.4 Hz, 1H, H,-C (29)), 4.69 (s,
1H, H,-C (29)), 4.12 (dd, %] = 14.1, 3] = 9.4 Hz, 1H, H,-C
(28)), 320 (dd, ¥ = 11.4, 4.8 Hz, 1H, H-C (3)), 3.12 (dd, ¥J
= 11.3, 8.6 Hz, 1H, H—C (22)), 3.10 (dd, % = 14.1 Hz, 3] =
2.7 Hz, 1H, H,-C (28)), 2.85 (ddd, %] = 14.0, 3] = 11.3, 11.1
Hz, 1H, H,-C (21)), 2.68 (td, 3] = 11.1, 5.1 Hz, 1H, H-C
(19)), 2.07—1.91 (m, 3H, H—C (13), H-C (18), H,-C (16)),
1.86 (ddd, *J = 14.0, °] = 8.6, 5.1 Hz, 1H, H,-C (21)), 1.80 (s,
3H, H-C (30)), 1.78—1.66 (m, 3H, H,-C (12), H,-C (1), H,-
C (198)), 1.66—1.23 (m, 10H, H,—C (2), H,—C (6), H,—C
(11), Hy-C (16), H-C (9), H,—C (7),), 1.15 (s, 3H, H;—C
(26)), 1.14-1.06 (m, 1H, Hy-C (12)), 1.07 (s, 3H, H;—C
(27)), 1.05-0.98 (m, 1H, H,-C (15)), 0.97 (s, 3H, H;—C
(23)), 0.95—0.86 (m, 1H, Hy-C (1)), 0.84 (s, 3H, H;—C
(25)), 0.76 (s, 3H, H;—C (24)), 0.73—0.66 (m, 1H, H-C
(5)). *C NMR (126 MHz, CDCl,;) § 164.04 (C=0), 150.25
(C20), 149.60 (C2'), 147.12 (C6’), 139.96 (C9a"), 139.07
(C8a"), 136.48 (C4’), 130.97 (C3"), 126.00 (C2"), 125.87
(C77), 12521 (C8’), 124.30 (C4a”), 123.56 (C4b"), 121.39
(C3), 120.62 (CS"), 119.46 (C6"), 118.87 (C4"), 110.95
(C17), 110.54 (C8"), 110.33 (C29), 79.20 (C3), 55.53 (C5),
54.82 (C22), 50.68 (C9), 50.53 (C18), 50.22 (C17), 46.28
(C19), 42.76 (C14), 41.01 (C8), 39.01 (C4), 38.89 (C1),
37.70 (C13), 37.33 (C10), 36.10 (C28), 34.53 (C7), 34.09
(C21), 30.40 (C16), 28.13 (C23), 27.58 (C2), 27.45 (C15),
25.25 (C12), 21.00 (C11), 19.39 (C30), 18.37 (C6), 16.20
(C25), 16.07 (C26), 15.50 (C24), 15.17 (C27).
(16R)-16-(9H-3-Carbazolyl)-3p-hydroxy-28-picolinamido-
lup-20(29)ene (70). "H NMR (500 MHz, CDCl;) & 8.06 (d, *]
= 7.8 Hz, 1H, H-C(5"), 8.01 (s, 1H, H-C(4")), 7.81 (bs,
1H, H-C(3')), 7.53—7.39 (m, 3H, H-(C4'), H-C(7"), H—
C(8"), 7.39—-7.31 (m, 2H, H-C(2"), H—C(1")), 7.22-7.17
(m, 2H, H-C(6'), H—C(6"), 7.08 (bs, 1H, H-N), 6.94—6.88
(m, 1H, H-C(5")), 4.77 (d, ¥ = 2.2 Hz, 1H, H,-C (29)), 4.64
(s, 1H, H,-C (29)), 3.70 (dd, ¥J = 14.3,3] = 9.2 He, 1H, H,-C
(28)), 3.53 (d, ¥J = 14.3 Hz, 1H, H,-C (28)), 3.21 (dd, ¥ =
11.5, 49 Hz, 1H, H-C (3)), 3.12 (dd, ¥ = 13.3, 3.5 Hz, 1H,
H-C (16)), 2.71 (td, *] = 11.0, 4.5 Hz, 1H, H-C (19)), 2.62
(dd, ¥J = 13.3 Hz, ¥ = 13.3 Hz, 1H, H,-C (15)), 2.11-2.00
(m, 1H, H,-C (21)), 1.97 (dd, ¥ = 11.7, 11.2 Hz, 1H, H-C
(18)), 1.93—-1.80 (m, 1H, H-C (13)), 1.78 (s, 3H, H;—C
(30)), 1.78—1.66 (m, 3H, H,-C (12), H,-C (22)), H,-C (1)),
1.67—1.45 (m, 9H, H,—C (6), H,-C (11), H,—C (2), H,-C
(18), H,—C (7), Hy-C (22)), 1.42—-1.28 (m, 3H, H,-C (11),
H,-C (21), H-C (9)), 1.26 (s, H;—C (26)), 1.16 (s, 3H, Hy—
C (27)), 1.16—1.09 (m, 1H, H,-C (12)), 0.98 (s, 3H, H;—C
(23)), 0.98—0.93 (m, 1H, H,-C (1)), 0.90 (s, 3H, H;—C
(25)), 0.80 (s, 3H, Hy;—C (24)), 0.77-0.70 (m, 1H, H-C
(5)). *C NMR (126 MHz, CDCl;) § 164.10 (C=0), 150.38
(C20), 149.23 (C2’), 147.02 (C6'), 139.78 (C9a"), 138.65
(C8a”), 136.55 (C4'), 134.85 (C3"), 126.23 (C2"), 125.76
(C77), 12525 (C3’), 124.01 (C4a”), 123.51 (C4b"), 121.39
(C3’), 120.58 (C5”), 119.35 (C6"), 118.40 (C4”), 110.51
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(C1”), 110.37 (C8"), 109.52 (C29), 79.08 (C3), 55.36 (CS),
51.42 (C17), 51.17 (C18), 50.54 (C9), 48.55 (C16), 46.88
(C19), 43.45 (C14), 41.37 (C8), 38.91 (C4), 38.80 (C1),
37.26 (C10), 37.06 (C13), 36.55 (C28), 35.09 (C22), 34.39
(C7), 32.73 (C15), 30.00 (C21), 28.02 (C23), 27.42 (C2),
25.61 (C12), 20.97 (C11), 20.11 (C30), 18.33 (C6), 16.37
(C25), 16.26 (C26), 15.58 (C24), 15.42 (C27).
(225)-22-(4-Methoxyphenyl)-3p-hydroxy-28-picolinami-
do-lupane (9a) and (16R)-16-(4-Methoxyphenyl)-3p-hy-
droxy-28-picolinamido-lupane (10a). According to GP II,
compounds 9a and 10a were prepared from picolinic amide 3b
(30 mg, 0.055 mmol, 1 equiv), 1-iodo-4-methoxybenzene (51
mg, 0.218 mmol, 4 equiv), Pd(OAc), (1 mg, 0.003 mmol, 0.05
equiv), CuBr, (2 mg, 0.005 mmol, 0.1 equiv), and CsOAc (42
mg, 0.218 mmol, 4 equiv) in +-AmOH (1 mL). Yield 28 mg,
78%. HRMS (ESI): m/z calc. for [C,;He,N,O5 + HIY
655.4833; found 655.4839.
(225)-22-(4-Methoxyphenyl)-3-hydroxy-28-picolinami-
do-lupane (9a). '"H NMR (500 MHz, CDCL;) 6 8.18 (d, ’] =
4.8 Hz, 1H, H-C(6")), 8.00 (d, 3] = 7.8 Hz, 1H, H-C(3")),
7.69 (td, *] = 7.8 Hz, Y] = 1.8 Hz, 1H, H-C(4")), 7.29-7.21
(m, 3H, H—C(5'), H—C(2"), H-C(6")), 6.97 (d, 3] = 9.2 Hz,
1H, H-N), 6.86 (d, °] = 8.3 Hz, 2H, H-C(3"), H-C(5")),
4.12 (dd, ¥J = 14.2, 3] = 9.2 Hz, 1H, H,-C (28)), 3.77 (s, 3H,
CH,—0) 3.20 (dd, ’] = 11.3, 49 Hz, 1H, H-C (3)), 2.96 (dd,
] = 14.2, %] = 2.8 Hz, 1H, H,-C (28)), 2.66 (dd, ] = 12.0, 8.1
Hz, 1H, H-C (22)), 2.30 (ddd, ¥ = 13.6 Hz, ’] = 13.2, 11.2
Hz, 1H, H,-C (21)), 2.09—1.45 (m, 14H, H,—C (6), H,-C
(11), H-C (20), H-C (19), H-C (13), H,-C (21), H,—C
(2)1 Ha'c (12)) Ha'C (15)1 Ha'C (16)1 Ha'C (1)1 H-C (18))1
1.47-1.19 (m, 6H, H,-C (11), H,—C (7), H,-C (16), H-C
(9), Hy-C (12)), 1.18 (s, 3H, H;—C (26)), 1.01 (s, 3H, H;—C
(27)), 1.01-0.97 (m, 1H, H,-C (15)), 0.96 (s, 3H, H;—C
(23)), 0.93 (d, *] = 6.8 Hz, 3H, H;—C (30)), 0.91-0.87 (m,
1H, H,-C (1)), 0.85 (s, 3H, H;—C (25)), 0.84 (d, ’] = 6.7 Hz,
3H, H;—C (29)), 0.76 (s, 3H, H;—C (24)), 0.71-0.67 (m,
1H, H-C (5)). *C NMR (126 MHz, CDCl;) § 163.98 (C=
0), 158.81 (C4"), 149.99 (C2'), 147.57 (C¢’), 136.91 (C4'),
132.57 (C1”), 128.68 (C2” + C6"), 125.63 (C5'), 121.76
(C3), 114.31 (C3” + CS”), 79.19 (C3), 55.48 (CS), 55.27
(0—-CH,;), 53.67 (C22), 50.32 (C9), 50.24 (C17), 49.89
(C18), 42.90 (C14), 42.75 (C19), 41.04 (C8), 39.01 (C4),
38.88 (Cl1), 37.29 (C10), 37.27 (C13), 36.05 (C28), 34.15
(C7), 30.45 (C16), 29.63 (C20), 28.12 (C23), 27.54 (C2),
27.30 (C15), 27.00 (C12), 26.53 (C21), 23.14 (C30), 20.99
(C11), 18.37 (C6), 16.15 (C25), 16.04 (C26), 15.52 (C24),
15.09 (C29), 15.00 (C27).
(16R)-16-(4-Methoxyphenyl)-3p-hydroxy-28-picolinami-
do-lupane (10a). '"H NMR (500 MHz, CDCl;) & 8.20 (dd,
1H, 3] = 4.9 Hz, * = 1.7 Hz, H-C(6¢')), 7.99 (d, 3] = 7.7 Hz,
1H, H-C(3")), 7.71 (td, 3] = 7.7 Hz, *] = 1.7 Hz, 1H, H—
C(4)),7.27 (dd, % = 7.7, 49 Hz, 1H, H-C(5')), 7.23 (d, 3] =
8.1 Hz, 2H, H-C(2"), H-C(6")), 7.04 (dd, 3] = 9.7, 2.2 Hz,
1H, H-N), 6.85 (d, %] = 8.1 Hz, 2H, H-C(3"), H-C(5")),
3.79 (s, 3H, CH;—0), 3.64 (dd, ’J = 14.3 Hz, 3] = 9.7 Hz, 1H,
H,-C (28)), 3.34 (dd, ¥J = 14.3 Hz, 3] = 2.2 Hz, 1H, H,-C
(28)), 321 (dd, ] = 11.3, 4.8 Hz, 1H, H-C (3)), 2.66 (dd, *J
= 13.0, 3.5 Hz, 1H, H-C (16)), 2.40 (dd, % = 13.3 Hz, 3] =
13.0 Hz, 1H, H,-C (15)), 1.98 (ddd, %] = 10.6 Hz, 3.6, 2.6 Hz,
1H, H-C (19)), 1.88 (septd, ’] = 6.8, 2.6 Hz, 1H, H—C (20)),
1.81 (td, ¥ = 12.1, 3.7 Hz, 1H, H-C (13)), 1.76—1.70 (m,
1H, H,-C (1)), 1.70~1.39 (m, 12H, H,—C (6), H,-C (11),
H,—C (21), H,—C (2), H,-C (12), H,—C (7), H,-C (22), H~

C (18)), 1.35—1.21 (m, 4H, H,-C (11), Hy-C (12), H,-C
(18), H-C (9)), 1.19 (s, 3H, H;—C (26)), 1.17—1.12 m, 1H,
H,-C (22)), 1.08 (s, 3H, H;—C (27)), 0.98 (s, 3H, H;—C
(23)), 0.97-0.89 (m, 1H, Hy-C (1)), 0.89 (s, 3H, H;—C
(25)), 0.86 (d, *J = 6.8 Hz, 3H, H—C (30)), 0.83 (d, ¥ = 6.8
Hz, 3H, H;—C (29)), 0.78 (s, 3H, H;—C (25)), 0.72 (d, ’] =
10.3 Hz, 1H, H-C (5)). 3*C NMR (126 MHz, CDCl;) &
164.10 (C=0), 158.67 (C4"), 149.87 (C2'), 147.68 (C6'),
137.02 (C4’), 135.84 (C1”), 128.63 (C2” + C6"), 125.75
(CS’), 121.78 (C3’), 114.12 (C3” + C5"), 79.18 (C3), 55.44
(Cs), 55.33 (O—CH;), 51.20 (C17), 50.72 (C18), 50.39
(C9), 47.69 (C16), 44.02 (C19), 43.47 (C14), 41.50 (C8),
39.04 (C4), 38.92 (Cl1), 37.34 (C10), 36.67 (C28), 36.65
(C13), 35.39 (C22), 34.58 (C7), 32.36 (C15), 29.70 (C20),
28.16 (C23), 27.54 (C2), 27.15 (C12), 23.10 (C30), 21.91
(C21), 21.11 (C11), 18.45 (C6), 16.43 (C26), 16.33 (C293),
15.55 (C24), 15.52 (C27), 15.30 (C29).
(225)-22-(4-Methylcarbonylphenyl)-3p-hydroxy-28—28-
picolinamido-lupane (9g) and (16R)-16-(4-Methylcarbonyl-
phenyl)-3f-hydroxy-28-picolinamido-lupane (10g). Accord-
ing to GP II, compounds 9g and 10g were prepared from
picolinic amide 3b (100 mg, 0.183 mmol, 1 equiv), 1-(4-
iodophenyl)ethan-1-one (179 mg, 0.731 mmol, 4 equiv),
Pd(OAc), (2 mg, 0.009 mmol, 0.05 equiv), CuBr, (4 mg,
0.018 mmol, 0.1 equiv), and CsOAc (140 mg, 0.731 mmol, 4
equiv) in +-AmOH (2 mL). Yield 31 mg, 26%. HRMS (ESI):
m/z cale. for [C44H,N,O;5 + H]* 667.4833; found 667.481S.
(225)-22-(4-Methylcarbonylphenyl)-3p-hydroxy-28—28-
picolinamido-lupane (9g). '"H NMR (500 MHz, CDCl,) &
7.98 (d, 3] = 4.8 Hz, 1H, H-C(6)), 7.96 (d, ’] = 7.8 Hz, 1H,
H-C(3')), 7.84 (d, ¥J = 8.1 Hz, 2H, H-C(3"), H-C(5")),
7.67 (td, ’] = 7.8 Hz, ] = 1.8 Hz, 1H, H-C(4')), 7.41 (d, ¥ =
8.1 Hz, 2H, H-C(2"), H-C(6")), 7.20 (dd, ] = 7.8, 4.8 Hz,
1H, H-C(5")), 6.87 (dd, 3] = 8.4, 3.7 Hz, 1H, H-N), 4.01
(dd, ¥J = 14.3 Hz, 3] = 8.4 Hz, 1H, H,-C (28)), 3.20 (dd, ¥J =
11.4, 4.7 Hz, 1H, H-C (3)), 3.11 (dd, %] = 14.3 Hz, *] = 3.7
Hz, 1H, H,-C (28)), 2.74 (dd, °] = 11.8, 8.0 Hz, 1H, H-C
(20)), 2.50 (s, 3H, H;—C=0), 2.40 (ddd, ] = 13.6 Hz, *] =
11.8, 11.4 Hz, 1H, H,-C (21)), 2.02 (td, *] = 12.1, 3.9 Hz, 1H,
H-C (13)), 1.99—1.93 (m, 2H, H-C (20), H-C (19)), 1.88
(ddd, %J = 13.1 Hz, ¥ = 6.8, 3.5 Hz, 1H, H,-C (16)), 1.85—
1.75 (m, 2H, H,-C (21), H,-C (15)), 1.75-1.57 (m, SH, H,-C
(12), H,—C (2), H,-C (1), H-C (18)), 1.56—1.44 (m, 3H,
H,-C (6), H,-C (11), H,-C (16)), 1.46—1.30 (m, SH, H,-C
(11), Hy-C (6), H,—C (7), H=C (9)), 1.30—1.22 (m, 1H, H,-
C (12)), 1.15 (s, 3H, H;—C (26)), 1.06—1.00 (m, 4H, H;—C
(27), Hy-C (15)), 0.96 (s, 3H, H;—C (23)), 0.94 (d, ¥ = 6.7
Hz, 3H, H—C (30)), 0.94—0.89 (m, 1H, H,-C (1)), 0.86 (d, *]
= 6.9 Hz, 3H, H;—C (29)), 0.85 (s, 3H, H;—C (25)), 0.76 (s,
3H, H;—C (24)), 0.69 (d, ’] = 9.3 Hz, 1H, H-C (5)). °C
NMR (126 MHz, CDCL,) § 197.94(0=C—CH,), 163.88
(O=C-NH,), 149.66 (C2'), 147.46 (C6¢'), 146.89 (C1"),
136.99 (C4’), 135.58 (C4”), 128.87 (C3” + C5”), 128.00
(C2” + C6”), 125.80 (CS'), 121.77 (C3'), 79.15 (C3), 55.47
(Cs), 54.59 (C22), 51.04 (C17), 50.29 (C9 + C18), 42.87
(C14), 42.78 (C19), 41.05 (C8), 39.01 (C4), 38.87 (C1),
3729 (C10), 37.28 (C13), 36.06 (C28), 34.19 (C7), 30.54
(C6), 29.58 (C20), 28.13 (C23), 27.54 (C2), 27.28 (C15),
26.98 (C12), 26.66 (CH;—C=0), 26.29 (C21), 23.10 (C30),
20.98 (C11), 18.37 (C6), 16.16 (C25), 16.05 (C26), 15.52
(C24), 15.09 (C29), 15.03 (C27).
(16R)-16-(4-Methylcarbonylphenyl)-3/-hydroxy-28-picoli-
namido-lupane (10g). '"H NMR (500 MHz, CDCl,'H NMR
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(500 MHz, CDCL;) 6 8.02 (d, %] = 4.8 Hz, 1H, H-C(6¢')),
7.97 (d, ] = 7.8 Hz, 1H, H—C(3")), 7.84 (d, ’] = 8.1 Hz, 2H,
H-C(3"), H-C(5")), 7.70 (td, ’] = 7.8 Hz, * = 1.8 Hz, 1H,
H-C(4")), 7.39 (d, ¥ = 8.1 Hz, 2H, H-C(2"), H-C(6")),
7.24 (dd, %] = 7.8, 4.8 Hz, 1H, H—C(5')), 7.01 (bs, 1H, H—
N), 3.57 (m, 2H, H,—C (28)), 3.22 (dd, 3] = 11.3, 4.8 Hz, 1H,
H-C (3)), 2.92 (dd, ¥ = 13.0, 3.6 Hz, 1H, H-C (16)), 2.52
(s, 3H, H;C—C=0), 2.47 (dd, %] = 13.3 Hz, *] = 13.0 Hz, 1H,
H,-C (15)), 1.97 (ddd, ¥ = 10.5 Hz, 3.5, 2.6 Hz, 1H, H-C
(19)), 1.88 (septd, *J = 6.8, 2.6 Hz, 1H, H—C (20)), 1.85 (td,
3] = 12.1, 3.7 Hz, 1H, H-C (13)), 1.76—1.70 (m, 1H, H,-C
(1)), 1.70—1.43 (m, 12H, H,—C (6), H,-C (11), H,—C (21),
H,-C (2)! H,-C (12)) H,-C (7)’ H,-C (22)! H-C (18))1
1.39—1.31 (m, 3H, H,-C (11), H,-C (15), H-C (9)), 1.28—
123 (m, 2H, H,-C (12), H,-C (12)), 1.23 (s, 3H, H;—C
(26)), 1.09 (s, 3H, H;—C (27)), 0.98 (s, 3H, H;—C (23)),
0.97—0.90 (m, 1H, H,-C (1)), 0.90 (s, 3H, H;—C (25)), 0.87
(d, % = 6.8 Hz, 3H, H—C (30)), 0.84 (d, ’] = 6.8 Hz, 3H, H,—
C (29)), 0.79 (s, 3H, Hy;—C (25)), 0.72 (d, 3] = 10.3 Hz, 1H,
H-C (5)). *C NMR (126 MHz, CDCl,) § 198.06 (O=C—
CH,), 164.15 (O=C-NH,), 149.74 (C2'), 149.42 (C1"),
147.62 (C6'), 137.17 (C4'), 135.54 (C4"), 128.75 (C3" +
C5”), 128.01 (C2" + C6"), 126.00 (C5’), 121.85 (C3'), 79.21
(C3), 55.44 (C5), 51.34 (C17), 51.01 (C18), 50.36 (C9),
48.81 (C16), 43.97 (C19), 43.47 (C14), 41.50 (C8), 39.03
(C4), 38.92 (C1), 37.34 (C10), 36.67 (C13), 36.64 (C28),
35.30 (C22), 34.59 (C7), 32.02 (C15), 29.68 (C20), 28.14
(C23), 27.50 (C2), 27.08 (C12), 26.69 (CH;—C=0), 23.06
(C30), 21.89 (C21), 21.06 (C11), 18.43 (C6), 16.45 (C26),
16.33 (C25), 15.55 (C24), 15.53 (C27), 15.28 (C29).
(225)-22-(4-Methoxyphenyl)-3-28-picolinamido-olean-
12(13)-ene (14a). According to GP II, compound 14a was
prepared from picolinic amide 3¢ (100 mg, 0.183 mmol, 1
equiv), l-iodo-4-methoxybenzene (171 mg, 0.731 mmol, 4
equiv), Pd(OAc), (2 mg, 0.009 mmol, 0.0S equiv), CuBr, (4
mg, 0.018 mmol, 0.1 equiv), and CsOAc (140 mg, 0.731
mmol, 4 equiv) in +-AmOH (2 mL). Yield 72 mg, 60% (brsm
91%). HRMS (ESI): m/z calc. for [C,;HgN,0; + H]*
653.4677; found 653.4678. '"H NMR (500 MHz, CDCl;) &
8.32 (d, 1H, 3] = 4.7 Hz, 1H, H—C(6')), 8.08 (d, ’] = 7.7 Hz,
1H, H—-C(3")), 7.75 (t, 3] = 7.7 Hz, 1H, H-C(4")), 7.69—7.63
(m, 1H, H-N), 7.32 (dd, 3] = 7.7, 4.7 Hz, 1H, H-C(5")),
7.16 (4] = 8.2 Hz, 2H, H-C(2"), H-C(6")), 6.79 (d, ] =
8.2 Hz, 2H, H-C(3"), H-C(5")), 5.31 (d, ¥J = 3.6 Hz, 1H,
H-C (12)), 3.73 (s, 3H, O—CHj,), 3.62 (dd, ¥ = 142 Hz, 3] =
7.6 Hz, 1H, H,-C (28)), 3.21 (dd, 3] = 11.0, 4.8 Hz, 1H, H-C
(3)), 3.11 (dd, ¥J = 14.2 Hz, %] = 3.7 Hz, 1H, H,-C (28)), 2.86
(dd, 3] = 13.7, 3.2 Hz, 1H, H—C (22)), 2.26 (dd, 3] = 13.8, 4.0
Hz, 1H, H-C (18)), 1.91-1.78 (m, 3H, H,-C (19), H,-C
(11), H,-C (16)), 1.88 (dd, 3] = 5.4, 5.0 Hz, 1H, H,-C (11)),
1.82 (dd, ¥ = 13.7 Hz, ¥J = 13.5 Hz, 1H, H,-C (21)), 1.67—
1.46 (m, 7H, H,-C (6), H,-C (15), H,—C (2), H,-C (7), H,-C
(1), H=C (9)), 1.44—1.33 (m, 2H, H,-C (6), H,-C (16)),
1.33—1.24 (m, 3H, H,-C (7), H,-C (21), Hy-C (19)), 1.23 (s,
3H, H;—C (27)), 1.04 (s, 3H, H;—C (26)), 1.03 (s, 3H, H;—
C (29)), 1.02—0.99 (m, 1H, H,-C (15)), 0.99—0.96 (m, 4H,
H,;—C (23), H,-C (1)), 0.96 (s, 3H, H;—C (30)), 0.93 (s, 3H,
H,—C (25)), 0.77 (s, 3H, H;—C (24)), 0.75—0.70 (m, 1H,
H-C (5)). ®C NMR (126 MHz, CDCl;) § 163.82 (C=0),
158.49 (C4”), 150.27 (C2'), 147.81 (C6'), 143.85 (C13),
137.07 (C4'), 135.18 (C1”), 130.35 (C2” + C6"), 125.74
(Cs"), 123.44 (C12), 121.87 (C3’), 113.77 (C3" + C5"),
79.20 (C3), 55.34 (C5), 55.25 (O—CHj,), 47.81 (C22), 47.78

(C9), 46.70 (C19), 46.08 (C28), 45.46 (C18), 42.80 (C21),
41.72 (C14), 40.44 (C17), 39.96 (C8), 38.92 (C4), 38.82
(C1), 37.06 (C10), 33.56 (C30), 32.56 (C7), 31.39 (C20),
28.23 (C23), 27.39 (C2), 26.39 (C27), 25.64 (C15), 24.30
(C29), 23.85 (Cl11), 18.70 (C16), 18.42 (C6), 16.83 (C26),
15.71 (C24), 15.65 (C25).
(225)-22-(4-Methoxyphenyl)-3[3-28-picolinamido-urs-
12(13)-ene (14b). According to GP II, compound 14b was
prepared from picolinic amide 3d (100 mg, 0.183 mmol, 1
equiv), l-iodo-4-methoxybenzene (171 mg, 0.731 mmol, 4
equiv), Pd(OAc), (2 mg, 0.009 mmol, 0.05 equiv), CuBr, (4
mg, 0.018 mmol, 0.1 equiv), and CsOAc (140 mg, 0.731
mmo), 4 equiv) in +-AmOH (2 mL). Yield 74 mg, 62% (brms.
88%). HRMS (ESI): m/z calc. for [C,3HgN,0; + H]*
653.4677; found 653.4669. 'H NMR (500 MHz, CDCl;) §
8.36 (d, ¥] = 4.7 Hz, 1H, H-C(6')), 8.09 (d, ’] = 7.9 Hz, 1H,
H-C(3")), 7.76 (t, 3] = 7.7, 1H, H-C(4')), 7.68 (bs, 1H, H—
N), 7.36—7.31 (m, 1H, H-C(5")), 7.15 (d, *] = 8.1 Hz, 2H,
H-C(2"), H-C(6")), 6.78 (d, ] = 8.1 Hz, 2H, H-C(3"),
H-C(5")), 5.26 (t, °] = 3.6 Hz, 1H, H-C (12)), 3.72(s, 3H,
H,C-0), 3.54 (dd, %] = 14.2 Hz, 3] = 7.2 Hz, 1H, H,-C (28)),
322 (dd, 3] = 11.2, 4.9 Hz, 1H, H-C (3)), 3.13 (dd, ¥J = 14.2
Hz, 3] = 3.9 Hz, 1H, H,-C (28)), 2.82 (dd, ’] = 12.6, 3.3 Hz,
1H, H-C (22)), 2.09-1.91 (m, 3H, H,—C (11), H,-C (16)),
1.77 (dt, *] = 12.8 Hz, ] = 12.7 Hz, 1H, H,-C (21)), 1.70—
1.58 (m, 6H, H,-C (15), H,—C (2), H,-C (1), H—C (19), H—
C (18)), 1.58—1.34 (m, 6H, H,—C (6), H,-C (16), H,-C (7),
H,-C (21), H-C (9)), 1.32- 1.25 (m, 1H, H,-C (7)), 1.22—
1.13 (m, 4H, H-C (20), H;—C (27)), 1.0S (s, 3H, H;—C
(26)), 1.05—9.99 (m,2H, H,-C (15), H,-C (1)), 0.99 (d, *] =
6.9 Hz, 3H, H;—C (30)), 0.98 (s, 3H, H;—C (23)), 0.94 (s,
3H, H;—C (25)), 0.90 (d, ’] = 5.4 Hz, 3H, H,—C (29)), 0.77
(s, 3H, H;—C (24)), 0.72 (dd, ¥ = 11.4, 1.8 Hz, 1H, H-C
(5)). 3C NMR (126 MHz, CDCl,) 6 163.87 (C = O), 158.42
(C4), 150.32 (C2'), 147.87 (C6'), 13820 (C13), 137.11
(C4'), 13529 (C1"), 13023 (C2" + C6"), 126.34 (Cl2),
125.76 (CS’), 121.89 (C3’), 113.69 (C3” + C5"), 79.24 (C3),
57.10 (C18), 55.36 (CS), 5523 (O—CH,), 51.98 (C22),
47.92 (C9), 45.77 (C28), 42.19 (C14), 41.09 (C17), 40.14
(C8), 39.76 (C19), 39.70 (C20), 39.02 (C4), 38.92 (C1),
38.76 (C21), 37.03 (C10), 32.93 (C7), 28.26 (C23), 27.41
(C2), 26.06 (C15), 23.70 (C11), 23.48 (C27), 21.36 (C30),
20.32 (C16), 18.40 (C6), 17.94 (C29), 17.00 (C26), 15.85
(C25), 15.75 (C24).
(225)-22-(4-Methoxycarbonylphenyl)-3-28-picolinami-
do-olean-12(13)-ene (15a). According to GP II, compound
15a was prepared from picolinic amide 3¢ (100 mg, 0.183
mmol, 1 equiv), methyl 4-iodobenzoate (161 mg, 0.731 mmol,
4 equiv), Pd(OAc), (2 mg, 0.009 mmol, 0.0S equiv), CuBr, (4
mg, 0.018 mmol, 0.1 equiv), and CsOAc (140 mg, 0.731
mmol, 4 equiv) in -~AmOH (2 mL). Yield 46 mg, 37% (brsm.
57%). HRMS (ESI): m/z cale. for [C,HgN,O, + H]*
681.4626; found 681.4609. '"H NMR (500 MHz, CDCl;) &
821 (d, 1H, ] = 4.7 Hz, 1H, H—C(6")), 8.06 (d, *] = 7.7 Hz,
1H, H-C(3")), 7. 87 (d, 3] = 8.1 Hz, 2H, H-C(3"), H—
C(5")), 7.74 (dt, 3] = 7.7, 1.7 Hz, 1H, H-C(4")), 7.55 (bs,
1H, H-N), 7.31 (d, ] = 8.1 Hz, 2H, H-C(2"), H-C(6¢")),
728 (dd, 3] = 7.7, 4.7 Hz, 1H, H—-C(5")), 5.32 (d, *] = 3.7 Hz,
1H, H-C (12)), 3.88 (s, 3H, O—CHj), 3.57 (dd, *J = 14.2 Hz,
3] = 7.0 Hz, 1H, H,-C (28)), 3.22 (dd, ] = 11.0, 4.7 Hz, 1H,
H—-C (3)), 3.18 (dd, ¥J = 14.2 Hz, ¥] = 4.5 Hz, 1H, H,-C
(28)),2.97 (dd, ¥ = 13.8,3.2 Hz, 1H, H-C (22)),2.27 (dd, ¥J
= 13.8, 3.7 Hz, 1H, H-C (18)), 2.05 (ddd, ?J = 13.7 Hz, 3] =
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13.5, 4.6 Hz, 1H, H,-C (16)), 2.04—1.91 (m, 2H, H,-C (19),
H,-C (11)), 1.92—1.82 (m, 2H H,-C (11), H,-C (21)), 1.68—
1.45 (m, 7H, H,-C (6), H,-C (15), H,—C (2), H,-C (7), H,-C
(1), H-C (9)), 1.44—1.34 (m, 2H, H,-C (6), H,-C (16)),
1.33-1.22 (m, 6H, H,-C (7), H,-C (21), H,-C (19), H;—C
(27)), 1.06—1.00 (m, 7H, H;—C (26), H;—C (29), H,-C
(15)), 0.99—0.96 (m, 7H, H;—C (23), H;—C (30), H,-C (1)),
0.93 (s, 3H, H;—C (25)), 0.77 (s, 3H, H;—C (24)), 0.75—0.70
(m, 1H, H-C (5)). 3C NMR (126 MHz, CDCl,) § 167.25
(0-C=0), 163.87 (N—C=0), 150.00 (C2’), 148.86 (C1"),
147.74 (C6'), 143.56 (C13), 137.12 (C4'), 129.65 (C3" +
CS”), 129.50 (C2” + C6”"), 128.32 (C4"), 125.79 (Cs3’),
123.72 (C12), 121.90 (C3’), 79.19 (C3), 55.33 (CS), 52.06
(O—CH;), 48.94 (C22), 47.78 (C9), 46.62 (C19), 46.03
(C28), 45.51 (C18), 42.39 (C21), 41.70 (C14), 40.71 (C17),
39.98 (C8), 38.92 (C4), 38.82 (C1), 37.06 (C10), 33.49
(C30), 32.55 (C7), 31.37 (C20), 28.23 (C23), 27.38 (C2),
26.38 (C27), 25.65 (C15), 24.23 (C29), 23.84 (C11), 18.82
(C16), 18.41 (C6), 16.81 (C26), 15.71 (C24), 15.66 (C25).

(225)-22-(4-Methoxycarbonylphenyl)-3j-28-picolinami-
do-urs-12(13)-ene (15b). According to GP II, compound 15b
was prepared from picolinic amide 3d (100 mg, 0.183 mmol, 1
equiv), methyl 4-iodobenzoate (191 mg, 0.731 mmol, 4 equiv),
Pd(OAc), (2 mg, 0.009 mmol, 0.05 equiv), CuBr, (4 mg,
0.018 mmol, 0.1 equiv), and CsOAc (140 mg, 0.731 mmol, 4
equiv) in +-AmOH (2 mL). Yield 35 mg, 28% (brsm. 95%).
HRMS (ESI): m/z calc. for [C,4HgN,O, + H]* 681.4626;
found 681.4608."H NMR (500 MHz, CDCl,) & 8.26 (d, 3] =
4.7 Hz, 1H, H-C(6")), 8.06 (d, 3] = 7.8 Hz, 1H, H-C(3")),
7.86 (d, *] = 8.1 Hz, 2H, H-C(3"), H-C(5")), 7.76 (td, ¥] =
7.7,% = 1.7 Hz, 1H, H-C(4')), 7.61 (dd, *] = 6.6, 4.9 Hz, 1H,
H-N), 7.33—7.28 (m, 3H, H-C(5'), H-C(2"), H-C(6")),
528 (t, 3] = 3.6 Hz, 1H, H-C (12)), 3.87 (s, 3H, H;C-0),
3.50 (dd, 7J = 14.3 Hz, ’] = 6.6 Hz, 1H, H,-C (28)), 3.23 (dd,
3] = 11.4, 49 Hz, 1H, H-C (3)), 3.20 (dd, ¥ = 14.3 Hz, ’] =
4.9 Hz, 1H, H,-C (28)), 2.82 (dd, 3] = 13.2, 3.3 Hz, 1H, H-C
(22)), 2.11 (ddd, %] = 13.6 Hz, *] = 13.6, 4.8 Hz, 1H, H,-C
(16)), 2.03—1.93 (m, 2H, H,—C (11)), 1.81 (ddd, ¥ = 13.2
Hz, % = 13.2, 12.8 Hz, 1H, H,-C (21)), 1.71-1.58 (m, 6H, H,-
C (15), H,—C (2), H,-C (1), H-C (19), H-C (18)), 1.58—
1.43 (m, SH, H,-C (6), H,-C (16), H,-C (7), H,-C (21), H-
C (9)), 1.40—1.34 (m, 1H, H,-C (6)), 1.32- 1.25 (m, 1H, H,-
C (7)), 1.22- 1.13 (m, 4H, H-C (20), H,—C (27)), 1.09—
1.03 (m, 1H, H,-C (15)), 1.02 (s, 3H, H;—C (26)), 1.02—0.98
(m, 4H, H,-C (1), H;—C (30)), 0.98 (s, 3H, H;—C (23)),
0.94 (s, 3H, H;—C (25)), 0.91 (d, ] = 5.5 Hz, 3H, H;—C
(29)), 0.77 (s, 3H, H;—C (24)), 0.73 (dd, ] = 11.8, 1.8 Hg,
1H, H-C (5)). 3C NMR (126 MHz, CDCl,) & 167.24 (O—
C=0), 164.00 (N-C=0), 149.85 (C2’), 148.87 (C1"),
147.80 (C6'), 137.91 (C13), 137.23 (C4'), 129.59 (C3" +
CS”), 129.36 (C2” + C6"), 12829 (C4”"), 126.66 (C12),
125.89 (CS’), 121.97 (C3'), 79.27 (C3), 57.17 (C18), 55.35
(Cs), 53.16 (C22), 52.05 (O—CHj;), 47.88 (C9), 45.83
(C28), 42.16 (C14), 41.29 (C17), 40.15 (C8), 39.68 (C19),
39.59 (C20), 39.00 (C4), 3891 (Cl1), 38.29 (C21), 37.02
(C10), 32.90 (C7), 2825 (C23), 27.38 (C2), 26.05 (C15),
23.68 (C11), 23.49 (C27), 21.29 (C30), 20.37 (C16), 18.38
(C6), 17.89 (C29), 16.92 (C26), 15.83 (C25), 15.74 (C24).

Betulin core-derived picolinic azetidines 8 and 11 were
isolated as a stable 1:1 mixture of rotamers and characterized
together. Oleanane core-derived azetidine was isolated as a
stable 2:1 mixture of rotamers, and characterization of both

rotamers was found to be possible due to different integral
intensities.
N-Picolinoyl Azetidine 8 Mixture of Rotamers.
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HRMS (ESI): m/z calc. for [C3H,N,0, + H]* 545.4102;
found 545.4123. "H NMR (500 MHz, CDCl;) 6 8.63 (d, °] =
4.7 Hz, 1H, H—-C(6'A), 8.54 (d, ’] = 4.7 Hz, 1H, H—C(6'B),
8.10 (d, 3] = 7.8 Hz, 1H, H—C(3'A)), 8.08 (d, 3] = 7.8 Hz, 1H,
H-C(3'B)), 7.81 (td, 3] = 7.8 Hz, /] = 1.7 Hz, 1H, H—
C(4'A)), 7.78 (td, ] = 7.8 Hz, Y] = 1.7 Hz, 1H, H-C(4'B)),
7.35 (dd, %] = 7.7, 47 Hz, 1H, H-C(5'A)), 7.33 (dd, ] = 7.7,
4.7 Hz, 1H, H-C(5'B)), 495 (d, *] = 5.8 Hz, 1H, H-
C(22B)), 4.84 (s, 1H, H,-C(294)), 4.81 (s, 1H, H,-C(29B)),
4.70 (s, 1H, H,-C(29A)), 4.67 (s, 1H, H,-C(29B)), 4.60 (d, *J
= 11.0 Hz, 1H, H,-C(28A)), 445 (d, 3] = 5.8 Hz, 1H, H—
C(22A)), 4.16 (d, ’J = 11.0 Hz, 1H, H,-C(28A)), 4.09 (d, *] =
11.0 Hz, 1H, H,-C(28B)), 3.75 (d, J = 11.0 Hz, 1H, H,-
C(28B)), 3.22-3.16 (m, 2H, H-C(3A), H-C(3B)), 2.73—
2.75 (m, 1H, H-C(19A)), 2.71-2.67 (m, 1H, H-C(19B)),
2.18 (dd, ¥J = 13.8 Hz, ’] = 5.8 Hz, 1H, H,-C(21A)), 1.98—
1.85 (m, 3H, H,-C(21B), H,-C(16A), H,-C (16)), 1.84—1.77
(m, 2H, H,-C(12A), H,-C(12B)), 1.77—-1.47 (m, 22H, H,-
C(16A), H,-C(16B), H;—C(30A), H;—C(30B), H,-C(21A),
H,-C(21B), H,-C(6A), H,-C(6B), H,—C(2A), H,—C(2B),
H-C(13A), H-C(13B), H,-C(1A), H,-C(1B), H—C(18A),
H-C(18B)), 1.47—1.35 (m, 10H, H,-C(6A), H,-C(6B), H,-
C(11A), H,-C(11B), H,-C(15A), H,-C(15B), H,—C(7A),
H,—C(7B)), 1.29—1.17 (m, 8H, H,-C(11A), H,-C(11B), Hy-
C(12A), H,-C(12B), H,-C(15A), H,-C(15B), H-C(9A), H—
C(9B)), 0.99 (s, 3H, H;—C(27B)), 0.99 (s, 3H, H;—C(27A)),
0.97 (s, 9H, H;—C(23A), H;—C(23B), H;—C(26A)), 0.94 (s,
3H, H,—C(26B)), 0.94—0.88 (m, 2H, H,-C(1A), H,-C(1B)),
0.83 (s, 6H, H;—C(25A), H;—C(25B)), 0.76 (s, 6H, H;—
C(24A), H;—C(24B)), 0.71-0.64 (m, 2H, H-C(5A), H—
C(5B). '*C NMR (126 MHz, CDCl,) § 164.93 (N—C=0 A),
163.97 (N—C=0 B), 152.77 (C2'A), 152.19 (C2'B), 148.18
(C6'B), 148.14 (C6'A), 147.43 (C20A + C20B), 136.87
(C4'B), 136.84 (C4'A), 12526 (CS'A), 12520 (CS'B),
124.09 (C3'B), 124.04 (C3'A), 111.67 (C29A + C29B),
79.12 (C3), 79.08 (C3), 71.97 (C224A), 66.98 (C22B), 60.69
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(C28A), 55.45 (CS), 55.41 (C5), 54.66 (C28B), 50.59 (C9A
+ C9B), 49.10 (C17A), 48.57 (C17B), 48.21 (C19A), 48.15
(C19B), 47.20 (C18), 46.98 (C18), 42.32 (Cl4), 4225
(C14), 41.35 (C21B), 41.07 (C8), 41.03 (C8), 39.02 (C13B),
39.00 (C1A + C1B), 38.89 (C4A + C4B), 38.88 (C21A),
38.81 (C13A), 37.31 (C10A + CI10B), 34.51 (C7), 34.44
(C7), 31.00 (C16A + C16B), 28.31 (C15A + C15B), 28.12
(C23A + C23B), 27.53 (C2), 27.51 (C2), 25.42 (C12), 24.98
(C12), 21.01 (C11), 20.98 (C11), 18.42 (C6), 18.41 (C6),
16.33 (C26A), 16.30 (C2SA + C25B), 16.04 (C26B), 15.52
(C24), 15.50 (C24), 14.51 (C27), 14.48 (C27).
N-Picolinoyl Azetidine 11 Mixture of Rotamers.
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HRMS (ESI): m/z calc. for [C3H,N,O, + H]* 547.4258;
found 547.4254. '"H NMR (500 MHz, CDCl;) 6 8.60 (d, °] =
4.7 Hz, 1H, H-C(6'A)), 8.56 (d, °] = 4.7 Hz, 1H, H—
C(6'B)), 8.10 (d, 3] = 7.8 Hz, 1H, H-C(3'A)), 8.08 (d, ¥J =
7.8 Hz, IH, H-C(3'B)), 7.80 (td, ’] = 7.8 Hz, ¥ = 1.7 Hz, 1H,
H-C(4'A)), 7.77 (td, ] = 7.8 Hz, *] = 1.7 Hz, 1H, H—
C(4'B)) 7.35 (dd, 3] = 7.7, 4.7 Hz, 1H, H—C(5'A)), 7.33 (dd,
3] =7.7,4.7 Hz, 1H, H—C(5'B)), 4.86 (d, 3] = 5.8 Hz, 1H, H—
C(22B)), 4.54 (d, ¥J = 10.8 Hz, 1H, H,-C(28A)), 4.36 (d, *] =
5.8 Hz, 1H, H-C(22A)), 4.12 (d, ¥ = 10.8 Hz, 1H, Hy-
C(28A)), 4.02 (d, *J = 10.8 Hz, 1H, H,-C(28B)), 3.70 (d, ] =
10.8 Hz, 1H, H,-C(28B)), 3.22—3.16 (m, 2H, H-C(3A), H—
C(3B)), 2.23-2.12 (m, 3H, H-C(20A), H-C(20B), H—
C(18B)), 2.12—2.04 (m, 2H, H-C(18A, H,-C(21A)), 1.94—
1.82 (m, SH, H,-C(12A), H,-C(12B), H,-C(21A), H-C(16A,
H-C(16B)), 1.80—1.74 (m, 1H, H,-C(21B), 1.74—1.44 (m,
19H, H,-C(16A), H,-C(16B), H,-C(21B), H,-C(6A), H,-
C(6B), H,-C(11A), H,-C(11B), H,—C(2A), H,—C(2B), H,-
C(15A), H,-C(15B), H,-C(12A), H,-C(12B), H-C(13A),
H-C(13B), H,-C(1A), H,-C(1B)), 1.44—1.24 (m, 12H, H,-
C(6A), Hy-C(6B), H,-C (11), Hy-C (11), H,—C(7A), H,—
C(7B), H-C(19A), H-C(19B), H-C(9A), H—C(9B)),
1.23—1.15 (m, 2H, H,-C(15A), H,-C(15B)), 0.99—0.95 (m,
1SH, H,—C(23A), H;—C(23B), H;C(26A), H;—C(27A),
H,—C(27B)), 0.94 (s, 3H, H;—C(26B)), 0.94 —0.89 (m,
2H, H,-C(1A), H,-C(1B)), 0.89 (d, 3] = 6.5 Hz, 3H, H;—
C(30B)), 0.84 (s, 6H, H;—C(25A), H;—C(25B)), 0.80 (d, *J
= 6.5 Hz, 6H, H;—C(30A), H;—C(29B), 0.78—0.75 (m, 9H,
H,—C(29A), H;—C(24A), H;—C(24B)), 0.72—0.66 (m, 2H,

H-C(5A), H-C(5B)). ®C NMR (126 MHz, CDCl;) §
164.98 (N—C = O A), 163.97(N—C = O B), 152.90 (C2'A),
152.36 (C2'B), 14824 (C6'B), 148.11 (C6'B), 136.83
(C4'B), 136.80 (C4'A), 125.19, (C5'A), 125.11 (C5'B),
124.03 (C3'B), 123.96 (C3’A), 79.13 (C3), 79.08 (C3), 71.48
(C224), 66.48 (C22B), 60.65 (C28A), 55.38 (CS), 55.34
(CS), 54.64 (C28B), 50.12 (C9A + C9B), 49.42 (C17A),
48.93 (C17B), 45.94 (C19), 45.76 (C19), 45.60 (C18A),
45.45 (C18B), 42.60 (C14), 42.52 (C14), 41.07 (C8), 41.04
(C8), 39.00 (C13), 38.99 (C4A + C4B), 38.86 (C1), 38.85
(C1), 38.80 (C13), 37.25 (C10A + C10B), 34.60 (C7), 34.53
(C7), 3298 (C21B), 31.14 (C16), 31.11 (Cl6), 30.59
(C21A), 28.13 (C23A + C23B), 28.09 (C15), 28.00 (C20A
+ C20B), 27.92 (C15), 27.52 (C2), 27.51 (C2), 26.04 (C12),
26.01 (C12), 23.13 (C30A), 23.05 (C30B), 20.91(C11), 20.88
(C11), 18.44 (C6), 18.42 (C6), 16.31 (C26A), 16.25 (C25),
16.22 (C25), 16.04 (C26B), 15.54 (C24), 15.52 (C24), 15.35
(C294), 15.28 (C29B), 14.35 (C27), 14.32 (C27).

N-Picolinoyl Azetidine 16 Mixture of Rotamers: Rotamer
A

23 24

HRMS (ESI): m/z calc. for [Cy3H,N,O, + H]* 545.4102;
found 545.4075. "H NMR (500 MHz, CDCl;) 6 8.57 (d, J =
5.4 Hz, 1H, H-C(6")), 8.09 (d, 3] = 7.9 Hz, 1H, H-C(3")),
7.79 (td, °] = 7.9 Hz, ¥ = 1.8 Hz, 1H, H-C(4')), 7.37-7.30
(m, 1H, H-C(5")), 5.50 (bs, 1H, H-C (12)), 4.46 (d, ’J =
10.3 Hz, 1H, H,-C (28)), 441 (t, ] = 7.4 Hz, 1H, H-C (16)),
422 (d, ¥ = 10.3 Hz, 1H, H,-C (28)), 3.21 (dd, *] = 10.0, 4.5
Hz, 1H, H-C (3)), 2.55 (bs, 1H, H—C (18)), 2.06 (d, ] = 7.6
Hz, 2H, H,—C (15)), 2.05 —1.97 (m, 1H, H,-C (11)), 1.97—
1.78 (m, 3H, H,-C (19), H,-C (11), H,-C (22)), 1.77—1.53
(m, 6H, H,-C (6), H,—C (2), Hy-C (22), H,-C (1), H-C
(9)), 1.53—1.22 (m, SH, H,-C (6), H,—C (7), H,—C (21)),
121-1.14 (m, 1H, Hy-C (19)), 1.13 (s, 3H, H;—C (27)),
1.05—1.00 (m, 1H, H,-C (1)), 0.99 (s, 3H, H;—C (25)), 0.91
(s, 3H, Hy—C (29)), 0.90 (s, 3H, H;—C (30)), 0.89 (s, 3H,
H,—C (25)), 0.81—0.77 (m, 4H, H;—C (26), H-C (5)), 0.77
(s, 3H, H;—C (24)).C NMR (126 MHz, CDCl;) § 165.40
(C=0), 152.46 (C2'), 148.10 (C6'), 140.95 (C13), 136.88
(C4'), 12520 (CS’), 123.97 (C3'), 120.51 (C12), 79.15 (C3),
66.45 (C28), 64.60 (C16), 5548 (C5), 47.33 (C9), 42.78
(C18), 42.39 (C14), 39.33 (C8), 38.93 (C4), 38.47 (Cl),
37.46 (C10), 37.12 (C17), 36.35 (C21+ C19), 33.10 (C7),
31.48 (C30), 31.35 (C22), 30.65 (C20), 30.23 (C15), 28.78
(C29), 28.16 (C23), 27.32 (C2), 24.42 (C27) 23.50 (C11),
18.60 (C6), 16.35 (C26), 15.67 (C25), 15.59 (C24).
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N-Picolinoyl Azetidine 16 Mixture of Rotamers: Rotamer
B.

HRMS (ESI): m/z calc. for [C3H,N,0, + H]* 545.4102;
found $45.4075. 'H NMR (500 MHz, CDCL,) 6 8.57 (d, ] =
5.4 Hz, 1H, H-C(6')), 8.05 (d, ] = 7.9 Hz, 1H, H-C(3")),
7.79 (td, 3] = 7.9 Hz, ¥ = 1.8 Hz, 1H, H-C(4')), 7.37—7.30
(m, 1H, H=C(5")), 5.48 (bs, 1H, H—C (12)), 4.84 (t, 3] = 7.4
Hz, 1H, H—C (16)), 3.86 (ABq, A5 AB = 0.05 Hz, 2J = 102
Hz, 2H, H,—C (28)),3.21 (dd, %] = 10.0, 4.5 Hz, 1H, H-C
(3)), 2.43 (bs, 1H, H-C (18)), 2.05 —1.97 (m, 1H, H,-C
(11)), 1.97—1.78 (m, SH, H,—C (15)), H,-C (19), H,-C (11),
H,-C (22)), 1.77-1.53 (m, 6H, H,-C (6), H,—C (2), H,-C
(22), H,-C (1), H-C (9)), 1.53—1.22 (m, SH, H,-C (6), H,—
C (7), H,—C (21)), 1.21-1.14 (m, 1H, H,-C (19)), 1.09 (s,
3H, Hy—C (26)), 1.05—1.00 (m, 1H, H,-C (1)), 0.96 (s, 3H,
H;—C (25)), 091 (s, 3H, H;—C (29)), 0.90 (s, 3H, H;—C
(30)), 0.86 (s, 3H, H,—C (25)), 0.81—0.77 (m, 1H, H-C
(5)), 0.76 (s, 3H, Hy;—C (24)), 0.71 (s, 3H, H;C-26)). *C
NMR (126 MHz, CDCI3) 6 166.01 (C=0) 152.46 (C2'),
148.17 (C6'), 140.80 (C13), 136.88 (C4'), 12530 (CS’),
124.11 (C3’), 120.61 (C12), 79.10 (C3), 68.95 (C16), 60.07
(C28), 55.61 (CS), 47.36 (C9), 43.28 (C18), 42.39 (C14),
39.19 (C8), 38.89 (C4), 3847 (Cl), 37.43 (C10), 36.73
(C17), 36.45 (C19), 36.25 (C21), 33.00 (C7), 31.81 (C15),
31.57 (C22), 31.48 (C30), 30.65 (C20), 28.78 (C29), 28.14
(C23), 27.33 (C2), 24.65 (C27), 23.44 (C11), 18.55 (C6),
16.51 (C26), 15.65 (C25), 15.58 (C24).

General Procedure Il for Directing Group Cleavage.
To a suspension of arylated picolinic amide (0.15 mmol, 1
equiv) in THE/H,0 1:1 (5§ mL), aqueous 12 M HCI (0.24
mL) was added dropwise, and the reaction mixture was stirred
for 10 min at room temperature. Then zinc dust (146 mg, 2.25
mmol, 15 equiv) was added portion wise and the resulting
reaction mixture was stirred at room temperature for 4 h. Then
the reaction mixture was filtered through Celite pad (H = 50
mm, d = 15 mm) and filtrate was washed with 2 M NaOH
aqueous solution (25 mL) and the mixture was extracted with
DCM (3 X 25 mL). The combined organic phase was dried
over anhydrous Na,SO,, filtered, and evaporated under
reduced pressure. The residue was purified by silica column
chromatography (DCM-MeOH 100:1—20:1) to yield an
amine as a white amorphous solid.

(225)-22-(4-Methoxyphenyl)-3-hydroxy-lup-20(29)en-
28-amine (24). According to GP III, compound 24 was
prepared from 6a (100 mg, 0.153 mmol, 1 equiv), zinc dust
(150 mg, 2.297 mmol, 1S equiv), and 12 M HCI (0.33 mL).
Yield 78 mg, 90%. HRMS (ESI): m/z calc. for [C3;Hs;NO, +
H]* 548.4462; found 548.4467. 'H NMR (500 MHz, CDCI)
§7.24—7.20 (m, 2H, H-C(2'), H—C(6)), 6.88—6.79 (m, 2H,
H-C(3") + H-C(58")), 4.75 (d, *J = 2.5 Hz, 1H, H,-C (29)),
461 (s, 1H, H,-C (29)), 3.78 (s, 3H, H,C—0), 3.17 (dd, ¥ =

113, 49 Hz, 1H), 2.77-2.63 (m, 3H, H,—C (28), H-C
(22)), 2.57-2.43 (m, 2H, H-C (19), H,-C (21)), 1.95 (dt, &J
=13.0,% = 3.3 Hz, 1H, H,-C (16)), 1.81 (td, 3] = 12.0, 4.0 Hz,
1H, H—C (13)), 1.79 (dd, ] = 12.0, 10.9 Hz, 1H, H-C (18)),
1.72 (s, 3H, H,—C (30)), 1.71—1.62 (m, 2H, H,-C (12), H,-C
(1)), 1.62—1.48 (m, 3H, H,—C (2), H,-C (6)), 1.47—1.33 (m,
6H, Hy-C (6), H,-C (11), H,-C (15), H,—C (7), H,-C (21)),
1.33—1.17 (m, 3H, H,-C (11), H,-C (16), H=C (9)), 1.12—
1.06 (m, 2H, H,-C (12), Hy-C (15)), 1.03 (s, 3H, H;—C
(27)), 0.99 (s, 3H, H;—C (26)), 0.96 (s, 3H, H;—C (23)),
0.90—0.86 (m, 1H, H,-C (1)), 0.82 (s, 3H, H,—C (25)), 0.75
(s, 3H, H;—C (24)), 0.72—0.65 (m, 1H, H—C (5)). *C NMR
(126 MHz, CDCI3) § 158.43 (C4'), 150.34 (C20), 132.63
(C1’), 12858 (C2’' + C6'), 114.10 (C3' + CS’), 110.17
(C29), 78.99 (C3), 5549 (C5), 5535 (CH,—O), 54.04
(C22), 50.67 (C9), 50.57 (C18), 50.17 (C17), 46.16 (C19),
42.57 (C14), 40.97 (C8), 38.99 (C4), 38.87 (Cl), 38.51
(C28), 37.56 (C13), 37.30 (C10), 34.70 (C21), 34.32 (C7),
29.14 (C16), 28.12 (C23), 27.54 (C2), 27.51 (C1S), 25.12
(C12), 21.05 (C11), 19.12 (C30), 18.42 (C6), 16.26 (C25),
16.13 (C26), 15.49 (C24), 15.18 (C27)

(225)-22-(4-Carboxyphenyl)-3-hydroxy-lup-20(29)en-28-
amine (26). According to GP III, compound 26 was prepared
from 25 (60 mg, 0.097 mmol, 1 equiv), zinc dust (94 mg,
1.455 mmol, 15 equiv), and 12 M HCI (0.24 mL). Yield 42
mg, 84%. HRMS (ESI): m/z calc. for [C3;HgNO; + HJ
562.4255; found 562.4236. 'H NMR (500 MHz, DMSO) &
7.86 (d, *] = 8.0 Hz, 2H, H—C(3"), H-C(5")), 743 (d, ’] =
8.0 Hz, 2H, H-C(3"), H-C(5")), 473 (s, 1H, H,-C (29)),
4.60 (s, 1H, H,-C (29)), 4.28 (s, 1H, OH), 3.03 (d, J = 14.0
Hz, 1H, H,-C (28)), 3.00-2.93 (m, 2H, H-C (3), H-C
(22)), 2.59 (d, %] = 14.0 Hz, 1H, H,-C (28)), 2.55-2.50 (m,
1H, H-C (19)), 2.31-2.22 (m, 1H, H,-C (21)), 1.91-1.79
(m, 2H, H-C (18), H,-C (16)), 1.71 (s, 3H, H-C (30)),
1.67—1.52 (m, SH, H,-C (12), H,—C (15), H-C (13), H,-C
(1)), 1.50—1.34 (m, 7H, H,—C (6), H,-C (11), H,—C (2),
H,—C (7)), 1.33—1.18 (m, 3H, H,-C (11), H,-C (16), H-C
(9)), 1.13—1.06 (m, 4H, H,—C (26), H,-C (21)), 1.04 (s, 3H,
H,—C (27)), 1.02—0.97 (m, 1H, H,-C (12)), 0.87 (s, 3H,
H,—C (23)), 0.84—0.81 (m, 1H, Hy-C (1)), 0.80 (s, 3H, Hy—
C (2%)), 0.68—0.62 (m, 4H, H;—C (24), H-C (5)). *C
NMR (126 MHz, DMSO) § 167.58 (COOH), 149.96 (C20),
14820 (C4”), 129.34 (C3” + CS"), 127.85 (C2” + C6"),
116.19 (C1"), 109.79 (C29), 76.77 (C3), 54.83 (CS), 50.71
(C18), 50.34 (C17), 49.72 (C9), 48.12 (C22), 46.39 (C19),
42.74 (C14), 40.78 (C8), 38.53 (C4), 3827 (Cl1), 37.73
(C28), 36.71 (C10), 36.06 (C13), 33.74 (C7), 32.85 (C15),
32,06 (C21), 29.15 (C16), 28.12 (C23), 27.16 (C2), 24.95
(C12), 20.33 (C11), 19.31 (C30), 17.92 (C6), 16.00 (C2S),
15.82 (C26), 15.80 (C24), 14.98 (C27).

(225)-22-(4-Carboxyphenyl)-3p-hydroxy-28-picolinami-
do-lup-20(29)en (25') and (16R)-16-(4-Carboxyphenyl)-3/-
hydroxy-28-picolinamido-lup-20(29)en (25’). To a solution
of compound 7f (80 mg, 0.117 mmol, 1 equiv) in EtOH (4
mL), NaOH (20 mg, 0.500 mmol, 4.3 equiv) was added.
Reaction was stirred for 16 h at 80 °C, the reaction was
quenched by addition of ion-exchange resin (Dowex SOWXS,
50—100 mesh, H—form) until pH 7, filtered, and evaporated in
vacuum. The residue was purified by column chromatography
on silica with Hex/EtOAc + (30%—50% EtOAc). Yield (67
mg, 86%, 9:1). HRMS (ESI): m/z calc. for [C,3HN,O, +
H]* 667.4469; found 667.4454.
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(225)-22-(4-Carboxyphenyl)-3p-hydroxy-28-picolinami-
do-lup-20(29)ene (25). '"H NMR (500 MHz, CDCl;) § 8.13
(dd, 1H, 3] = 4.5 Hz, ¥ = 1.5 Hz, H-C(6")), 8.02 (d, ’] = 8.1
Hz, 2H, H-C(3"), H-C(5")), 7.98 (d, 3] = 7.7 Hz, 1H, H—
C(3')), 7.68 (td, ] = 7.7 Hz, ] = 1.5 Hz, 1H, H-C(4")), 7.45
(d, 3] = 8.1 Hz, 2H, H—-C(2"), H-C(6")), 7.22 (dd, ’] = 7.7,
4.5 Hz, 1H, H-C(5')),), 6.90 (dd, %] = 8.8, 3.4 Hz, 1H, H—
N), 4.82 (d, ¥ = 2.2 Hz, 1H, H,-C (29)), 4.69 (s, 1H, H,-C
(29)), 4.07 (dd, *J = 14.3, ’] = 8.8 Hz, 1H, H,-C (28)), 3.21
(dd, % = 11.4, 4.8 Hz, 1H, H-C (3)), 3.10 (dd, ?J = 14.3, %] =
3.4 Hz, 1H, H,-C (28)), 3.00 (dd, *] = 9.9, 9.6 Hz, 1H, H-C
(22)), 2.75 (ddd, ¥ = 13.7 Hz, ¥ = 11.2, 9.9 Hz, 1H H,-C
(21)), 2.67 (ddd, ¥ = 11.2, 10.6, 5.1 Hz, 1H, H—C (19)), 2.02
(td, 3] = 11.9, 3.5 Hz, 1H, H-C (13)), 1.95 (dd, ] = 11.9,
11.0 Hz, 1H, H-C (18)), 1.89 (ddd, ¥ = 13.1 Hz, ’] = 6.7, 3.5
Hz, 1H, H,-C (16)), 1.77 (s, 3H, H-C (30)), 1.77—1.65 (m,
4H, H,-C (12), H,-C (7), H,-C (1), H,-C (15)), 1.65—1.23
(m, 10H, H,—C (2), H,—C (6), H,—C (11), H,-C (16) H,-C
(7), H,-C (21), H-C (9)), 1.14 (s, 3H, H;—C (26), H-C
(9)), 1.13—-1.08 (m, 1H, H,.C (12)), 1.07—1.02 (m, 4H, H;—
C (27), Hy-C (15)), 0.96 (s, 3H,H;—C (23)), 0.95—0.88 (m,
1H, H,-C (1)), 0.84 (s, 3H, H;—C (25)), 0.76 (s, H;—C
(24)), 0.73—0.66 (m, 1H, H-C (5)). 3C NMR (126 MHz,
CDClL) & 170.52 (COOH), 164.11 (N—-C=0), 149.61
(C20), 149.45 (C2'), 147.58 (C6'), 146.99 (Cl1"), 137.12
(C4’), 130.85 (C3” + CS”), 128.00 (C4”), 127.50 (C2" +
C6"), 125.95 (Cs"), 121.87 (C3’), 110.74 (C29), 79.27 (C3),
55.52 (C5), 54.92 (C22), 51.00 (C17), 50.86 (C18), 50.65
(C9), 46.16 (C19), 42.70 (C14), 41.02 (C8), 39.01 (C4),
38.89 (Cl1), 37.70 (C13), 37.34 (C10), 36.00 (C28), 34.13
(C7), 33.89 (C21), 30.31 (C16), 28.12 (C23), 27.53 (C2),
27.39 (C15), 25.22 (C2), 20.98 (C11), 19.39 (C30), 18.37
(C6), 16.22 (C25), 16.05 (C26), 15.50 (C24), 15.17 (C27).

(16R)-16-(4-Carboxyphenyl)-3-hydroxy-28-picolinami-
do-lup-20(29)ene (25'). '"H NMR (500 MHz, CDCl;) & 8.15
(d, 1H, ¥ = 4.7 Hz, H—C(6)), 8.02 (d, %] = 8.1 Hz, 2H, H—
C(3"), H-C(5")), 7.98 (d, 3] = 7.7 Hz, 1H, H-C(3")), 7.70
(td, 3] = 7.7 Hz, ¥ = 1.7 Hz, 1H, H-C(4')), 743 (d, 3] = 8.1
Hz, 2H, H-C(2"), H—C(6")), 7.23 (dd, ’] = 7.7, 4.7 Hz, 1H,
H-C(58)),), 7.01 (dd, 3] = 9.1, 3.4 Hz, 1H, H-N), 4.76 (d, ¥J
=22 Hz, 1H, H,-C (29)), 4.64 (s, 1H, H,-C (29)), 3.71-3.61
(m, 1H, H,-C (28)), 3.48 (dd, ¥J = 14.6 Hz, *] = 3.4 Hz, 1H,
H,-C (28)), 321 (dd, ¥ = 11.3, 4.8 Hz, 1H, H-C (3)), 3.00
(dd, ¥ = 13.1, 3.4 Hz, 1H, H-C (16)), 2.69 (td, ¥ = 11.0, 4.4
Hz, 1H, H-C (19)), 2.50 (dd, %] = 13.3 Hz, 3] = 13.1 Hz, 1H,
H,-C (15)), 2.11-1.99 (m, 1H, H,-C (21)), 1.93 (dd, ¥] =
11.9, 11.0 Hz, 1H, H—C (18)), 1.83 (td, °] = 11.9, 3.7 Hz, 1H,
H-C (13)), 1.76 (s, 3H, H-C (30)), 1.76—1.59 (m, SH, H,-
C (12), H,-C (22), H,-C (1), H,—C (2)), 1.58—1.43 (m, 6H,
H,—C (6), H,-C (11), H,-C (22), H,—C (7)), 1.43- 1.23 (m,
4H, H,-C (11), Hy-C (21), Hy-C (15), H-C (9)), 1.21 (s,
3H, H;—C (26)), 1.16—1.09 (m, 4H, H, C (12), H;—C (27)),
0.98 (s, 3H,H;—C (23)), 0.97—0.90 (m, 1H, H,-C (1)), 0.88
(s, 3H, H;—C (25)), 0.79 (s, 3H, H;—C (24)), 0.74—0.69 (m,
1H, H-C (5)). 3C NMR (126 MHz, CDCl,) § 170.42 (O—
C=0), 164.14 (N-C=0), 150.39 (C20), 150.16 (C1"),
149.54 (C2'), 147.67 (C6'), 137.12 (C4'), 130.67 (C3" +
CSs”), 12795 (C2" + C6”), 127.39 (C4”), 125.95 (CS'),
121.82 (C3’), 109.88 (C29), 79.14 (C3), 55.49 (CS), 51.55
(C17), 51.43 (C18), 50.62 (C9), 48.94 (C16), 46.87 (C19),
4340 (Cl4), 4146 (C8), 39.04 (C4), 38.93 (Cl1), 37.38
(C10), 37.11 (C13), 36.31 (C28), 35.07 (C22), 34.53 (C7),
32.16 (C15), 30.06 (C21), 28.15 (C23), 27.55 (C2), 25.65

(C12), 21.05 (C11), 20.21 (C30), 18.43 (C6), 16.45 (C2S),
16.37 (C26), 15.62 (C24), 15.54 (C27).

General Procedure IV for Synthesis of Unprotected
Azetidines. To a solution of N-acyl azetidine 8, 11, or 16
(0.12 mmol, 1 equiv) in anhydrous THF (1.5 mL), LiAlH, (13
mg, 0.36 mmol, 3 equiv) was added in one portion at 0 °C.
The resulting reaction mixture was stirred under a nitrogen
atmosphere at 0 °C for 1 h. The reaction mixture was warmed
up to room temperature, and after 3 h, it was cooled back to 0
°C and slowly quenched sequentially with MeOH (0.5 mL)
and water (0.5 mL). The reaction mixture was diluted with
DCM (15 mL) and washed with 10% NaOH aqueous solution
(10 mL). The organic phase was then washed with water (1 X
10 mL), brine (1 X 10 mL), and dried over anhydrous
Na,SO,. After filtration, the filtrate was concentrated in vacuo,
and the crude mixture was purified by silica column
chromatography (DCM-MeOH 100:1—-25:1) to yield an
unprotected amine as a white amorphous solid.

Azetidine 12. HRMS (ESI): m/z calc. for [C3H,oNO +
H]* 440.3887; found 440.3876. "H NMR (500 MHz, CDCl,)
54.87 (s, IH, H,-C (29)), 4.69 (s, 1H, Hy-C (29)), 3.65 (d, *]
= 52 Hz, 1H, H-C (22)), 361 (d, ¥ = 9.3 Hz, 1H, H,-C
(28)),3.17 (dd, 3] = 11.2, 4.8 Hz, 1H, H-C (3)), 3.14 (d, ¥ =
9.3 Hz, 1H, H,-C (28)), 2.90 (ddd, ¥ = 103, 8.9, 8.5 Hz, 1H,
H-C (19)), 2.01 (ddd, ¥J = 12.5 Hz, 3.7, 3.4 Hz, 1H, H,-C
(16)), 1.83—1.75 (m, 1H, H,-C (12)), 1.69 (s, 3H, H;—C
(30)), 1.68—1.48 (m, 7H, H,-C (6), H,—C (2), H,-C (21),
H,-C (16), H-C (13), H,-C (1)), 1.47—1.18 (m, 9H, H,-C
(6)) HZ_C (11)1 Hb‘c (21)1 Ha‘c (15)1 HZ_C (7)7 H-C
(18), H-C (9)), 1.17 —1.09 (m, 2H, H;-C (12), H,-C (15)),
0.95 (s, 3H, H;—C (23)), 0.94 (s, 3H, H,—C (26)), 0.90—0.86
(m, 4H, H;—C (27), Hy-C (1)), 0.81 (s, 3H, H;—C (29)),
0.74 (s, 3H, Hy,—C (24)), 0.66 (d, ] = 9.8 Hz, 1H, H-C (5)).
13C NMR (126 MHz, CDCl;) § 148.22 (C20), 111.23 (C29),
79.02 (C3), 64.37 (C22), 5543 (CS), 52.45 (C28), 52.20
(C17), 50.59 (C9), 49.15 (C19), 47.79 (C18), 42.08 (C14),
41.01 (C8), 39.00 (C4), 38.89 (C1), 38.17 (C13), 37.30
(C10), 3447 (C7), 31.61 (C16), 28.14 (C23), 27.99 (C15),
27.55 (C2), 27.05 (C21), 25.12 (C12), 21.01 (C11), 18.88
(C30),18.42 (C6), 16.30 (C25), 16.07 (C26), 15.52 (C24),
14.38 (C27).

Azetidine 13. HRMS (ESI): m/z calc. for [C3Hg NO +
H]* 442.4043; found 442.4033. "H NMR (500 MHz, CDCL;)
8 3.60 —3.54 (m, 2H, H-C (22), H,-C (28)), 3.19 (dd, ¥] =
11.6, 4.8 Hz, 1H, H—C (3)), 3.12 (d, J = 8.9 Hz, 1H, H,-C
(28)), 2.34—2.25 (m, 1H, H-C (19)), 2.24—2.16 (m, 1H, H—
C (20)), 2.04—1.97 (m, 1H, H,-C (16)), 1.89—1.83 (m, 1H,
H,-C (12)), 1.72-1.43 (m, 9H, H,-C (1), H,-C (6), H,-C
(11), H,—C (2), H,-C (16), H,—C (21), H-C (13)), 1.43—
1.19 (m, 8H, H,-C (6), H,-C (11), H,-C (12), H,-C (15),
H,—C (7), H-C (18), H-C (9)), 1.14-1.08 (m, 1H, H,-C
(15)), 097 (s, 3H, H=C (23)), 0.95-0.90 (m, 7H, H,—C
(30), Hy;—C (27), Hy-C (1)), 0.89 (s, 3H, H,—C (26)), 0.82
(s, 3H, H;—C (25)), 0.78 (d, ’] = 6.8 Hz, 3H, H;—C (29)),
0.76 (s, 3H, Hy—C (24)), 0.68 (d, J = 10.3 Hz, 1H, H—C (5)).
13C NMR (126 MHz, CDCl;) 6 79.03 (C3), 63.70 (C22),
55.36 (CS), 52.47 (C17), 52.43 (C28), 50.12 (C9), 46.60
(C18), 46.40 (C19), 42.35 (C14), 41.00 (C8), 38.99 (C4),
38.85 (C1), 38.07 (C13), 37.23 (C10), 35.19 (C21), 34.55
(C7), 31.78 (C16), 28.25 (C23), 28.13 (C20), 27.79 (C15),
27.52 (C2), 26.12 (C12), 23.23 (C30), 20.91 (C11), 18.43
(C6), 1621 (C25), 16.06 (C26), 15.54 (C24), 1528 (C29),
14.22 (C27).
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Azetidine 17 HRMS (ESI). m/z calc. for [C30H,NO + H]*
440.3887; found 440.3868. '"H NMR (500 MHz, CDCly) &
547 (t, %] = 3.5 Hz, 1H, H-C (12)), 3.81 (t, ’] = 8.3 Hz, 1H,
H-C (16)), 3.46 (d, ’J = 8.4 Hz, 1H, H,-C (28)),3.37 (d, )] =
8.4 Hz, 1H, H,-C (28)), 3.22 (dd, ¥ = 10.9, 4.6 Hz, 1H, H-C
(3)), 2.65 (bs, 1H, H-C (18)), 2.08—1.99 (m, 1H, H,-C
(11)), 1.92—1.74 (m, 4H, H,-C (19), H,-C (11), H,-C (15),
H,-C (22)), 1.69—1.54 (m, 7H, H,-C (6), H,—C (2), H,-C
(15), Hy-C (22), H,-C (1), H-C (9)), 1.48—1.35 (m, 3H, Hy-
C (6), H,—C (7)), 1.26—1.16 (m, 2H, H,-C (19), H,-C (21)),
1.14—1.05 (m, 1H, H,-C (21)), 1.04—1.00 (m, 1H, H,-C (1)),
1.00 (s, 3H, H,—C (27)), 0.99 (s, 3H, H,—C (23)), 0.91 (s,
3H, H,—C (25)), 0.88 (s, 3H, H;—C (29)), 0.87 (s, 3H, H;—
C (30)), 0.84 (s, 3H, H;—C (26)), 0.79 (s, 3H, H,—C (24)),
0.78—0.74 (m, 1H, H—C (5))."*C NMR (126 MHz, CDCL;) §
141.05 (C13), 119.63 (C12), 79.17 (C3), 61.15 (C16), 58.34
(C28), 55.60 (CS), 47.16 (C9), 42.67 (C18), 42.06 (Cl14),
39.57 (C8), 39.19 (C17), 38.93 (C4), 38.38 (Cl1), 37.48
(C10), 36.09 (C22), 34.65 (C19), 33.59 (C30), 33.43 (C15),
33.24 (C7), 31.91 (C21), 30.65 (C20), 28.18 (C23), 28.09
(C29), 27.33 (C2), 23.52 (C11), 23.21 (C27), 18.74 (C6),
16.58 (C26), 15.62 (C25 + C24).

Synthesis of Azetidinium Picrate 18. Picric acid (1.6
mg, 0.0068 mmol, 1 equiv) was added in one portion to a
solution of azetidine 17 (3.0 mg, 0.0068 mmol, 1 equiv) in
MeOH (0.5 mL). After S min, the solvent was evaporated to
dryness under reduced pressure to yield pure product as a
yellow amorphous solid (4.6 mg, 100%). Obtained solid was
slowly recrystallized from MeOH to obtain the crystalline form
of azetidinium picrate 18.

Azetidinium Picrate 18. '"H NMR (500 MHz, CDCl;) &
9.09 (s, 1H, H-N), 8.97 (s, 2H, H-C,,), 8.23 (s, 1H, H-N),
5.55 (t, % = 3.5 He, 1H, H-C (12)), 4.49—4.42 (m, 1H, H-C
(16)), 3.98—3.87 (m, 2H, H,—C (28)), 3.20 (dd, 3] = 10.9, 4.6
Hz, 1H, H-C (3)), 2.66 (bs, 1H, H-C (18)), 2.10—1.97 (m,
3H, H,-C (11), H,-C (19), H,-C (15)), 1.91-1.82 (m, 2H,
H,-C (21), H,-C (11)), 1.79—1.71 (m, 2H, H,-C (15), H,-C
(21)), 1.66—1.54 (m, SH, H,-C (6), H,—C (2), H,-C (1), H—
C (9)), 1.40—1.17 (m, SH, Hy-C (6), H,—C (7), Hy,-C (19),
H,-C (22)), 1.06—1.01 (m, 1H, H,-C (22)), 0.99 (s, 6H, Hy—
C (23), H,—C (27)), 0.99-0.94 (m, 1H, H,-C (1)), 0.90 (s,
3H, H;—C (30)), 0.87 (s, 6H, H;—C (29), H;—C (25)), 0.78
(s, 3H, H;—C (24)), 0.75—0.70 (m, 1H, H-C (5)), 0.62 (s,
3H, H;—C (26)). *C NMR (126 MHz, CDCl;) § 160.16
(Cr’), 140.87 (C2' + C¢), 137.63 (C13), 131.17 (C4),
126.85 (C3’ + CS), 121.91 (C12), 79.05 (C3), 64.89 (C16),
57.52 (C28), 55.50 (CS), 46.81 (C9), 42.38 (C14), 41.05
(C18), 39.16 (C8), 3891 (C17), 38.83 (C4), 38.29 (C1),
37.42 (C10), 35.82 (C22), 33.92 (C19), 33.44 (C30), 33.09
(C7), 30.57 (C21), 30.43 (C20), 28.50 (C15), 28.16 (C23),
27.67 (C29), 27.21 (C2), 23.43 (C11), 22.79 (C27), 18.56
(C6), 16.30 (C26), 15.59 (C24 + C295).

General Procedure V for C—H Deuteration Experi-
ments. A solution of picolinic amide (20 mg, 0.0366 mmol, 1
equiv), CsOAc (7 mg, 0.0366 mmol, 1 equiv) and Pd(OAc),
(3 mg, 0.0146 mmol, 0.4 equiv) in CD;COOD (1 mL) was
stirred at 80 °C for 16h. Reaction mixture was concentrated in
vacuo, and the obtained residue was purified by silica column
chromatography (Hexanes-EtOAc 10:1 — S:1) to yield the
desired deuterated product as a white amorphous solid.

(16S,22R)-2,2,16,22-Tetradeutero-3-oxo-17-quinolin-8-yl-
carbamoyl-28-norlup-20(29)ene (2a’). Yield 15 mg, 74%.
HRMS (ESI): m/z calc. for [C4Hg,D,N,0, + H]* 585.4353;

found 585.4357. "H NMR (500 MHz, CDCl,) & 10.16 (s, 1H,
H-N), 8.81 (dd, 3] = 4.2 Hz, *] = 1.7 Hz, 1H, H-C(2')), 8.77
(d, 3] = 7.6 Hz, 1H, H—C(7')), 8.16 (dd, 3] = 8.2 Hz, ¥/ = 1.8
Hz, 1H, H-C(4')), 7.53 (dd, 3] = 7.9, 7.6 Hz, 1H, H—C(6")),
7.50—-7.42 (m, 2H, H-C(5'), H—-C(3")), 4.80 (s, 1H, H,-C
(29)), 4.63 (s, 1H, H,-C (29)), 3.27 (td, ¥J = 11.2, 4.6 Hz, 1H,
H-C (19)), 2.73 (td, ’] = 12.4, 3.5 Hz, 1H, H-C (13)), 2.05
(dt, % = 13.9 Hz, 3] = 11.2 Hz, 1H, H,-C (21)), 1.89 (d, ¥J =
13.4 Hz, 1H, H,-C (1)), 1.87-1.78 (m, 1H, H,-C (12)),
1.75-1.68 (m, 5H, H;—C (30), H-C (16), H-C (18)),
1.66—1.55 (m, 2H, H,-C (15), H-C (22)), 1.54—1.21 (m,
11H, H,—C (6), H,—C (11), H,-C (15), H,-C (21), H,—C
(7), Hy-C (1), H-C (9), H-C (5)), 1.07—1.04 (m, 1H, H,-C
(12)), 1.04 (s, 3H, H;—C (23)), 1.03 (s, 3H, H;—C (27)),
0.99 (s, 3H, H;—C (24)), 0.95 (s, 3H, H;—C (26)), 0.90 (s,
3H, H;—C (25)). '*C NMR (126 MHz, CDCl;) § 21843
(C3), 17524 (O=C-NH), 151.00 (C20), 14829 (C2'),
138.78 (C8a’), 136.46 (C4'), 135.13 (C8’), 128.10 (C4a’),
127.60 (C6'), 121.67 (C3’), 121.02 (CS’), 116.15 (C7'),
109.65 (C29), 57.34 (C17), 55.19 (CS), 50.19 (C18 + C9),
47.46 (C4), 46.72 (C19), 42.77 (Cl14), 40.83 (C8), 39.66
(C1), 3825 (t, 'J = 19.3 Hz, C (22)), 37.84 (C13), 37.04
(C10), 33.86 (quint, 'J = 18.2 Hz, (C2)), 33.78 (C7), 33.67 (t,
'J=17.9 Hz, (C16)), 30.91 (C21), 29.70 (C15), 26.65 (C23),
25.83 (C12), 21.63 (C11), 21.08 (C24), 19.74 (C30), 19.66
(C6), 16.10 (C27), 14.73 (C26 + C25).
(16S)-2,2,16-Trideutero-3-oxo-17-quinolin-8-ylcarbamo-
yl-28-norolean-12(13)ene (2c’). Yield 10 mg, 50%. HRMS
(ESI): m/z calc. for [C3yH,D3N,0, + H]* 584.4290; found
584.4283. 'H NMR (500 MHz, CDCl,) 6 10.38 (s, 1H, H—
N), 8.85 (d, ¥ = 7.4 Hz, 1H, H-C(7")), 8.80 (dd, °] = 4.2 Hz,
4] = 1.7 Hz, 1H, H—C(2")), 8.15 (dd, *] = 8.3 Hz, “] = 1.7 Hz,
1H, H-C(4)), 7.56—7.41 (m, 3H, H—-C(6"), H—-C(5'), H—
C(3")), 5.73 (t, 3] = 3.7 Hz, 1H, H-C (12)), 3.00 (dd, %] =
13.1, 4.4 Hz, 1H, H-C (18)), 2.20—2.11 (m, 1H, H-C (16)),
2.01-1.93 (m, 2H, H,—C (11)), 1.89—1.79 (m, 3H, H,-C
(21), H,-C (1), H,-C (19)), 1.78—1.69 (m, 1H, H,-C (15)),
1.65 (t, °J = 8.8 Hz, 1H, H-C (9)), 1.49—1.23 (m, 10H, H,—
C (6)» HZ_C (7): HZ_C (22); Hb'C (21)) Hb'C (1)1 Hb'c
(19), H-C (5)), 1.22 (s, 3H, H;—C (27)), .14 (dd, ] = 12.5
Hz, %] = 7.9 Hz, 1H, H,-C (15)), 1.04 (s, 3H, H;—C (23), 0.98
(s, 3H, H;—C (29)), 0.96 (s, 3H, H;—C (30)), 0.95 (s, 3H,
H,—C (24)), 0.85 (s, 3H, H;—C (26)), 0.54 (s, 3H, H;—C
(25)). °C NMR (126 MHz, CDCl,) 6 217.98 (C3), 177.10
(C28), 147.97 (C2'), 143.38 (C8a’), 139.16 (C13), 136.37
(C4'), 135.07 (C8'), 128.12 (C4a’), 127.70 (C6'), 124.01
(C12), 121.58 (C3'), 121.27 (CS5’), 116.51 (C7’), 55.43 (CS),
4827 (C17), 47.56 (C4), 47.04 (C9), 46.90 (C19), 42.41
(C18), 42.12 (C14), 39.57 (C8), 39.21 (Cl1), 36.75 (C10),
34.45 (C22), 33.70 (quint, 'J = 18.0 Hz, (C2)), 33.24 (C21),
33.10 (C30), 32.10 (C7), 30.95 (C20), 27.72 (C15), 26.49
(C23), 26.01 (C27), 23.83 (C29), 23.75 (C11), 23.65 (t, /] =
17.1 Hz, (C16)), 21.47 (C24), 19.60 (C6), 16.36 (C26), 15.17
(C2s).
(165)-2,2,16-Trideutero-3-oxo-17-quinolin-8-ylcarbamo-
yl-28-norurs-12 (13),21(22)diene (2d’). Yield 4 mg, 20%.
HRMS (ESI): m/z calc. for [C3,H,,D;N,0, + H]* 582.4133;
found 582.4135. "H NMR (500 MHz, CDCl;) 6 9.40 (d, %] =
5.3 Hz, 1H, H-C(2')), 8.90 (d, 3] = 7.9 Hz, 1H, H—C(7")),
8.34 (d, 3] = 8.2 Hz, 1H, H-C(4')), 7.54—7.48 (m, 2H, H—
C(3'), H—C(6")), 7.39 (d, 3] = 7.9 Hz, 1H, H—C(5")), 6.36
(dd, ] = 8.0, 2.2 Hz, 1H, H-C (21)), 5.92 (dd, %] = 8.0 Hz, ‘]
= 1.9 Hz, 1H, H-C (22)), 5.36 (t, 3] = 4.0 Hz, 1H, H-C
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(12)), 2.87 (dd, %J = 13.7 Hz, 3] = 10.5 Hz, 1H, H,-C (15)),
2.40 (dddd, ¥ = 8.3, 7.1, 2.2 Hz, ¥ = 1.9 Hz, 1H, H-C (20)),
2.28 (d, ¥ = 11.4 Hz, 1H, H—C (18)), 2.09—2.02 (m, 1H, H,-
C (11)), 1.96—1.88 (m, 2H, H,-C (11), H,-C (1)), 1.77 (dd,
3] = 10.5, 4.3 Hz, 1H, H—C (16)), 1.57—1.41 (m, 7H, H,—C
(6), H,—C (7), H,-C (1), H-C (19), H-C (9)), 1.38—1.34
(m, 1H, H-C (5)), 1.34 (d, ¥ = 7.1 Hz, 3H, H;—C (30)),
1.16 (s, 3H, H;—C (26)),1.11 —1.08 (m, 1H, H,-C (15), 1.11
(s, 3H, H;—C (23)), 1.10 (s, 3H, H;—C (27)), 1.09 (s, 3H,
H,;—C (25)), 1.07 (s, 3H, H;—C (24)), 0.90 (d, ’] = 6.5 Hz,
3H, H;—C (29)). ®C NMR (126 MHz, CDCl;) § 219.33
(C3), 187.68 (C28), 148.41 (C2'), 148.08, (C8a’), 147.23
(C8), 140.01 (C4'), 136.98 (C13), 130.48 (C4a’), 129.95
(C6"), 127.22 (C12), 12323 (C7’), 121.03 (C3'), 120.25
(Cs’), 11525 (C21), 104.92 (C22), 56.45 (C18), 55.60 (CS),
50.69 (C17), 47.55 (C4), 47.17 (C9), 42.26 (C14), 40.47
(C20), 40.15 (C8), 39.82 (C19), 39.56 (C1), 36.87 (C10),
33.63 (quint, 'J = 18.0 Hz, (C2)), 33.16 (C7), 30.37 (t, '] =
15.6 Hz, (C16)), 26.85 (C23), 25.61 (C15), 23.94 (Cl1),
23.80 (C27), 21.60 (C24), 19.94 (C30), 19.78 (C6), 17.62
(C26), 17.05 (C25), 15.87 (C29).
(16S,22R)-16,22-Dideutero-3-hydroxy-28-picolinamido-
lup-20(29)ene (19). Yield 6 mg, 30%. HRMS (ESI): m/z calc.
for [C3Hs,D,N,0, + HI]* 549.4384; found 549.4364. 'H
NMR (500 MHz, CDCL;) § 8.54 (d, ¥ = 4.8 Hz, 1H, H—
C(6'), 821 (d, 3] = 7.8 Hz, 1H, H-C(3')), 8.03 (t, ] = 6.5
Hz, 1H, H-N), 7.84 (td, 3] = 7.8 Hz, ¥] = 1.7 Hz, 1H, H-
C(4'), 7.41 (dd, 3] = 7.8, 4.8 Hz, 1H, H-C(5')), 472 (d, 7 =
2.3 Hz, 1H, H,-C (29)), 4.60 (s, 1H, H,-C (29)), 3.71 (dd, ¥J
=13.8 Hz, ] = 6.5 Hz, 1H, H,-C (28)), 3.24 (dd, ’J = 13.8 Hz,
3] = 6.5 Hz, 1H, H,-C (28)), 3.18 (dd, 3] = 11.3, 4.8 Hz, 1H,
H-C (3)), 2.55 (td, *] = 11.2, 5.6 Hz, 1H, H-C (19)), 2.12
(dt, %] = 13.0 Hz, 11.3 Hz, 1H, H,-C (21)), 1.90 (dd, %] = 13.7
Hz, 3] = 13.5 Hz, 1H, H,-C (15)), 1.83 (td, 3] = 12.0, 3.4 Hz,
1H, H—C (13)), 1.70 (s, 3H, H;—C (30)), 1.69—1.47 (m, SH,
H,-C (16), H,-C (12), H,—C (2), H,-C (1)), 1.47-1.36 (m,
6H, H,-C (6)' H,-C (11): H,-C (21)7 H,-C (7)1 H-C (18))1
1.34—1.22 (m, 3H, H,-C (11), H-C (16), H=C (9)), 1.14—
1.03 (m, 6H, H;—C (26), H,-C (12), H,-C (15), H-C (22)),
0.99 (s, 3H, H;—C (27)), 0.97 (s, 3H, H;—C (23)), 0.93—0.86
(m, 1H, Hy-C (1)), 0.84 (s, 3H, H;—C (25)), 0.76 (s, 3H,
H;—C (25)), 0.72—0.66 (m, 1H, H-C (5)). *C NMR (126
MHz, CDCL) § 164.71 (N—C=O0), 150.43 (C20), 150.17
(C27), 148.14 (C6¢’), 137.51 (C4'), 126.17 (CS8’), 122.37
(C3%), 109.92 (C29), 79.13 (C3), 55.47 (CS), 50.56 (C9),
49.17 (C18), 47.57 (C19), 47.18 (C17), 42.88 (C14), 41.08
(C8), 39.01 (C4), 38.86 (Cl), 37.48 (C13), 37.43 (C28),
37.31 (C10), 3591 (t, 'J = 14.3 Hz, C22), 34.30 (C7), 30.20
(t,'J = 18.4 Hz, C16), 29.88 (C21), 28.13 (C23), 27.56 (C2),
27.32 (C15), 25.37 (C12), 20.98 (C11), 19.46 (C30), 18.43
(C6), 16.24 (C25), 16.20 (C26), 15.51 (C24), 14.96 (C27).
(16S,22R)-12,16,22-Trideutero-3/-28-picolinamido-olean-
12(13)-ene (20). Yield 7 mg, 35%. HRMS (ESI): m/z calc. for
[C36Hs3D;N,0, + H]™ 550.4446; found 550.4422. '"H NMR
(500 MHz, CDCl;) & 8.54 (d, 3] = 4.8 Hz, 1H, H-C(6'), 8.20
(d, 3] = 7.8 Hz, 1H, H—C(3')), 8.10 (dd, ¥] = 7.5, 5.6 Hz, 1H,
H-N), 7.83 (td, 3] = 7.8 Hz, ] = 1.7 Hz, 1H, H-C(4'), 7.41
(dd, % = 7.8, 4.8 Hz, 1H, H-C(5')), 3.74 (dd, ¥J = 13.7 Hz, ]
=7.5 Hz, 1H, H,-C (28)), 3.22 (dd, %] = 10.9, 4.8 Hz, 1H, H—
C (3)), 297 (dd, yJ = 13.7 Hz, ] = 5.6 Hz, 1H, H,-C (28)),
2.08 (dd, 3] = 13.5, 4.5 Hz, 1H, H-C (18)), 2.00—1.83 (m,
4H, H,—C (11), H-C (16), H,-C (15)), 1.75 (dd, *J = 13.6
Hz, ¥ = 13.5 Hz, 1H, H,-C (19)), 1.68—1.47 (m, 7H, H,-C

(6), H,—C (2), H,-C (7), H-C (22), H,-C (1), H-C (9)),
1.46—1.36 (m, 2H, H,-C (6), H,-C (7)), 1.32—1.25 (m, 1H,
H,-C (21)), 1.22—1.18 (m, 1H, H,-C (21)), 1.18 (s, 3H, H;—
C (27)), 1.14—1.09 (m, 1H, Hy-C (19)), 1.09 (s, 3H, H;—C
(26)), 1.04 —1.00 (m, 1H, H,-C (15)), 0.99 (s, 3H, H,—C
(23)), 0.99-0.96 (m, 1H, H,-C (1)), (s, 3H, H;—C (25)),
0.89 (s, 3H, H;—C (30)), 0.88 (s, 3H, H;—C (29)), 0.79 (s,
3H, H;—C (24)), 0.77-0.72 (m, 1H, H-C (5)). '*C NMR
(126 MHz, CDCl;) 6 164.39 (C = 0O), 150.29 (C2’), 148.13
(C6), 143.97 (C13), 137.46 (C4’), 126.09 (CS’), 122.81 (t, ']
=23.3 Hz, C12), 122.39 (C3’), 79.17 (C3), 55.35 (CS), 47.80
(C9), 47.41 (C28), 46.70 (C19), 44.67 (C18), 41.88 (C14),
40.04 (C8), 38.93 (C4), 38.78 (C1), 37.09 (C10), 36.83
(C17), 34.15 (C21), 33.34, (C30), 32.60 (C7), 31.69 (t, J =
16.6 Hz, C22), 31.08 (C20), 28.24 (C13), 27.39 (C2), 26.24
(C27), 25.99 (C15), 23.77 (C11), 23.70 (C29), 22.14 (t, /] =
18.0 Hz, C16), 18.47 (C6), 16.86 (C26), 15.73 (C24), 15.67
(C25).
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Site-Selective C—H Amination of Lupane-Type Triterpenoids

Vladislavs Kroskins, Jevgenija Luginina, Rihards Lacis, Anatoly Mishnev, and Maris Turks*

A synthetic protocol for rhodium-catalyzed, site-selective C—H
amination of the betulin scaffold has been developed. Under cat-
alytic conditions, betulin-derived 28-O-sulfamate ester undergoes
intramolecular C—H amination to afford 1,2,3-oxathiazinane-2,
2-dione-fused lupane triterpenoids with a C16/C22 selectivity
ratio 9:1. Introduction of a C16-substituent enables a second
sequential C—H amination, which occurs with C22 selectivity.

1. Introduction

Naturally occurring pentacyclic triterpenoids are significant sec-
ondary metabolites that possess wide range of biological activi-
ties."! Betulin is the lupane type pentacyclic triterpenoid, which
is one of most abundant compound of this family, primarily com-
mon in birch bark? Betulin and its derivatives show remarkable
antitumor,®¥ antidiabetic,”~”’ anti-inflammatory,®'” and antiviral
properties."""'? The ability to derivatize readily available terpenoid
feedstock using various synthetic approaches has led to develop-
ment of novel semisynthetic triterpenoids. That, in turn, has influ-
enced their medicinal chemistry applications during the past few
decades."*"* The acquired knowledge has shown that medicinal
applications of the majority of these complex molecules very often
have been hindered by their poor water solubility."*'® Several
research groups have contributed the efforts to overcome the
low bioavailability of lipophilic triterpenoids by chemical modifica-
tions, creating different pentacyclic triterpenoid derivatives and
prodrugs."™ Successful examples of decoration of the lipophilic
terpenoid skeleton with ionogenic groups have been reported,
providing triterpenoid molecules with significantly enhanced
water solubility.?°2? The latter examples make the use of already
existing functionalities at C3, C28, or C29.

Introduction of additional polar heteroatoms at the terpenoid
core is another option to enhance aqueous solubility. However,
the aliphatic structure of the terpenoid core makes it challenging.
Several examples on introducing of polar HO-groups by
C—H hydroxylation approach have been published.?>-?®
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Betulin-derived oxathiazinanes can be cleaved and the ring-
opened products provide straightforward access to 16-amino-
and 16-azido-betulin, 16-amino-betulinic, and 16-amino-betulonic
acids. Betulin analogs with selectively introduced amine and
azide functionalities are versatile building blocks for further
medicinal chemistry applications in semisynthetic triterpenoid
series.

Additionally, pentacyclic triterpenoids can undergo enzymatic
C—H hydroxylation, catalyzed by cytochrome P-450.12%)

Enhanced aqueous solubility can also be reached by introduc-
tion of amino groups that shall be achievable by C—H amination.
Amino groups offer both salt formation possibility and polar center
for hydrogen bond formation, and therefore, are important struc-
tural elements in medicinal chemistry design.**? Various proto-
cols have been reported for selective transition-metal-catalyzed
and photocatalytic C(sp’)—H bond amination during last few
decades.**"! Several examples of C—N bond formation via inter-
molecular C(sp®)—H amination in terpene, steroid, and alkaloid mol-
ecules have been reported.***"! However, these approaches have
not been reported on pentacyclic triterpenoids. To the best of our
knowledge, there is only one example of lupane type triterpenoid
intramolecular C—H amination by White's group, which involves
manganese-catalyzed conversion of betulin 3-O-sulfamate ester
into 1,2,3-oxathiazinane-2,2-dione by formation of C—N bond at
€23.?|n this context, more intriguing is the use of C28—OH group
of betulin to tether the nitrene precursor in the proximity of C16
and C22 positions (Figure 1). Selective C—H amination of the latter
will be an important synthetic tool in the advancement of medicinal
chemistry of betulin and betulinic acid. Hence, we report here rho-
dium-catalyzed C16-selective C—H amination procedure with betu-
lin 28-O-sulfamate ester and further transformation of the formed
1,2,3-oxathiazinane-2,2-dione intermediate, which provides a broad
spectrum of betulin derivatives, containing previously unknown
nitrogen substituent at C16.

2. Results and Discussion

Starting materials bearing tethered nitrene precursor were pre-
pared in a straightforward fashion from naturally occurring betu-
lin (1). Its 3,28-di-O-acetylation followed by selective cleavage of
primary acetate provided C28-alcohol 2, which was trans-
formed into 28-O-sulfamate ester 3 using chlorosulfonyl isocya-
nate in the presence of formic acid.*¥ Additionally, we have
prepared 28-O-carbamoyl ester 4 to check the influence of the
tether to the C—H amination step. With the starting materials

© 2025 Wiley-VCH GmbH
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This work

OH

White [ref. 42]

R = CH,OH, COH, COOH, CH,Ns,
CH,0S03Na, CH,0SO,NH,
NQ; = NH,, NHBoc, NHCBz, NHAc, N

Figure 1. Previously known C—H amination in betulinic acid series and proposed C16—H amination with following derivatization. Boc = tert-butyloxycarbonyl,

Cbz = benzyloxycarbonyl, and Ac = acetyl.

in hand, we proceeded to explore the C—H amination. We have
found that carbamoyl ester 4 does not provide the expected ami-
nation products under Rh- and Ag-catalytic conditions. Instead,
upon increased temperature (60 °C in pressure tube) and longer
reaction time, formation of degradation products of the linker
and C28 nitrile 5 was detected. Formation of the latter, can be
explained by C—H amination reaction at C28, forming unstable
4 membered ring, which rapidly underwent decarboxylative oxi-
dation by diacetoxy iodobenzene (PIDA) to yield the nitrile
(Scheme 1) Changing rhodium catalyst to different silver®

Cond. A: Phi(OAc), (1.1 eq.)
MgO (2.2 eq.)
Rh,(0AC), (5 mol%)
DCM, 60 °C, 3 h
or
Cond. B: Phi(OAc), (1.1 eq.)
MgO (2.2 eq.)
AgOTf (10 mol%)

4, 98% (from 2) Meyphen (10 mol%)
T DCM, 60 °C, 16 h

1. CICONCO
DCM, rt., 16 h

2. K,CO3, MeOH
rt,3h

: 2
: OCN-$-Cl

(o]
HCOOH

_ -

NMP/DCM
0

[¢]

" Betulin (1), (R=H)
Ref. 40
2, (R=0Ac)

9
OCN*ﬁ*CI
o

HCOOH, NMP A
0°Crt, 3h “H
8

, 70% (from 1)

PhI(OAc),

Rh,(OAc),

Y

_8=0 (12 mol%)
v Mo

sources (e.g., AgOTf, AgPFs, or AgSbF) in the presence of previ-
ously used base and PhI(OAc), or PhIO, resulted with no conver-
sion of starting material or slow formation of degradation
products. Addition of Mesphen ligand promoted acetoxylation
and C30 allyl acetate 6 was isolated as a main reaction product.

To our delight, sulfamate ester 3 gave full conversion of starting
material after 3 h and two regioisomers in 9:1 ratio were obtained
using the following reaction conditions: 2.2 equiv. MgO, 1.1
equiv. PhI(OAc),, and 1-2mol% Rh,(OAc), (see Table S1,
Supporting Information).”” The structure of major isomer 7 was

5, 9%, (30% BRSM)
using cond. A

6, 21% (48% BRSM)
using cond. B

MgO

MgO
PhI(OAG),
Rh,(OAc),
(10 mol%)
DCM,  o<f 2

reflux 5 h é/ H 23 9, 66%

Q

Scheme 1. C—H amination of betulin core and Oak Ridge Thermal-Ellipsoid Plot Program (ORTEP) representation of molecular structure 7. NMP =
N-methylpyrrolidone, DCM = dichloromethane, MeOH = methanol, AgOTf = silver trifluoromethanesulfonate, Me,phen = 3,4,7,8-tetramethyl-1,10-phenanthroline,

and BRSM = based on recovered starting material.
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unambiguously determined by X-ray diffraction analysis.*®' The
minor C22 isomer was isolated and characterized in its N-Cbz
form (see Experimental Section). In a similar fashion, betulin
3,28-di-O-sulfamate ester 8 was prepared with 70% yield. The latter
smoothly underwent double C—H amination using previous condi-
tions to yield C23 and C16 aminated product 9 as the major isomer,
albeit with a higher catalyst loading (Scheme 1). Regio- and diaster-
eoselectivity of C—H activation most probably is determined by
substrate control. The intermediate metallonitrene likely tends to
insert into the equatorially aligned C—H bond of the D-ring of
starting material 3. This provides product 7 containing the newly
formed cycle in low energy chair-like conformation.*?’ The intrinsic
properties of lupane core do not permit chair-like conformation of
the newly formed cycle, if it is attached to the E-ring.

Next, we examined utility of the obtained 1,2,3-oxathiazi-
nane-2,2-dione 7 in nucleophilic ring opening reactions to cleave
the ring and liberate C16—NH, moiety. Several attempts for this
transformation employing vigorous reaction conditions and
different nucleophiles (e.g., Ns~, AcO~, PhS~, morpholine, and
water) did not provide any conversion of the starting material
due to low electrophilicity of the oxathiazinane ring. Only basic
hydrolysis using 0.5 M NaOH ethanolic solution led to nucleo-
philic attack at sulfur atom, yielding exclusively 1,3-aminosulfate
10. Interestingly, subsequent acidification of sulfate salt 10
induced rapid ring closure back to oxathiazinane ring, giving
to C3-hydroxy-oxathiazinane derivative 7a (Scheme 2). Sulfate
10 undergoes selective precipitation from ethanolic solution,
which results in improvement of the initial C16:C22 9:1
regioisomer ratio in compound 7 to 30:1 for compound 7a. In-
depth NMR structural elucidation of compounds from the filtrate
after compound 10 precipitation has revealed that the minor
C22-isomer of 7 did not undergo ring opening in the presence
of 0.5 M NaOH ethanolic solution. Several strongly acidic and
strongly basic hydrolytic conditions have been tried to cleave sul-
fate moiety from the intermediate 10, but none of them has
affected O—S bond.

Finally, reductive cleavage conditions using diisobutylalumi-
nium hydride (DIBAL-H) solution in toluene, were found to be
useful to achieve formation of desired 1,3-amino alcohol motif
11 with 68% yield. In order to shorten reaction time, higher tem-
perature was tried, which resulted in reduction of double bond
as a side reaction to give product 11a (Scheme 3). Also com-
pound 7 provides amino diol 11 upon treatment with DIBAL-H,
however, in that case, the initial C16:C22 ratio 9:1 is
retained. Therefore, the described sequence 7 — 10 — 7a — 11

0.5 M NaOH
EtOH
60°C,8h

7,C16:C22 9:1

10, C16:C22 30:1, 77%

[}
g;o 1.2 M DIBAL-H

N \6 Toluene J
H

11a, 51%

Scheme 3. Reductive ring opening of 1,2,3-oxathiazinane-2,2-dione 7a.

(or 11a) provides products 7a, 11, and 11a with excellent regioi-
someric purity.

To increase electrophilicity of oxathiazinane ring, two differ-
ent carbamoylations of the -NH moiety were accomplished.
Then, the ring opening of N-Cbz oxathiazinane 12 with previ-
ously discussed nucleophiles resulted mostly with Cbz depro-
tection and the desired ring opening product was formed
only in trace amounts. Thus, in the betulin-derived 1,2,3-oxathia-
zinane-2,2-dione competitive N-Cbz deprotection proceeds
faster than nucleophile attack at sulfur center. It is interesting
to note that in the case of iodide nucleophile, we have observed
Cbz-group transformation of into N-benzyl group. It can be
explained by insitu benzyl iodide formation from Cbz, which
leads to the decarboxylation of the intermediate followed by
N-benzylation. The structure of N-benzyl side product 13 was
determined unambiguously by X-ray diffraction analysis®®
(Scheme 4).

Switching N-Cbz group to N-Boc group improved selectivity
toward the formation of the desired 1,3-substituted product 15
in the case of azide nucleophile. Nevertheless, other nucleophilic
reagents (e.g., Nal, acetate, thiophenolate, morholine, cyanide,
thiocyanate, phenolate, and methoxide) still resulted in N-Boc
group cleavage keeping the 1,2,3-oxathiazinane-2,2-dione ring
intact. The poor reactivity of nucleophiles can be explained by
C28 of betulin core being neopentyl position, which is sterically
hindered by quaternary center at C17 atom.”" Optimal condi-
tions for synthesis of aminoazide 15 used 2 equivalents of
NaN; at 80 °C in DMSO solution for 24 h. Next, the obtained azide
15 was employed in copper-catalyzed azide-alkyne 1,3-dipolar

HCl/i-PrOH
r.t., 10 min
- >

7a, C16:C22 30:1, 99%

Scheme 2. Synthesis of sulfate 10 and its cyclization to 7a in acidic media. EtOH = ethanol and i-PrOH = isopropanol.
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Py o 80°C NHBoC N ascorbate
rt,5h 24h THF/H,0
AcO 14, quant. AcO 15, 57% 70°c. 160 " 16, 70%

Scheme 4. Nucleophilic ring opening studies of N-protected oxathiazinanes 12 and 14, and ORTEP representation of molecular structure 13.
t-BuOK = potassium tert-butoxide, DME = dimethoxyethane, Py = pyridine, DMF = N, N-dimethylformamide, DMAP = 4-dimethylaminopyridine,
DMSO = dimethyl sulfoxide, and THF = tetrahydrofuran.
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Scheme 5. Synthetic transformations of 1,3-aminoalcohol 11 and ORTEP representations of molecular structures 17 and 19. DIPEA = N,N-diisopropylethylamine,
Tol = toluene, PCC = pyridinium chlorochromate, t-BuOH = tert-butanol, and TFA = trifluoroacetic acid.
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Scheme 6. Synthesis of sulfamate 26 and its application in C—H amination at C22.

cycloaddition reaction with propargylic acetate in the presence of
CuS0,:5H,0 to yield triazole 16 (Scheme 4).

Afterwards, we examined the synthetic utility of 1,3-aminoal-
cohol 11. Reaction of the latter with picric acid afforded picrate
salt 17, the structure of which was proved by single-crystal X-ray
analysis (Scheme 5).°? N-Boc protection and the following two-
step oxidation of 11 furnished N-Boc-$-amino-betulonic acid 19.
We have also tried to achieve the formation of corresponding
acid in one-step process from the primary alcohol using PDC/
DMF,*¥ but optimal reaction conditions were not found.
Thus, we turned to synthesis of intermediary aldehyde 18, fol-
lowed by Pinnick oxidation, which gave carboxylic acid 19.54%
The latter can be diastereoselectively reduced at C3 to give
N-Boc-#-amino-betulinic acid 21. Treatment of both amino acids
with TFA causes a facile Boc deprotection to give corresponding
p-amino acids in their trifluoroacetate salt form. However, in the
case of 3-OH derivative 21, a formation of 3-O-trifluoroacetate
side product was detected. Therefore, 4M HCl/dioxane was
found to be more efficient for selective N-Boc deprotection
to yield f-amino acid 22 in its hydrogen chloride salt form.
Next, 16-azido-betulin 23 can be easily synthesized from the
corresponding amine via diazotransfer reaction, employing
trifluoromethanesulfonyl azide in the presence of copper (ll)
additive. With compound 23 in hand, copper(l)-catalyzed
azide-alkyne cycloaddition furnished C16-triazolyl betulin 24 as
a model compound for a virtually endless library of novel
betulin-triazole conjugates (Scheme 5).

At this point of method development, we were intrigued
whether it would be possible to introduce the second amino
functionality at the triterpenoid core using the same sulfamate
ester linker one more time. For that purpose, diacetate 25 was
prepared via protection/deprotection sequence, and then, care-
fully treated with in situ prepared sulfamoyl chloride at 0 °C fur-
nishing sulfamate ester 26. The latter was subjected to previously
used C—H amination conditions. The expected oxathiazinane 27
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at betulin C22 was obtained with moderate yield (Scheme 6). It is
expected that oxadiazinane cycle in compound 27 can be further
transformed in a similar fashion to that of compound 7, which
opens further derivatization opportunities for betulin core.

3. Conclusion

We have developed synthetic approach toward previously unex-
plored site-selective C16—N bond formation at betulin D-ring via
rhodium-catalyzed nitrene C—H insertion. The required sulfa-
mate ester as strategic starting material was obtained from nat-
urally available betulin in a few steps. C28-Position of betulin
core bears neopentylic character, and thus, is both sterically hin-
dered due to quaternary C17-atom and prone to cationic
rearrangements in the presence of external nucleophiles.
Nevertheless, the neopentylic nature of C28 within the oxathia-
zinane ring was overcome and several ring opening reactions
were developed: 1) treatment with NaOH afforded aminosulfate
salt; 2) treatment with NaN; afforded 1,3-aminoazide, which can
be converted to betulin-derived y-amino C28-triazoles; and
3) reductive ring opening gave access to 1,3-aminoalcohol,
which was converted into 16-amino-betulinic and betulonic
acids. Following another pathway, 16-amino-betulin can be
transformed into 16-azido-betulin by the diazotransfer reaction.
It was also demonstrated that once the C16-position of betulin is
functionalized, the second nitrene C—H insertion is still possible
and occurs at C22 position in the betulin E-ring. The developed
methodology provides several novel functionalized derivatives
of lupane type pentacyclic triterpenoids—16-amino-betulin,
16-azido-betulin, 16-amino-betulinic, and betulonic acids—that
due to the presence of either amino or azido group in their
structures constitute important starting materials for further
derivatization in terms of medicinal chemistry. The possibility
to attach the prospective substituents to the triterpenoid core
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by a virtually novel linker and at novel position will open new
horizons for their biological activity evaluation.

4. Experimental Section

General Information

Solvents for the reactions were dried over standard drying agents and
freshly distilled prior to use. All purchased chemicals (Fluka, Aldrich)
were used as received. All reactions were followed by thin-layer chro-
matography on E. Merck Kieselgel 60 F,s, and visualized by using
UV lamp. Column chromatography was performed on silica gel
(60 A, 35-70 um, Upasil). Flash column chromatography was per-
formed on a Bichi Sepacore system (Blichi-Labortechnik GmbH,
Essen, Germany) with a Bichi Control Unit C-620, an UV detector
Bichi UV photometer C-635, Biichi fraction collector C-660, and two
Pump Modules C-605. 'H and '>C NMR spectra were recorded on a
Bruker 300 and 500 MHz in CDCl;, [D¢g]DMSO, or [D,JMeOD at 25°C.
Chemical shifts (3) values were reported in ppm. The residual solvent
peaks were used as internal reference (CDCl3) 7.26 ppm, [Ds]DMSO
250 ppm, [D,MeOD 3.31ppm for 'H NMR, CDCl; 77.16 ppm, [Dg]
DMSO 39.52 ppm, [D,]MeOD 49.00 ppm for >C NMR, s (singlet), d (dou-
blet), t (triplet), g (quartet), m (multiplet), and J in hertz. High-resolution
mass spectra (electrospray ionization) were performed on Agilent 1290
Infinity series UPLC connected to Agilent 6230 TOF mass spectrometer
(calibration at m/z 121.050873 and m/z 922.009798). Fourier transform
infrared (FT-IR, Nicolet iS50) spectra were recorded in the attenuated
total reflectance mode. Spectra were obtained at 4cm™' resolution
coadding 64 scans over a range of wavenumbers from 400 to
4000 cm™". Before every sample measurement, a background spec-
trum was taken (64 scans) and deducted from the sample spectrum.

28-Sulfamoyloxy-Lup-20(29)ene-3p-yl Acetate 3

Formic acid (247 mg, 5.36 mmol, 1.3 equiv.) was added dropwise to
neat chlorosulfonyl isocyanate (759 mg, 5.36 mmol, 1.3 equiv.) at 0 °C.
After solidification of the reaction mixture, anh. DCM (15 mL) was
added dropwise at 0°C and the obtained solution was warmed up
to room temperature and stirred for 12 h. Freshly prepared solution
of sulfamoyl chloride was added dropwise to a solution of 3-O-acetyl
betulin 2 (2000 mg, 4.12 mmol, 1.0 equiv.) in anh. NMP (13 mL) at 0 °C.
The resulting mixture was warmed up to room temperature, stirred
for 2 h, and quenched with water (10 mL). Then EtOAc (100 mL) was
added, and the organic layer was subsequently washed with water
(5 x 10 mL), saturated aqg. NH,Cl (5 x 10 mL), and dried over anhy-
drous Na,SO,. After filtration, the filtrate was concentrated in vacuo
and purified by silica gel column chromatography (Hexanes-EtOAc
9:1 — 1:1) to vyield sulfamate ester 3 as a white amorphous solid
(1980 mg, 85%).

28-Carbamoyloxy-Lup-20(29)ene-3f-yl Acetate 4

To a solution of alcohol 2 (1000 mg, 2.06 mmol, 1 equiv.) in anh. DCM
(20 mL), trichloroacetyl isocyanate (427 mg, 2.27 mmol, 1.1 equiv.)
was added dropwise at 0°C. The reaction mixture was warmed up
to room temperature and stirred for 16 h. Solvent was evaporated
under reduced pressure and the solid residue was redissolved in
MeOH (15mL), and solid K,COs; (28 mg, 0.206 mmol, 0.1 equiv.)
was added. The resulting mixture was stirred for 3 h, then DCM
(50 mL) was added, and the organic layer was subsequently washed
with saturated aq. NH,Cl (3 x 15mL), 1% NaOH agq. (3 x 15mL), and
brine (1 x 15mL) and dried over anhydrous Na,SO,. After filtration,
the filtrate was concentrated in vacuo to yield product 4 as an amor-
phous solid, which was further used without additional purification
(1.06 g, 98%).
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(175)-17-Cyano-28-Norlup-20(29)ene-3p-yl Acetate 5

Suspension of compound 4 (100mg, 0.189 mmol, 1.0 equiv.),
MgO (18 mg, 0.435 mmol, 2.3 equiv.), Phl(OAc), (86 mg, 0.265 mmol,
14 equiv.), and Rhy(OAc), (8 mg, 0.019 mmol, 0.1 equiv.) in anh.
DCM (2 mL) was heated at 60 °C for 3 h in a pressure flask. The result-
ing suspension was cooled to room temperature and filtered through
a celite pad. The filtrate was concentrated in vacuo and purified by
silica gel column chromatography (Hexanes-EtOAc 9:1 — 1:1) to yield
the unreacted starting material 4 (71 mg) and product 5 as white
amorphous solid (8 mg, 9% or 30% based on the recovered starting
material). "H and "3C NMR spectra of product 5 are matching those
reported in literature.”®

28-Carbamoyloxy-30-Acetoxy-Lup-20(29)ene-3p-yl Acetate 6

Suspension of compound 4 (100 mg, 0.189 mmol, 1.0 equiv.),
MgO (30 mg, 0.435 mmol, 4 equiv.), PhI(OAc), (122 mg, 0.265 mmol,
2.0 equiv.), AgOTf (5mg, 0.019 mmol, 0.1 equiv.), and 34,7 8-tetra-
methyl-1,10-phenanthroline (5mg, 0.019 mmol, 0.1 equiv.) in anh.
DCM (2 mL) was heated at 60 °C for 16 h in a pressure flask. The result-
ing suspension was cooled to room temperature and filtered through
a celite pad. The filtrate was concentrated in vacuo and purified by
silica gel column chromatography (Hexanes-EtOAc 9:1 — 1:1) to
yield the unreacted starting material 4 (57 mg) and product 6 as
white amorphous solid (23 mg, 21% or 48% based on the recovered
starting material).

Oxathiazinane 7

Suspension containing compound 3 (6.15 g, 10.90 mmol, 1.0 equiv.),
MgO (1.00 g, 25.07 mmol, 2.3 equiv.), Phl(OAc), (3.98 g,12.00 mmol,
1.1 equiv.), and Rh,(OAc), (96 mg, 0.218 mmol, 0.02 equiv.) in DCM
(65 mL) was heated at 40 °C for 3 h. The resulting suspension was fil-
tered through the celite pad. The filtrate was concentrated in vacuo
and purified by silica gel column chromatography (Hexanes-EtOAc
9:1 — 1:1) to yield the desired product 7 as white amorphous solid
(5.34 g, 88%) with regioisomer C16:C22 ratio 9:1. The reaction pro-
ceeds with the same yield also with 1 mol-% of Rh,(OAc), catalyst,
which was practically verified on 2.5 gram scale.

Lup-20(29)ene-3p,28-Diyl Disulfamate 8

Formic acid (415 mg, 9 mmol, 4 equiv.) was added dropwise to neat
chlorosulfonyl isocyanate (1274 mg, 9 mmol, 4 equiv.) at 0°C. After
solidification of the reaction mixture, anh. DCM (6 mL) was added
dropwise at 0 °C and the obtained solution was warmed up to room
temperature and stirred for 12 h. Freshly prepared solution of sulfa-
moyl chloride was added dropwise to a suspension of betulin
(1000 mg, 2.25 mmol,1.0 equiv.) in anh. NMP (8 mL) at 0 °C. The result-
ing mixture was warmed up to room temperature, stirred for 3 h,
and quenched with water (10mL). Then EtOAc (60 mL) was
added and the organic layer was subsequently washed with water
(5 x 10 mL), saturated aqg. NH,Cl (5 x 10 mL), and dried over anhy-
drous Na,SO,. After filtration, the filtrate was concentrated in vacuo
and purified by silica gel column chromatography (Hexanes-EtOAc
9:1 — 1:1) to yield bis-sulfamate ester 8 as white amorphous solid
(950 mg, 70%).

Bis-Oxathiazinane 9

Suspension containing compound 8 (676 mg, 1.13 mmol, 1.0 equiv.),
MgO (271 mg, 6.78 mmol, 6.0 equiv.), Phl(OAc), (825 mg, 2.49 mmol,
2.2 equiv.). and Rhy(OAc), (50mg, 0.113mmol, 0.1 equiv.) in
DCM (10 mL) was heated at 40 °C for 5 h. The resulting suspension
was filtered through a celite pad. The filtrate was concentrated
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invacuo and purified by silica gel column chromatography
(Hexanes-EtOAc 9:1 — 1:2) to yield desired product 9 as white amor-
phous solid (443 mg, 66%).

Sodium (16S)-3p-Hydroxy-16-Amino-Lup-20(29)en-28-yl
Sulfate 10

Oxathiazinane 7 (1000 mg, 1.78 mmol, 1 equiv., with regioisomer ratio
C16:C22 =9:1) in 0.5 M NaOH ethanolic solution (14 mL) was heated at
60 °C for 8 h. The obtained suspension was cooled down to room tem-
perature and filtered. The precipitate was washed on the filter with
EtOH (3 x 4 mL) and dried at 70 °C for 24 h to give product 10 as a white
amorphous solid (769 mg, 77%) with improved C16:C22 ratio 30:1.

Oxathiazinane 7a

Sulfate 10 (769mg, 137mmol, 1 equiv) was suspended in
EtOAc (30mL) and 1M HCl aq. was added. The obtained biphasic
mixture was stirred for 10 min, and then, the organic layer was sepa-
rated and subsequently washed with water (3 x 20mL) and brine
(1 x 20 mL), and dried over anhydrous Na,SO,. After filtration, the fil-
trate was concentrated in vacuo to give 7a as a white amorphous solid
(710 mg, 99%, with C16:C22 ratio 30:1).

(16S)-16-Amino-Lup-20(29)en-34,28-Diol 11

Compound 7a (1000 mg, 1.92 mmol) was slowly dissolved in 1.2 M
DIBAL-H solution in toluene (15 mL) at 0 °C. Then the reaction mixture
was stirred for 72 h at 70 °C. Then, the reaction mixture was cooled to
0°C and subsequently MeOH (3 mL) and water (1 mL) were added
dropwise. Next, MeOH (15 mL) was added and the obtained mixture
was vigorously stirred and let to reach room temperature. Finally, addi-
tional water (5 mL) was added and the obtained suspension was evap-
orated to dryness. The residue was directly subjected to silica gel
column chromatography (dry loading, DCM-MeOH 100:0 — 90:10)
to yield product 11 as white amorphous solid (599 mg, 68%).

(16S)-16-Amino-Lupan-3,28-Diol 11a

Compound 7a (1000 mg, 1.92 mmol) was slowly dissolved in 1.2 M
DIBAL-H solution in toluene (15 mL) at 0 °C. Then the reaction mixture
was stirred for 16 h at 120 °C. Then, the reaction mixture was cooled
to 0 °C and subsequently MeOH (3 mL) and water (1 mL) were added
dropwise. Next, MeOH (15 mL) was added and the obtained mixture
was vigorously stirred and let to reach room temperature. Finally,
additional water (5 mL) was added and the obtained suspension
was evaporated to dryness. The residue was directly subjected to sil-
ica gel column chromatography (dry loading, DCM-MeOH 100:0 —
85:15) to yield product 11a as white amorphous solid (449 mg, 51%).

Synthesis of N-Cbz Oxathiazinanes 12 and 12’
J

> LB
chre. Ik e
A7 NS0tk
= DME ‘
A sn A

84% total yield of both isomers

)

i D
¢
$ ‘e A
v T a oY
c ‘0 -

2

HE

To solution of 7 + 7’ (543 mg, 0.97 mmol, 1 equiv.; C16:C22 ratio = mix-
ture of isomers 7:7’ = 9:1) in DME (11 mL), t-BuOK (120 mg, 1.07 mmol,
1.1 equiv.) was added portionwise, followed by dropwise addition of
benzyl chloroformate (418 mg, 2.44 mmol. 2.5 equiv.) at 0 °C. The result-
ing suspension was warmed up to room temperature and stirred for
5 h. Then water (20 mL) was added and the resulting reaction mixture
was extracted with EtOAc (2 x 20 mL). The combined organic layers
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were washed with brine (1 x20mL) and dried over anhydrous
Na,SO,. After filtration, the filtrate was concentrated in vacuo and puri-
fied by silica gel column chromatography (Hexanes-EtOAc 9:1 — 2:1) to
yield a 9:1 mixture of regioisomeric products 12 and 12’ as white amor-
phous solid (565 mg, total yield 84%). R;=0.37 (EtOAc/Hexanes 1:5).
Minor isomer 12’ was isolated with preparative high-performance
liquid chromatography on C18 reverse phase column by gradient
A/B (50/50) — A/B (0/100)*. *A: 95 parts of 0.1% aqueous solution
of trifluoroacetic acid and 5 parts of acetonitrile and B: acetonitrile.

N-Benzyl Oxathiazinane 13

A solution of compound 12 (100 mg, 0.14 mmol, 1 equiv.) and Nal
(108 mg, 0.70 mmol, 5 equiv.) in anh. DMF (1.4 mL) was heated at
90 °C for 16 h. EtOAc (20 mL) was added and the resulting solution
was subsequently washed with water (3 x 20 mL), saturated NH,CI
ag. (3 x 20mL), and dried over anhydrous Na,SO,. After filtration,
the filtrate was concentrated in vacuo and the residue was purified
by silica gel column chromatography (Hexanes-EtOAc 9:1 — 8:1) to
yield product 13 as white amorphous solid (51 mg, 55%).

N-Boc Oxathiazinane 14

A solution of compound 7 (1000 mg, 1.78 mmol, 1 equiv), Boc,O
(1050 mg, 4.82mmol. 2.7 equiv.), and DMAP (25g, 0.20 mmol, 0.12
equiv.) in pyridine (13 mL) was stirred at room temperature for 5 h.
Then, 0.01 M HCl aq. (50 mL) was slowly added, while vigorously stirring
the reaction mixture at 0°C. The obtained suspension was extracted
with EtOAc (3 x 30 mL) and the combined organic layers were subse-
quently washed with 1M HCl aq. (3 x 30 mL), brine (2 x 20 mL), dried
over anhydrous Na,SO,, and filtered. The filtrate was concentrated
in vacuo to yield product 14 as a white amorphous solid, which was
used further without additional purification (1.18 g, quant. yield).

(16S)-28-Azido-16-(Tert-Butoxycarbonyl)Amino-Lup-20(29)
en-3f-yl Acetate 15

A solution of compound 14 (50 mg, 0.09 mmol, 1 equiv.) and NaN;
(10 mg, 0.15mmol, 1.67 equiv.) in anh. DMSO (0.6 mL) was heated
at 80°C for 24 h. Then, EtOAc (20 mL) was added and the organic
layer was subsequently washed with saturated NH,Cl ag.
(3 x20mL) and brine (20 mL), and dried over anhydrous Na,SO,.
After filtration, the filtrate was concentrated in vacuo and purified
by silica gel column chromatography (Hexanes-EtOAc 9:1 — 8:1)
to yield product 15 as white amorphous solid (27 mg, 57%).

Betulin Triazole Conjugate 16

To a solution of azide 15 (46 mg, 0.07 mmol, 1 equiv.) and propargyl
acetate (9 mg, 0.09 mmol, 1.3 equiv.) in THF (0.7 mL), a solution of
sodium ascorbate (3mg, 0.015mmol, 0.2 equiv.) in THF (0.7 mL)
was added followed by addition of CuSO4:5H,0 (2 mg, 0.013 mmol,
0.17 equiv.) solution in water (0.7 mL). The resulting mixture was
stirred at 70 °C for 16 h. Water 10 (mL) was added, and the reaction
mixture was extracted with DCM (3 x 15 mL). The combined organic
layers were subsequently washed with 5% NaSH aq. (2 x 25mL),
brine (1 x 20 mL), and dried over anhydrous Na,SO,. After filtration,
the filtrate was concentrated in vacuo and purified by silica gel col-
umn chromatography (Hexanes-EtOAc 9:1 — 8:1) to yield product 16
as white amorphous solid (37 mg, 70%).

(16S)-3p,28-Dihydroxy-Lup-20(29)en-16-Aminium Picrate 17
A solution of compound 11 (20 mg, 0.044 mmol, 1 equiv.) and picric

acid (10 mg, 0.044 mmol, 1 equiv.) in MeOH (0.5 mL) was stirred for
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10 min at room temperature. Then, the solvent was evaporated in
vacuo to give 17 as an off-white to yellowish amorphous solid
(30 mg, quant.).

(16S)-3-Ox0-16-(Tert-Butoxycarbonyl)Amino-Lup-20(29)
en-28-al 18

A solution of Boc,0 (22 mg, 0.12 mmol, 1.1 equiv.) in DCM (0.5 mL)
was added dropwise to a solution of compound 11 (50mg,
0.11 mmol, 1 equiv.) and Et;N (10mg, 0.12mmol, 1.1 equiv.) in
DCM (0.5 mL) at room temperature, and the resulting solution was
stirred for 1h. Then, the reaction mixture was diluted with DCM
(20 mL) and subsequently washed with water (20 mL) and brine
(20 mL), and dried over anhydrous Na,SO,. After filtration, the filtrate
was concentrated in vacuo to yield Boc-protected amine as a white
amorphous solid (60 mg, 99%). The latter was redissolved in DCM
(1 mL) and PCC (70 mg, 0.33 mmol, 3 equiv.) was added to this solu-
tion portionwise at room temperature. The resulting suspension was
stirred for 16 h at room temperature, then, the reaction mixture was
filtered through a pad of silica gel. The filtrate was evaporated to
dryness and the residue was purified by silica gel column chromatog-
raphy (Hexanes-EtOAc 9:1 — 8:1) to yield product 18 as white amor-
phous solid (50 mg, 84%).

(16S)-3-Oxo0-16-(Tert-Butoxycarbonyl)Amino-Lup-20(29)
en-28-oic Acid 19

To a solution of aldehyde 18 (100mg, 0.18 mmol, 1 equiv) and
2-metylbut-2-ene (176 mg, 2.52 mmol, 14 equiv.) in 1:1 THF/t-BuOH
(8mL), a solution of NaClO, (131 mg, 144 mmol, 8 equiv) and
NaH,PO, (196 mg, 1.26 mmol, 7 equiv.) in water (3mL) was added
at room temperature, and the resulting solution was stirred for
24 h. Then the reaction mixture was evaporated to dryness and puri-
fied by silica gel column chromatography (Hexanes-EtOAc 9:1 — 2:1)
to afford product 19 (67 mg, 66%) as white amorphous solid.

(16R,17R)-3-Ox0-17-Carboxy-28-Norlup-20(29)-en-16-Aminium
Trifluoroacetate 20

A solution of 19 (15.0 mg, 0.026 mmol, 1 equiv.) in 1:1 TFA/DCM
(1 mL) was stirred for 3 h at room temperature, and then, evaporated
to dryness to yield product 20 (12.4 mg, quant. yield) as a white amor-
phous solid.

(16R,17R)-3p-Hydroxy-17-Carboxy-28-Norlup-20(29)-
en-16-Aminium Chloride 22

To a solution of 19 (79 mg, 0.14 mmol, 1 eq.) in MeOH (1 mL), solid
NaBH, (21 mg, 0.56 mmol, 4 eq.) was added portionwise at 0 °C, and
the reaction mixture was stirred at ambient temperature for 5 h. The
resulting reaction mixture was quenched with saturated aqueous
NH,CI solution (1 mL) and evaporated to dryness. The obtained resi-
due was dissolved in EtOAc (20 mL) and washed with water (10 mL)
and brine (10 mL), and dried over anhydrous Na,SO,. After filtration,
the filtrate was concentrated in vacuo to yield N-Boc amino-betulinic
acid, which was directly dissolved in 4M HCl/Dioxane (3 mL), stirred
for 3 h at room temperature, and evaporated to dryness to yield salt
22 (64 mg, 99%) as a white amorphous solid.

(16S)-16-Azido-Lup-20(29)en-3§,28-Diol 2

Solid NaHCO5 (405 mg, 4.82 mmol, 8 equiv.) was added to a solution
of compound 11 (276 mg, 0.60 mmol, 1 equiv.) and TfNs (1309 mg,
7.48 mmol, 12.4 equiv.) in MeOH (30 mL), and water (5 mL). Then,
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solid CuSO,4-5H,0 (15 mg, 0.06 mmol, 10 mol%) was added at room
temperature. The resulting mixture was stirred for 5days at room
temperature. Then, it was diluted with water (30 mL) and extracted
with DCM (4 x 30 mL). The combined organic layers were subse-
quently washed with water (2 x 20mL) and brine (2 x 20 mL),
dried over anhydrous Na,SO,, filtered, and evaporated in vacuo.
The residue was purified by silica gel column chromatography.
(Hexanes-EtOAc 9:1 — 1:5) to afford product 23 (264 mg, 90%) as
a white amorphous solid.

Betulin Triazole Conjugate 24

A suspension of compound 23 (82 mg, 0.17 mmol, 1 equiv.), propargy!
alcohol (13 mg, 0.24 mmol, 1.4 equiv.), DIPEA (22 mg, 0.17 mmol, 1.0
equiv.), acetic acid (10mg, 0.17 mmol, 1.0 equiv.), and Cul (6 mg,
0.03 mmol, 0.2 equiv.) in DCM (3 mL) was protected from light and
stirred for 24h at room temperature. Then the reaction mixture
was diluted with EtOAc (25 mL) and subsequently washed with water
(2 x 20 mL) and brine (2 x 20 mL), and dried over anhydrous Na,SO,.
After filtration, the filtrate was concentrated in vacuo and purified by
silica gel column chromatography (DCM-MeOH 99:1 — 90:10) to yield
triazole 24 as white amorphous solid (82 mg, 90%).

(16S)-16-Acetamido-28-Hydroxy-Lup-20(29)en-3p-yl Acetate 25

Acetic anhydride (734 mg, 7.2 mmol, 6 equiv.) was added dropwise at
0°C to a solution of compound 11 (550 mg, 1.20 mmol, 1 equiv.),
DMAP (15mg, 0.12mmol. 0.1 equiv.), and pyridine (567 mg,
7.2mmol, 6 equiv.) in DCM (7 mL). The resulting reaction mixture
was warmed up to room temperature and stirred for 3 h. Then,
the reaction mixture was diluted with DCM (30 mL) and subsequently
washed with Tm HCl aq. (3 x 20 mL), saturated aqueous NaHCO;
solution (20 mL), water (20 mL), and brine (1 x 20 mL). Then it was
dried over anhydrous Na,SO,, filtered, and concentrated in vacuo
to yield crude triacetate. The latter was directly dissolved in anh.
i-PrOH (17 mL) and solid aluminum isopropoxide was added
(520 mg, 2.55, mmol, 2.1 equiv.). The resulting suspension was heated
to 120 °C and stirred for 1 h. Then, the reaction mixture was cooled to
room temperature and evaporated to dryness. The residue was redis-
solved in DCM (20 mL). Next, water (3 mL) was added and the result-
ing suspension was stirred for additional 10 min. The obtained
precipitate was filtered, washed with DCM (3 x 10 mL), and the fil-
trate was concentrated in vacuo to give compound 25 (600 mg,
92%) as a white amorphous solid, which was used further without
additional purification.

(16S)-16-Acetamido-28-Sulfamoyloxy-Lup-20(29)en-3-yl
Acetate 26

Formic acid (11 mg, 0.23 mmol, 1.3 equiv.) was added dropwise to
neat chlorosulfonyl isocyanate (33 mg, 0.23 mmol, 1.3 equiv.) at
0°C. After solidification of reaction mixture, anh. DCM (1 mL)
was added dropwise at 0 °C and the obtained solution was warmed
up to room temperature and stirred for 12 h. Freshly prepared solu-
tion of sulfamoyl chloride was added dropwise to a solution of
compound 25 (100 mg, 0.18 mmol, 1 equiv.) in anh. NMP (1 mL)
at 0°C and the resulting mixture was stirred at ambient tempera-
ture for 1 h. Then, the reaction mixture was quenched with water
(5mL) and EtOAc (20 mL) was added. Organic layer was subse-
quently washed with water (5 x 10 mL) and saturated aqueous
NH,Cl solution (5 x 10 mL), and dried over anhydrous Na,SO,.
After filtration, the filtrate was concentrated in vacuo and the resi-
due was purified by silica gel column chromatography (Hexanes—
EtOAc 9:1 — 1:1) to yield sulfamate ester 26 as white amorphous
solid (79 mg, 69%).
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Synthesis of Oxathiazinane 27

A suspension of compound 26 (175mg, 0.28 mmol, 1.0 equiv.),
MgO (26 mg, 0.65 mmol, 2.3 equiv.), PhI(OAc), (103 mg, 0.31 mmol,
1.2 equiv.), and Rh,(OAc), (6mg, 0.014mmol, 0.05 equiv.) in
DCM (3 mL) was heated at 40°C for 3 h. The resulting suspension
was filtered through a celite pad and the filtrate was concentrated
in vacuo. The obtained residue was purified by silica gel column chro-
matography (Hexanes-EtOAc 3:1 — 0:1) to yield product 27 as white
amorphous solid (68 mg, 39%).
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