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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Temas aktualitate

Pentacikliskie triterpenoidi (PCT) ir plasi izplatita sekundaro metabolitu grupa, kam piemit
plass biologisko Tpa§ibu klasts.» % >4 PCT var iedalit tris galvenajas klasés: lupana tipa terpenoidi I
(betulinskabe, betulins un lupeols), oleanana tipa terpenoidi II (oleanolskabe, eritrodiols un -
amirins) un ursana tipa terpenoidi III (ursolskabe, uvaols un a-amirins) (1. att.).>

s 2

lupeols p—amirins ’ o-amirins

1. att€ls. Lupana I, oleanana IT un ursana III klaSu pentaciklisko triterpenoidu izplatitakie

parstavji.

Aptuveni ceturta dala no miisdienu zalvielam ir dabasvielas vai to pussintétiskie atvasinajumi.
Savukart pretvéza un pretinfekcijas terapijas joma dabasvielas, dabasvielu atvasinajumi, ka ari
dabasvielu mimétiki un savienojumi ar dabasvielu tipa farmakoforiem kopa aiznem pat vairak neka
pusi no peédejos 40 gados raditajam zalem.® Pazeminats toksicitates profils normalas’ §iinas
apvienojuma ar plasu pieejamibu daba un relativi vienkarsu izdaliSanas procesu ir veicinajis PCT
un to pussintétisko atvasinajumu ka iespgamu zalvielu izpéti. To vidi daudzsolosakie PCT
lietojumi ir pretvéza un pretvirusu zalu jomas.® % 1% 11-12 Citas PCT un to sintétisko atvasinajumu
lietoSanas jomas ietver arT antibakterialu'3 un pretsénisu'4 Iidzeklu izstradi, ka arT pretdiabéta'® un
pretiekaisuma'® zalu meklIgjumus.



Papildus mediciniskajiem lietojumiem PCT var veiksmigi izmantot arT kosmetologija.
Kosmeétikas nozar€ berza tass ekstrakts ir atzits par vertigu dabasvielu maisijumu. Plasu betulinu
saturo$u produktu klastu var atrast pazistamu zimolu produkcija gan adas, gan matu kopSanai.
Vairaki petijumi ir pieradijusi betulina un ta atvasinajumu sp&ju dzied&t apdegumus un citas adas
briices.!” Turklat, pateicoties labvéligai betulina ietekmei uz kolagéna razoSanu, betulins un to
saturo§i produkti tiek izmantoti gan ikdienas adas kopSanas krémos, gan pretcelulita lidzeklos.'3: 1°

Pentaciklisko triterpenoidu unikalie molekularie karkasi, kam piemit augsts biologiskais
potencials, rada ievérojamas sint€tiskas problémas. Stabila policikliska arhitekttira un augsta C-H
saiSu piesatindjuma pakape biezi ierobezo dazadu kimisko transformaciju lietojumu. Tradicionali
derivatizacijas pétijumi ir balstiti reagétsp&jigas periférija esosas funkcionalajas grupas, kas ir
spirta un karbonskabes funkcionalitates pie C(3) un C(28), ka arT betulina gadijuma dubultsaite
C(20)=C(29) un alilpozicija pie C(30).2° Lai gan iegiitas modifikacijas ir devusas daudzus vertigus
atvasinajumus, tas izmanto tikai mazu dalu no visa molekulara karkasa, atstajot lielako dalu no
oglekla skeleta plasa potenciala praktiski neizmantotu.

Pedgjas desmitgadeés parejas metalu katalizétu C-H funkcionalizéSanas metozu attistiba ir
pavérusi jaunas iesp&jas inertu C(sp®)-H saidu tieai un selektivai transformacijai.2! ST strategija
piedava iesp&ju iegiit jaunus atvasinajumus no neaktivétam C(sp*)-H sistémam, tadejadi nodrosinot
efektivu velino funkcionalizéSanu. Neskatoties uz $o metozu plaso lietojumu citas sarezgitas
molekularas sisteémas, C-H funkcionalizé$anas izmantoSanas pieméri triterpenoidu kimija ir bijusi
parsteidzosi ierobezota daudzuma. Tacu 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
izvertet C(sp®)-H funkcionaliz€sanas metozu selektivitati, pielagojamibu un potencialu lietojumu
plasaka biologiski nozimigu savienojumu klasta.

Promocijas darbs apkopo pétfjumus, kuru meérkis ir paplasinat PCT molekularo karkasu
funkcionaliz€$anas iesp&jas, izmantojot inovativas C-H funkcionalizacijas stratégijas un
heteroatomu saturo$u funkcionalitaSu stratégisku ievieSanu PCT struktaras (2. att.). Darba gaita ir
izstradatas un optimizetas divas galvends Kkatalitiskas 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 kataliz&tu triterpenoidu pikolinamidu C(sp?)-H ariléSanu
un azetiding$anu. Seit pikolinamida virzo$a grupa, kas piesaistita pie konformacionali elastiga
C(28) linkera, lava veikt regioselektivu ariléS8anu pie C(22). Savukart reakcijas ar
elektrondeficitiem jodaréniem tika iegiiti anneléti pentaciklisko triterpenoidu-azetidina analogi.
PCT C-H arilésanas protokols butiski paplasina PCT kimisko daudzveidibu un ievies jaunu slapekli
saturo$u atvasindjumu, kuru biologisko aktivitagu profils tiks pétits nakotn&, klasi.

Otra izstradata pieeja ietver rodija katalizetu betulina sulfamata esteru iekSmolekularu C-H
amingSanu, kas dod triterpenoidu-1,2,3-oksatiazinana konjugatus ar augstu regioselektivitati C(16)
pozicija. Virzosas grupas ievadisana pie C(28) dod iespgju pieklat reagétspejigam starpproduktam



pie tuvuma esos$as neaktivétas metiléngrupas, laujot kontroléti veidoties jaunai C-N saitei. legttie
produkti péc tam tika parveidoti par 16-amino- un 16-azidoatvasinajumiem, kas ir unikali,
sintétiski vertigi atvasinajumi PCT kimija. Secigas C-H funkcionaliz€$anas iesp&ja pie betulina
C(22) vel vairak izce] §1s metodes potencialu PCT molekulara skeleta dekor&sanai.

Papildus min&tajam C-H funkcionalizé$anas stratégijam tika veikti p&tijumi, kas koncentr&jas
uz PCT skidibas uzlaboSanu, ievadot jonogénas fosfonatu grupas (2. att.). Ievadot
metilénfosfonatus pie C(3) un/vai C(28), lictojot vienkarSas alkiléSanas strat€giju, tika sintez&ta
virkne mono- un bisfosfonatu esteru/Steru un to natrija salu. Sie savienojumi uzradija lielisku
$kidibu tdent — 1pasibu, kas parasti nebija novérota daba sastopamajiem PCT. Lai gan §1 darba
konteksta tikai fosfonatu s€rijai ir raksturiga $kidibas uzlaboSana, ta parada strukturalo
modifikaciju lietderibu terpenoidu zalvielu problému risinasana.

Rezumégjot — promocijas darbs ir veltits jaunam un efektivam metodologijam PCT karkasa
funkcionaliz€Sanai. Aktivéjot kTmiski inertas pozicijas, piemeéram, C(16)-H un C(22)-H, tiek
nodros$inata piekluve ieprieks nezinamiem strukturaliem motiviem. Izstradatais sintétisko metozu
kopums nakotné nodrosinas strukturali jaunus bivblokus triterpenoidos balstitu farmakologiski
aktivu savienojumu un/vai kosmétikas Iidzeklu izstradei, kas nodro$inds ar1 padzilinatus
triterpenoidu struktiras un aktivitates attiecibu p&tijjumus.

C(3) un C(28) jonogénie PCT fosfonati

ijas
R'=H, R?= Me, ursolskabes sérijas

C-H aminétie PCT

HO'

"_H R =CH,OH, CHO, COOH, CH,N3,
CH,0803Na, CH;0SO,NH,. R"=Me, R? = H, oleanolskabes sérijas
NQ; = NH,, NHBoc, NHCBz, NHAc, N3. R = H, R? = Me, ursolskabes sérijas

C-H arilétie un azetidinétie PCT

T

SORESE @
HO' = N7 ) HO'
~

N7 ‘ “H
X~ R'= Me, R2= H, oleanolskabes sérijas|

betulina sérijas 4 A
R"=H, R = Me, ursolskabes sérijas

2. attéls. Promocijas darba izstradatas sintetiskas pieejas, kas lauj veikt pentaciklisko
triterpenoidu (PCT) $kidibu uzlabojosas modifikacijas un selektivu C-H funkcionaliz&Sanu.



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 Gident ieguvei.

Lai sasniegtu mérki, tika definéti 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 tGident.

Izstradat PCT C(sp?)-H arileSanas un hetarileéSanas metodes terpenoidu D/E ciklos.
Veikt C(sp*)-H deiterésanas eksperimentus, ka ari izdalit uz analizét iespgjamos
C(sp®)-H arilesanas reakcijas piemaisTjumus, lai izprastu mehanismu un
regioselektivitati nosakosSos aspektus.

Veikt dazadu C(16) un C(22) PCT-(het)arilatvasinagjumu sinté€zi, parbaudot
lietojamo arilhalogenidu klastu.

Izstradat C(sp*)-H amingSanas metodi C-N saiSu veidoSanai betulina D/E ciklos.
Paradit iegiito aminobetulina atvasinajumu 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

parvértibam, kas dod vairakas lidz Sim nepieejamas savienojumu bibliotekas. Nozimigakie

sasniegumi ir $adi.

Izstradats betulinska@bes, oleanolskabes un ursolskabes jauna tipa jonog€no
fosfonatu atvasinajumu dizains. Izstradata meérogojama, &rta sint€zes procedira, kas
piemérota PCT atvasinajumu ieguvei. Visi jonogénie PCT fosfonati uzrada augstu
$kidibu @ident lidz pat 26 mg/mL pie pH 8,5. Tie ir hidrolitiski stabili un ar zemu
citotoksicitati pret osteoblastu prekursoru Stnu Iiniju MC3T3-E1, tadgjadi paverot
daudzsolosas iespgjas iegiito savienojumu turpmakai izp&tei medicinas Kimijas
joma.

Pirmo reizi izstradata sintStiska procedira pentaciklisko  triterpenoidu
regioselektivai paladija katalizétai C-H ariléSanai un azetidingSanai. Si
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 iegiiSanu ar



C(22)/C(16) selektivitatino 9 : 1 lupana (betulina) rinda Iidz pat 19 : 1 oleanana un
ursana rindas. Savukart, aizstajot EDG saturoSus jodarénus ar EAG saturoSiem
jodaréniem, tika panakta C-N saites veidoSanas PCT molekularaja skeleta, iegtistot
betulina atvasinatu annelétu C(22)-azetidinu un oleanana atvasinatu annelétu C(16)-
azetidinu.

e Izstradata jauna Kkatalitiska metode regioselektivai C-H amin&Sanai 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 ar 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 amingSana, bet Soreiz ar
C(22)-selektivitati. Tas dod iesp€ju sintezét 16,22-diaminobetulina prekursorus.
Iegiitie produkti piedava modularas iespgjas talakai funkcionalizéSanai un jaunu
pussintétisko triterpenoidu kombinatoro biblioteku veidoSanai ar potencialu
lietojumu medicinas kimija.

Kopuma npemot, $aja promocijas darba ieteiktais savienojumu dizains un to iegliSanai
izstradatas sint€zes metodes nodroSina preparativu piekluvi jauniem strukturaliem motiviem, kas
ieprieks pentaciklisko triterpenoidu kimija nebija pieejami, tadgjadi paverot jaunas iespgjas 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 funkcionaliz&to pentaciklisko triterpenoidu atvasinajumu sintézei un

to biologisko un sint&tisko 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. Petljumu rezultati prezenteti
13 konferences.
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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 pétfjumos biezi vien
dod nekonsekventus rezultatus. Atskirigo rezultatu iemesls starp laboratorijas petjjumiem vai
pétijumiem dzivnieku ItmenT 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 netidens vidi fidens vides
vieta. Tomeér absoliita lipofilitates nomakSana var izraisit aktivo farmaceitisko vielu pasiva
transporta partraukSanu caur organisma membranam un pec zalu saistiSanas ar receptoriem. Ta
rezultata tradicionalas zales parasti tiek izstradatas, koncentr&joties uz labas biopieejamibas un
vélamu farmakokinétisko Tpasibu nodrosinasanu, ko sasniegt vienlaikus ir visnotal sarezgiti.??

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

- Biokonversiju veic sarmaina fosfataze - Biokonversiju veic sarmaina fosfataze
- Fosfata $kidiba |ava izstradat Skidro zaJu formu - Skidiba GdenT pie pH 7,4 palielinajas ~1000 reizes

3. attels. Prednizolona un miproksiféna tident skistosas priekszales.

Pentaciklisko triterpenoidu steroidiem Iidzigo struktliru paaugstinata lipofilitate ir biezi
sastopams ierobezojums 8o savienojumu klasu parstavju medicinas kimijas pétjjumos un
iesp&jamam talakam terapeitiskam lietojumam. Lai uzlabotu triterpenoidu $kidibu tdeni, ir
izstradatas priekszalu stratégijas. Triterpenoidu fosfati un sulfati, ka arf to aminoskabju, hidrofilu
poliméru vai oglhidratu konjugati (4. att.) ir plasi izmantoti, lai uzlabotu $kidibu tident un peroralo
biopieejamibu.?
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4. att€ls. Oleanolskabes fosfata prekursora 3 un fideni skistoSo PCT atvasinajumu 4, 5 pieméri.

Skidibu @deni var uzlabot, arf ievadot stabilas polaras jonogénas funkcionalitates, nodroinot
biologiski aktivo savienojumu séls formas.?® Ja zalu viela ir skdbe vai baze, tad to saliem parasti ir
augstaka $kidiba tidenT neka atbilstosajam nejonizétam formam. Protams, jaunu funkcionalo grupu
ievieSana, ka ari jauna pretjona klatblitne molekula var ietekmét modificéta savienojuma
saisti$anos ar olbaltumvielam, biologisko sadalijumu un metabolismu.

Pasas triterpénskabes var viegli parveidot atbilstoSos salos, veicot vienkarSu neitralizacijas
reakciju ar dazadam neorganiskam un organiskam bazém. Piem&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 veidofanas 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 tdens $kidums, kura pH ar HCI
§kidumu ir noreguléts Iidz 1,2).28

Pedgjas desmitgades laika, veicot dazadas funkcionalo grupu parvértibas PCT struktiira pie
C(3), C(28) un dubultsaite, ir sintez&ti daudzi katjonie PCT atvasinajumi (5. att.). Izmantojot
dazada veida saites, pentaciklisko triterpenoidu karksasi ir atvasinati ar atSkirigus pretjonus
saturo$iem amonija 10?°, imidazolija 113° 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 $kidibas datiem nav.

Lidz §im zinamie pussintétiskie PCT analogu anjonie atvasinajumi (5. att.) galvenokart ietver
sulfatu un fosfatu atvasinajumus, ko var iegiit, sulfatgjot>> 34 vai fosforilgjot®> 3637 C(3)-OH vai/un
C(28)-OH grupas. Monofosforileéto un difosforileto PCT molekulu izmainitais telpiskais
izkartojums un elektroniska vide pieskir daudzveidigas biologiskas ipasibas, ko apliecindja vairaki
petijumi. Tomér visaptverosi dati par So savienojumu skidibu Giden vl nav publicéti.
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Anjonie PCT atvasinajumi

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

5. attéls. Ieprieks publicéto jonogéno PCT atvasinajumu pieméri.

Fosfatu grupas aizstaSana ar izosterisko fosfonatu grupu var ievérojami samazinat fosfatiem
raksturigo zemo hidrolitisko stabilitati. ST pieeja ir pieradijusi fosfonatu atvasindgjumu nozimi ka
stabilu biologiski aktivu savienojumu klasi, kas vislielako lietojumu lidz $im ir radusi nukleotidu
atvasindjumu ka pretvirusu zalu vidd.’®3° Ir publicéti ari dazi pieméri par fosfonatu
atvasinajumiem PCT kimija. Fosfonata dalas ievadi$ana triterpenoida karkasa Iidz $im ir veikta ar
amida 14* saiti vai C-C 15%! saiti (6. att.). Pirms promocijas darba atspoguloto pétTjumu sakSanas
bija aprakstits tikai viens piemérs par PCT fosfonatu atvasinajumu 16,*> kura fosfonata grupa ir
saistita ar estersaiti pie C(28) (6. att.). Toméer sinttiskas metodes par PCT fosfonatu parveidosanu
fosfonskabgs vai to salos, ka arT $adi iegiitu fosfonatu salu skidibas dati nav pieejami.

6. attels. Ieprieks publicétie PCT fosfonatu konjugati.

Promocijas darba ir izstradati jaunu pentaciklisko triterpenoidu fosfonatu atvasindjumu ar
visparigo struktiiru C(17)-COO-CHz-P, C(3)-O-CHz-P un C(3/28)-O-CH:-P dizains un sintézes
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 Gideni. 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, tad€jadi parvarot triterpenoidu skeleta stériskos
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trauc&jumus. Sim noliikkam tika nolemts pariet no nukleofila reakcijas ar aktivétu karbonskabes
fukciju uz karboksilata alkileéSanas reakciju ar elektrofilu komponenti.

t-BuOK bija piemérots 3-oksotriterpénskabju 18a-c¢ veiksmigai deproton&$anai, un pec
sekojosas alkiléSanas ar (dimetoksifosforil)metiltrifluormetansulfonatu bezidens THF vidg ar labu
iznakumu tika iegiiti v€lamie esteri 19a-c (1. shéma). Izmantotais triflats ir viegli ieglistams no
iepriek§ minéta spirta.** Lidziga pieeja, izmantojot (dimetoksifosforil)metiltrifluormetansulfonatu
kombinacija ar 3-hidroksitriterpgnskabém 17b,¢, nodrosinaja savienojumus 20b,c (process 17b,¢
— 20b,c, 2. sheéma), bet ar zemakiem iznakumiem blakusproduktu veidoSanas d&]. Lai uzlabotu
kimisko selektivitati starp mérka C(17)-COOH un nevélamo C(3)-OH alkilésanu transformacija
17b,c — 20b,c, tika izmantots K,CO; ka vajaka baze. Sados apstaklos tika novérota arT 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) reduceSana tika atzita par optimalaku, nodroSinot selektivakas
transformacijas un piekluvi C(3)-OH fosfonatu atvasinajumiem 20a-20c.

1. +BuOK
2. Me
Dzonsa OH Tfo/\rl,/OMe
reagents o
Acetons/H,0 THF
4h,0°C 16h, IT L
Y /=R
19a, X=Y=0,78% NaBH,
MeOH
20a, X=0OH,Y=H,99% ~4M0°C
1. t-BuOK
2. OMe
1 _OM
L
THF
16 h, IT X=
oleanolskabe (17b): 18b, 85 % 19b,
R'=Me, R®=H 18¢c,78 % 19¢,
ursolskabe(17c): §°b
R'=H R%= Me 20b, 47 % 0b,
' K2CO;4 20c, 30 %
DMF
24 h, 100°C

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

Talak pétijam iegtito 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-c un 23a-c parveidoSana atbilstoSajos natrija salos. Ka modelvielu lietojot
betulonskabes fosfonatu 19a, tika atklats, ka demetiléSanai nepiecieSama temperatira ir —40 °C
(2. shema). Augstaka temperatira tika noverota 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 tidens Skidumu, arT ir javeic pazeminata temperatiira.

o
% A 2
~OMe 1.TMSI (3 eq.) P—ox
OMe " "4, _40°C (o
_— (o] +
2. MeOH

30 min, —40 °C

21a:X=H -
] aq. NaHCO3 (4 eq.)
22a: X = Na 1h,-40°C-IT

2. shéma. Savienojuma 19a demetiléSana.

Izstradatie demetiléSanas apstakli tika veiksmigi izmantoti visam parjam savienojumu
serijam, kas sastav no betulinskabes atvasinajuma 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 lidz izciliem
iznakumiem (2., 3. shéma).

1. TMSI
4h,-40°C
DCM Na:%OS
2. MeOH 5 oC -
30 min, -40 °C Th.—40°C-IT
1. TMSI
4h,-40°C NaHCO43
DCM
H,0
2. MeOH .
30 min, 40 °C 1h,—40°C—IT
19b R'=Me, RZ=H,X=Y =0 22b, 90 %
19¢ R'=H,R?=Me,X=Y=0 22¢,51%

24b, 78 %

20bR'=Me, R?=H,X=0H,Y=H
24¢,93 %

20c R'=H, R?=Me, X=0H, Y =H

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

Iegiitie produkti 22a-c un 24a-c uzradija augstu hidrolitisko stabilitati, un karboksilata estera
saites SkelSanas netika novérota pat pec karséSanas divos dazados baziskos apstaklos: (1) 60 °C
temperatira 1,5 M NaOH/MeOH $kiduma 6 stundas; (2) 100 °C temperattra 4 ekvivalentu NaOH
klatbitneé H>O 24 stundas. Iegiitajiem jonogenajiem PCT atvasinajumiem piemit augsta Skidiba
ident, ko var labi paradit, registrgjot to "H KMR spektrus D>O vide.

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 specigu bazu ka NaH, /~-BuOK, n-BuLi un MeMgBr izmantoSana
kombinacija ar ieprieks lietoto (dimetoksifosforil)metiltriflatu vai tozilatu izradijas neefektiva.
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Visbeidzot tika atklats, ka, apvienojot triflata alkileésanas reagentu (2,2 eq.) un no LDA (2,1 eq.)
iegtito betulina litija dialkoksidu, var iegit mérka produktu 25 ar 29 % iznakumu (4. shéma). Kopa
ar v€lamo produktu 25, tika izdalits C(28)-O-monoalkilésanas produkts 26 un C(28)-O-
fosfonilésanas produkts 27 attieciba 25:26:27 51:20:29 (KMR). Blakusprodukta 27
veidoSanas rodas no alkoksida uzbrukuma fosfora centram divu konkur&josu elektrofilu reakcijas
centru klatbutnes dél (dimetoksifosforil)metiltrifluormetansulfonata. Iegtitais tetrametilbis-
fosfonats 25 tika veiksmigi parveidots par tetranatrija sali 28 (78 %), izmantojot ieprieks
izstradatos demetiléSanas apstaklus.

// LDA (2,1 eq.)
3 QMe
Tfo/\ﬁ—OMe
OH
(200) ?
HO -84 o, N

betulins (17a) THF Plome 25, 51 % KMR iznakums 26,20 % P oMe 27,29%

~78°C-IT MeO (29 % izdalits) KMR iznakums MeO KMR iznakums

1. TMSI (6 eq.)
DCM

6 h,—40°C

2. MeOH

30 min, -40 °C
3.NaHCO;3 (6 eq.)
H,0 pC .
1h,-40°C- IT ! "ONa 28,78 %

4. shéma. Bis-fosfonata 28 sintéze.

P&c tam tika sintez&ti monofosfonatu PCT atvasinajumi pie C(3). Sim noliikam 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 novérota
ari izejvielu klatbiitne un alkilgjosa reagenta degradacija.

1. Mel, K,CO4
DMF 1.TMSI (6 eq.)
16 h, IT OMe " "Scm
2.LDA (1,25 eq.) 4h,-40°C
2.LDA(1.25eq)
oTf 2.MeOH
meo. [ ome )O 30 min—40 °C )0
[eN 3.NaHCOgj(aq.) O,
insks " i (1,25eq.) V% 3 S
betulinskabe (17a") 3. O Thr ﬁ’\ Me 29a,41 % 30 min, —40 °C — IT > oNa
3h,-78°C— IT © ONa
1. Mel, K,CO4
DMF 1.TMSI (6 eq.)
16h, IT ove thm o
2.LDA (1,25 eq.) -
ot = 2.MeOH
r 30 min, —40 °C
NI 9 y
MeO P ?:V'Zeﬁ )0, ] 3. NaHCOWad) /"
3 25eq.) 0y, ) ., N
oleanolskabe (17b): R' = Me, R?= H O THF SoMe 20b, 47 % 30 min, —40°C —IT “pC 0o, SSZ"
ursolskabe (17¢): R'=H, R2=Me ~ 3h,—78°C— IT OMe 29¢, 53 % ONa .95 %

5. shéma. Metilaizsargatu PCT fosfonatu atvasinajumu 29a-c sintéze un demetilésana.
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Tika sagaidits, ka ieprieks izstradatie TMSI apstakli nodrosinas gan fosfonatu demetilésanu,
gan C(28) karbonskabes metilestera demetilésanu, iegtistot vélamos trinatrija salus. Tomér C(28)
metilesteri 29a-c uzradija paaugstinatu stabilitati, veidojot produktus 30a-c (5. shéma). Alternativu
apstaklu parbaude metilesteru 29a-c SkelSanai, pieméram, 6M KOH/EtOH attecg, Lil/DMF/DMSO
attec€, izradijas neefektiva. Tapec tika nolemts mainit metilgrupu uz vieglak noskelamo 4-
metoksibenzilgrupu. Soreiz C(28)O-PMB aizsargato C(3) &teru 31a-c apstrade ar TMSIL, sekojosa
metanolize un neitralizacija ar NaHCO3 deva mérka PCT jonoggnos atvasinajumus 32a-c ar labiem
iznakumiem (6. shéma).

1. PMBBr, K,CO3

DMF 1.TMSI (6 eq.)
16h, IT Lo
2.LDA (1,25 eq.) 4h, —40°C
ot 2.MeOH

Meo. [ ome j’ 30 min, —40 °C )O

. Oy, 3.NaHCOs(aq.) Oy,

inska y i1 (1.25eq.) ~% o 3 N

betulinskabe (17a) 3. 6 ELIOMe 31a,44 % 30 min, —40°C—IT  ~ONa

3h,-78°C—IT N ONa

1. PMBBr, K,CO3

DMF 1.TMSI (6 eq.)
16h, IT DCM
2.LDA (1,25 eq.) 4h,-40°C
oTf 2.MeOH

meo. [ ome o 30 min, —40 °C o

, b5 @ (2searos S 47 3.NaHCOs(aq) o ]
oleanolskabe (17b): R" = Me, R*= H THF ~OMe 31b, 59 % 30 min, 40 °C—IT "R 32b, 75 %
ursolskabe (17c): R'=H,R2=Me ~ 3h,-78°C-IT OMe 31c,53 % ONa 32¢,76 %

6. shema. PMB aizsargatu PCT fosfonatu atvasinagjumu 31a-c sintéze un demetilésana.

Visiem iegltajiem jonogénajiem PCT natrija fosfonatiem tika veikti $kidibas testi fideni
(7. att.). Precizai $kidibas aprékinaSanai tika izmantota kvantitativa 'H-KMR pieeja D20 vidg,
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 1idz Sim publicétie
dabisko triterpénskabju $kidibas dati. Pieméram, oleanolskabes un betulinskabes $kidiba tident
neitrala pH ir < 0,1 pg/mL, un to var palielinat Iidz 42,1 ng/mL betulinskabei un 99,5 pg/mL
oleanolskabei pie pH 11,8.22 Ari dabiskajai ursolskabei ir lidzigi zema §kidiba tideni,?® ko var
zinama méra palielinat ar dazadam modernam zalu piegades sisttmam.'®!° Fosfonskabes ir
stiprakas skabes un vieglak jonizéjamas neka karbonskabes. ST ipasiba palidz palielinat $kidibu
tdent, ka to pierada Seit aprakstitie savienojumi.
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7. attels. PCT fosfonatu $kidiba deiteréta tideni (D20) pie pH 8,0 - 8,5.

28, 3 mg/mL

legiito savienojumu citotoksiska aktivitate dazadas koncentracijas (10-50 pM) tika noteikta
cilveka osteosarkomas §tinu Itnijas MG-63 (ATCC, CRL-1427) un peles preosteoblastu §tinu ITnijas
MC3T3-E1 (ATCC, CRL-2593) sadarbiba ar Dr. sc. ing. A. Dubniku un profesori D. Loc¢u (RTU
Biomaterialu un bioinZenierijas instittits). Ka standartvielas citotoksicitates testos tika lietotas ar1
dabiski sastopamas betulinskabe (17¢’), oleanolskabe (17b) un ursolskabe (17¢), ka ar1 to 3-
oksoanalogi 18a-c un doksorubicins. Tika konstatéts, ka izstradatie tident skistosie PCT fosfonatu
atvasinajumi un dabiskas triterpénskabes, tostarp to 3-oksoanalogi, neuzrada toksicitati MC3T3-
E1 Stnas. Ka interesants izn@mums jamin koncentracijas atkariga MC3T3-E1 $tinu dzivotspgjas
samazinasanas oleanonskabes klatbiitne (0,49 £ 0,12 relativa vielmainas aktivitate pie 50 uM 18b).
Mazaka meéra ursonskabe ietekmé&a MC3T3-El $iinu vielmainas aktivitati (0,72 + 0,09 relativa
vielmainas aktivitate pie 50 uM 18¢). Tome&r MG-63 Stnu Imija uzradija nedaudz zemaku
vielmainas aktivitati oleanonskabes fosfonata 24b klatbiitné (0,73 + 0,05 relativa vielmainas
aktivitate pie 50 uM 24b) neka oleanolskabes klatbiitné (1,03 + 0,18 18b gadijuma). Interesanti
atzimét, ka ursolskabe (17¢) un ursonskabe (18¢) Stinu dzivotsp&jas testos uzradija citotoksisku
iedarbibu pret MG-63 §tinu Iiniju (attiecigi 0,28 £ 0,04 un 0,67 & 0,04 relativa vielmainas aktivitate
pie 50 uM 17¢ un 18c).

Kopsumma var secinat, ka ir iesp&ams izveidot pentaciklisko triterpenoidu fosfonatu
atvasinajumus, kur fosfonata fragmenti ir saistiti pie triterpéna karkasa ar &tera vai estera tipa
funkcionalajam grupam un ar Tsako iesp&jamo metiléntiltinu. Fosfonata demetilésana ar TMSI tika
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optimizgta, lai izvairTtos no skabes izraisitam pargrup&sanas blakusrekcijam. leglti ir gan ar estera
saiti saistiti dinatrija fosfonati no betulinskabes, oleanolskabes un ursolskabes, ieskaitot to 3-
oksoformas, gan ar &tera saiti saistiti fosfonskabju un terpénkarbonskabju trinatrija sali. Saliem
konstatgta augsta $kidiba 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 skidumos. Sakotngjie
citotoksicitates testi liecina par zemu toksiskumu normalam $tinam, kas paver iesp&jas pétijjumiem
to izmantoSanai pretvirusu, pretmikrobu, antidiabgtiskas un pretiekaisuma terapijas.

Par Siem pétjjumiem plasak var lasit publikacija 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; (1. pielikums) patenta Luginina, J., Kroskins, V., Lacis, R., Fedorovska, E., Turks, M.
Udeni 3kistosi triterpenoidu fosfonati un to sintézes metode. LV15836 BI1, 20.03.2025.
(2. pielikums); ka art 3. pielikuma par PCT 3-O-metilfosfonatu sintezi.
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2. Pentaciklisko triterpenoidu C-H fukcionalizeSana

Parejas metalu katalitisko metozu attistiba ir radijusi virkni sasniegumu sintetiskaja organiskaja
kimija, laujot konstruét arvien sarezgitakus savienojumus.?! Parejas metdlu katalizéta C-H
aktivacija, kas ietver iek$&jas sferas C-H saites SkelSanu, lai raditu oglekla-metala saiti, piedava
ilgtspgjigu un ekonomisku pieeju organiskaja sint€z€. Termini C-H aktivacija un C-H
funkcionalizéSana biezi tiek lietoti Iidzvertigi, tatu zinama atSkiriba slépjas mehanisma.*® C-H
aktivacija ietver mehanisma solus, kuros C-H saite tiek Skelta, veidojot tieSu saiti starp oglekli un
metalu (7. shéma). Turpreti C-H funkcionaliz€Sana ir plasaks termins, kas neprasa C-M saites
veido$anos un ietver gan iek3gjas sferas, gan argjas sféras mehanismus. Argjas sferas C-H
funkcionaliz€Sana parasti notiek, izmantojot radikalu starpniecibu, tidenraza atoma parnesi (HAT)
vai iespieSanos C-H sait€, kura iesaistitas metala karbenoidu, okso- vai nitrenoidu dalinas, ka ar1
citus procesus.

C-H aktivacija

Y e M xR
. d —m I

C-H funkcionalizé$ana
Radikalu procesi

kat. [TM]
O H metala mediéts O H/X R
7e.) O vai bez metala w I.O

Argjas sferas celi H O R
R.y cat. [TM] Rey O Y\H
1l Il R\Y’,’,/—?H
N2 N2 ™

7. shema. C-H aktivacija un C-H funkcionaliz&Sana.

Absolitas kimiskas selektivitates un regioselektivitates kontroles sasniegSana joprojam ir
butisks izaicinajums sintétiski piemérotam C-H aktivéSanas reakcijam. Regioselektivitati var
regulét ar substrata elektroniskajam vai stériskajam 1pasibam, ka arT ar helatu palidzibu. Lai
atvieglotu pedgjo, ir izstradatas dazadas monodentatas un bidentatas virzosas grupas vai nu dabiski
substrata esosas (8. shema: izejvielas 33, 35), vai arT apzinati ievaditas (8. shéma: izejviela 37), lai

nodro$inatu parejas metalu katalizetu C-H aktivaciju.*% 3% 3152
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Monodentata karboksilata DG (X tipa)
Phl (2.5 eq.)
o

2 AcHN/\)k (20 mol%) Q

OH
OH ————————— OH
Pd(OAc); (10 mol%)

H Ag,0 (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%)
BQ (0,5 eq.)
NH Ac-Phe-OH (20 mol% NH
Ag2CO3 (2 eq.)
MeH NaHCO; (4 eq.) MePh
35 t-AmOH, 80 °C 36,68 %
Bidentata 8-aminohinolina DG (L,X tipa)

4-jodanizols (4 eq.)
AgOAc (1,1eq.)
Pd(OAc), (5 mol%)

Me_Me Me_ Me

110 °C, 5 min 38,92 %

OMe

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

Pedgjo desmitgazu laika ir zinots par ievérojamiem dabasvielu C-H ariléSanas un sekojosSas
funkcionaliz€Sanas lietojumiem. Pieméram, pinaminu 39, kas satur pikolinamida virzo$o grupu,
var selektivi funkcionalizét ar dazadi aizvietotiem aromatiskiem cikliem (9. shéma).>* Savukart
Separda (Shepard) grupa ir aprakstijusi sint@tisku protokolu 4-anizolilaizvietotdja ieklausanai
bornilamina karkasa 41, izmantojot dazadi aizvietotas virzo$as piridilgrupas, starp kuram 2-
metilpiridilgrupa nodro$indja vislabako regioselektivitati.>*

N N
|
N = N __
H M H_ Ar
HN"0 pg(0Ac), (10 mol%) HN™ o
IR bhaCh bbbl td
Me AgyCO; (1eq)  Me
Me Me Arl (1,1 eq.) 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)
" t-AmOH
N7 ‘ €140 °C, 24 h NZ
X OMe
41 42,98 %

9. shéma. Dabisko terpénu C-H arilé$ana.

Tiek uzskatits, ka paladija katalizeétas C-H ariléSanas mehanisms sakas ar paladija
koordingsanos 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 metalésanas-deprotonésanas celu™, kas ietver
C-H saites koordingsanos ar paladiju, veidojot paladija-oglekla o-kompleksu II. Aprekinatais
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 iesp&jamiem
procesiem, pieméram, C-H saites oksidgjoSo pievienoSanos metalam, CMD process prasa
ievérojami mazak energijas.’® Ariljodida oksidéjo$a pievienoSands kompleksam III dod
paladija(IV) intermediatu IV, un sekojosa C-C reducgjosa eliming$anas un ligandu apmaina rada
paladija kompleksu V, kas atbrivo mérka ariléSanas produktu.

H HN_O
Me
Pd(OAc),| N7 ]
acetata | '\, M
buferis
Ar HN
42
N7 ]
\
H N
acetata o— PI(,:I/
buferis v ~y 2~ Me
MGAQ/ N

/
" /N (0] o
X7’7d\ A~ Me
Lo | Me,
v X acetata
buferis

N (o]
n_~
wv_-N_0 Pd
Ar-pd/ op [N 2 Me
/O A Me N |
X N ‘ mn o
X

Ar-X
10. sheéma. Paladija katalizetas C-H ariléSanas mehanisms.

Metalu piedevas, pieméram, vara(Il) un sudraba(]) sali, biezi ir izSkirosas paladija katalizetas
C-H aktivacijas reakcijas, palidzot uzlabot reakcijas sp€ju, selektivitati vai pat nodrosinat noteiktas
parvértibas, kas citadi nenotiktu efektivi. Vara piedeva var atjaunot Pd(IT) savienojumus, kas var
reducgties 11dz Pd(0) un apturét Pd(IT)/Pd(IV) katalitisko ciklu. Dazos gadijumos vara(Il) sali tiesi
palidz C-H saisu s$kelsana, darbojoties ka Luisa skabe, kas aktiviz€ substratu, vai Brensteda baze
(Tpasi ar acetata ligandiem), kas palidz deprotongsana (ipasi CMD procesa).’’ Ag(I) 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 pétjjumi 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(I) savienojumus. Sie arilsudraba starpprodukti p&c tam var parnest arilgrupu
uz paladija kompleksu, palidzot veidot vélamo produktu.®

Dazadu terpénu dabasvielu aminoatvasinajumu sintézei ir plasi lietota neaktivétu C-H saiSu
parveidogana 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 aminéSanas agenta uz metala centru. Ar virzitu nitréna
iespieSanos ir panakta intramolekulara aminéSana, izmantojot dazadas aminoskabes vai azidu
grupas, pieméram, sulfonamidus, sulfamidus, sulfamatus, karbamatus vai azidus, sulfonilazidus un
karbonilazidus. Pieméram, Iélamina 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 ciklizéti par oksazolidinonu 48 un oksatiazinanu 49, uzradot viens otram
pret&ju nitréna C-H iespieSanas regioselektivitati.

Me N
o O pr 44 (10mol%) o O ’?')\\ /N\ Me
. Boc,O (1 eq.) Me \ MOAT /Fe\\/(m’\w‘
NS W toluols, 115 °C Boc \ SN /
43 45,78 % Me

Rhy(pfb)s (5 mol%)
PIDA, MgO

DCM, 40 °C

46 (Y = CO, 24 h) ‘
47 (Y = SO, 3 h) 48,67 % 3 49,87 %

11. shéma. Lélamina azidoatvasindjuma 43,% artemizina karbamata 46 un sulfamata 47
iek8molekulara C-H amingSana.

Metalonitrénu B var iegiit, apstarojot ar UV gaismu vai termiski sadalot organozidus A
pieme@rota parejas metala klatbiitn€ (12. shéma). Arl 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. Tomer sulfamata un karbamata ciklizacija
var notikt arT pa radikalu celu bez parejas metalu starpniecibas, ka Hofmana-Leflera-Freitaga
reakcijas variacija vai art ka n-selektiva Luisa skabes kataliz&ta aminu pievienoSana nepiesatinatam
sistémam. 162

Par pedgjo gadu sasniegumiem oksatiazinana ciklu sintéz&€ no sulfamatu esteriem, ieskaitot
nitréna tipa intermediatu lietojumu, kadi tiks apskatiti arT §T 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 generésana no organoazidiem

N Yo

X

RS '

HN X
M A Y=CO, PO,, P(0)OAl, SO,, CH,.
R' S X=0,CH,,NPG.
sildi$ana vai hv
M]-.
[ ];N

R. 5 Ny
‘v ,ﬁR

Metalonitrénu generésana no karbamatiem un sulfamatiem

PhiX,

/Y\ PhlsyYag _ Bas  un Yo
/\/k R~ R
E
Y=S0,, CO.
X=0Ac, OCOCF3, OPiv, =O.
o

H‘

[Mlx Y~

xw

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

Starpmolekularajai C-H iespieSanas pieejai nav nepiecieSams sintétiski ievadit virzoSo grupu,
tomér, to lietojot, parasti tick noverota zemaka selektivitate. Pieméram, fenilsulfamats (PhsNH>)
rodija katalizatora un PhI(OPiv), klatbiitné tika izmantots ka starpmolekulars C-H amingSanas
reagents, nodroSinot strukturali sarezgitas dabavielas 50 C-N saites veidosanos ar 38 % iznakumu
(13. shéma).®?

Rhy(esp), (1 mol%)
PhsNH, (1,3 eq.)
PhI(OPiv), (1,5 eq.)
Al,03 (4,0 eq.)

tBUCN, 6 h, IT

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

Lielaka dala zinamo sint&tisko parvertibu pentaciklisko triterpenoidu funcionaliz€Sanai ietver
biogéno C(3) un C(28) C-O funkcionalitdSu un pieejamas dubultsaites izmanto$anu.?* Tomer
jaatzime, ka PCT terpenoida struktiira ir bagata ar daudzam C(sp®)-H saitém, ko teorétiski varetu
funkcionalizét, izmantojot parejas metalu katalizeétu C-H aktivacijas pieeju. Savukart reakcijas
sp&jas un regioselektivitates problémas var apgriitinat PCT ciklu tieSu funkcionalizé$anu.
Priek$noteikums $adu sarezgitu savienojumu regioselektivai derivatizacijai, aktivgjot C-H saites,
ir funkcionalu virzoSo grupu klatbiitne struktiira.
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Literatiira ir tikai dazi C(sp®)-H aktivacijas pieméri PCT policikliskaja struktiira (14. shéma).
Ju (Yu) grupa®*® ir aprakstijusi dazadu pentaciklisko triterpenoidu regioselektivu C-H
hidroksilésanu, izmantojot Sénekera (Schonecker) un Barana (Baran) vara katalizétos aerobos
apstaklus (Cu(OTf),, Oz) (14.a shéma). Saja gadijuma oksideanas vietas selektivitati noteica
parejosa hirala iminopiridina virzosa grupa, kas tika ievadita, izmantojot viegli pieejamu C(28)
aldehidu. Vairakas pétnieku grupas ir lietojusas Baldvina® (Baldwin) izstradatas pieejas
izmantoSanu hidroksilgrupas selektivai ievadiSanai neaktivéta C(23) metilgrupa (14.Db
shéma).67- 686 Savukart oleanolskabes C(23) regioselektivu oksigeng$anu, izmantojot iridija
katalizétu C(3) hidroksilgrupas virzitu sililéS8anu/Tamao-Fleminga oksidé$anas sekvenci, ir
izpétijusi Hartviga (Hartwig) grupa (14. ¢ shéma).” Jaatzimé, ka Maulides (Maulide) grupa’'
nesen aprakstija B gredzena regioselektivu C-H oksidé$anu oleanana strukttira, izmantojot C(23)-

OH funkcionalitati ka virzoSo grupu (14. d shéma).
1. TSOH (0.1 eq.)

i-Pr
‘ A NH,
N
toluols, 80 °C
2. Cu(OTf), (1,3 eq.), Oy,
Na askorbats (2,0 eq.),
MeOH/Acetons, 50 °C, 90 min
3. Na4EDTA, r-jas apstrade
Lit. 64

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

1. [Ir(cod)OMe], (0,1 mol %)
Et,SiHy, IT, tad
[Ir(cod)OMe],/Me4phen (2 mol %),
Me nbe, THF, 120 °C
2. KHCO3, H,0,, 50 °C
Lit. 70

1. PPTS, (CH,OH),,
benzols, attece, 16 h
R
2.PIDA, I, CaCOg, IT, 2 h

1,6 - HAT
Lit. 71

14. sheéma. Literatiira aprakstitie pentaciklisko triterpenoidu C-H oksidéSanas piemeéri.

Run3jot par aming$anas 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 shéma).”

metalonitréna izveidi no sulfamata estera 63. Vaitas (White) grupa ir atklajusi, ka [Mn(zBuPc)]|SbFs

Betulina karkass ir pétits C(sp®)-H amingSana, kas tika panakts ar
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katalizators veicina C-N saites veidoSanos pie ekvatorialas C(23) metilgrupas y-C-H saites un
nodro§ina labu oksatiazinanu 64 iznakumu ar augstu regio- un diastereoselektivitati
(15. b shéma).”

TrocNg
OH [CP*IrCll; (5 mol%)
AgNTF, (20 mol%)
)

NaOAc (50 mol%

———————> MeO., # * MeO., 2

DCE, 24 h, 100 °C NT N
“=NHTroc  TrocHN -

Lit. 72
61,71 % 62,20 %

OH [Mn(tBuPc)ICI (10 mol%)
PhI(OPIv), (2,0 eq.)
R
4 AMS, PhMe/MeCN
IT, 24 h 0=,
Lit. 73

SN 64,76 %
15. shéma. Literatiira aprakstitie C-H pentaciklisko triterpenoidu amin&$anas panémieni.

P&éc promocijas darba autora riciba eso$as informacijas bez iepriekSminétajiem daziem C-H
hidroksiléSanas piemé&riem un diviem vienigajiem C-H amingSanas piemériem literatlira nav datu
par C-C saisu veidojosam C-H aktivacijas pieejam pentaciklisko triterpenoidu molekularajos
karkasos. Tomer ir aprakstiti dazi veiksmigi mazaku dabisko terpenu molekulu C(sp*)-H ariléSanas
pieméri.”* Turklat ped&jas desmitgades laika ir izstradatas vairakas C(sp®)-H arilesanas strategijas,
izmantojot dazadas virzos$as grupas un katalitiskas sisteémas, kas ir piem&rotas sarezgitu molekulu
vélinajai funkcionalizé$anai.”> %7778 Lidz ar to $aja promocijas darba tika izstradata ieprieks
neaprakstitu paladija katalizétu pentaciklisko triterpenoidu C(sp*)-H (het)arileSana, ka ar rodija
kataliz€tu betulina karkasa D- un E-ciklu C-H amingSana ar sekojoSu aminogrupas
funkcionalizésanu.

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

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

65aR'=CH,
65b R' = Me

65c R?=H, R®= Me
65d R?= Me. R®=H

Th

66c R?=H, R®= Me
66d R?= Me, R°=H

8. attéls. Triterpénkarbonskabju 8-aminohinolinamidi 65a-d un pikolinamidi 66a-d.

8-Aminohinolina amidi 65a-d tika iegliti amidéSanas reakcijas starp betulonskabi, ursonskabi,
oleanonskabi 18a-c un §-aminohinolinu, iepriek§ parveidojot $is skabes par attiecigajiem skabes
hloridiem.®%8! Pikolinamida®? virzosa grupa tika ievadita, izmantojot triterpenoida C(28)-aminu
reakciju ar pikolinoilhloridu. Betulinamins un ta piesatinatais analogs tika iegtti, reducgjot
atbilstosos oksmus®® 67a un 67b. Komercidli pieejamas oleanolskabes un ursolskabes tika
parveidotas par atbilstoSajiem aminiem divos posmos.’*%> In situ generétie aktivétie esteri tika
parveidoti par amidiem 68a un 68b, kuru reducésana ar LiAlH4 deva attiecigos pirm&jos aminus,
kas tika parveidoti par pikolinamidiem 66a un 66b, izmantojot ieprieks izstradatus reakcijas

apstaklus (16. shema).

OH

17b: R" = H, R? = Me Oleanolskabe
17¢c: R' = Me, R, = H Ursolskabe

H .
Lit. 83
—_—

1. TiClg (2M HCI)
NH,4OAc, NaBH,CN
MeOH, 16 h, IT

2. Pikolinoilhlorids
Et3N, DCM/THF

3h,0°C-IT
67aR = CH, 66a, 81 % (divas stadijas)
67b R = Me 66b, 60 % (divas stadijas)
. =
HCTU, EtN 1. LiAIH,, THF \
DME NHz 24 1, attece SN
_— _— >
NH3/MeOH 2. Pikolinoilhlorids
3hiT  HO EtsN, DCM/THF

3h,0°C-1IT

68a, 84 %
68b, 91 %

66¢, 55 % (divas stadijas)
66d, 47 % (divas stadijas)

16. shéma. Pikolinamidu 66a-d sintéze.
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Lai izpetitu virzoso grupu saturoSu PCT atvasinajumu sp&ju 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 klatbttné (17. shéma). Abi substrati nodrosingja C(16)/C(22) dideitergtus
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 novérota.

Pd(OAc), (40 mol%)
CsOAc (1 eq.

CD3CO0D
80°C, 16 h

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

Tomer konformacionali elastigakais pikolinamids 65a izradijas derigs C-H ariléSanas
reakcijam. Pikolinamida 66a (1 eq.), 4-jodanizola (4 eq.), PA(OAc): (5 mol.%), CuBr2 (10 mol.%)3¢
un CsOAc (4 eq.) kombinacija, ka §kidinataju izmantojot ~AmOH, uzradija vislielako efektivitati,
dodot C(22)- un C(16)-regioizom&ru 69a un 70a maisijumu attieciba 92 : 8 ar 83 % kopgjo
iznakumu. Ar Siem C(sp?)-H ariléSanas apstakliem tika parbaudits ariljodidu komponentu klasts
(1. tabula). Elektronbagatie ariljodidi uzradija labu reakcijas sp&ju, un C(sp*)-H arileésanas 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
rentgenstruktiiranalizi (9. att.). Visos gadijumos tika novérota ari C(22)-azetidina blakusprodukta
71 veidoSanas. Elektrondeficitie jodaréni deva zemakus aril&to regioizomeéru iznakumus 29-54 %
robezas. Savukart jodaréni ar tadiem aizvietotajiem 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 novérots ar I-CsHs-CN (64 %), savukart 1-C¢Hs-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 meérktiecigu C-H azetidin€Sanas protokolu, izmantojot
AgOACc/C¢Fsl uz vienkarSiem modelsubstratiem.?” Ir zinama ar azetidinu veidoSanas no
pikolinamidiem Pd-katalizatora, PhI(OAc) un LiCO; klatbiitne.?®3° Tomér méginajumi,
izmantot iepriek§ minétos apstaklus bez vara piedevas, neuzradija izejvielas 66a konversiju.
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1. tabula
Pikoltnamida 66a C(sp®)-H arilésanas substratu klasts un produktu iznakumi

Arl (4 eq.)
Pd(OAC), (5 mol%)
CuBr; (10 mol%) ‘
CsOAc (4 eq.)
66a
t-AmOH (0,05 M)
140°C, 24 h
Ar 69a-i iznakums (%) 70a-i iznakums (%) | 71 iznakums (%)
- )-ome 69a, 76 70a, 7 10
) 69b, 64 70b, 9 26
- )e 69c, 60 70c¢, 5 19
S—QOH 69d, 45 70d, 6 10
- )-ores 69e, 32 70e, 6 36
O, 69f, 32 70f, 6 56
O 69g, 22 70g, 7 40
=)o 69h, 19 70h, 12 64
§ ) 69i, 42 70i, 12 44
E—@Noz - - 61

69b

9. att€ls. 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 % apmera. Interesanti, ka otra C-H aktivacija tioféna gadijuma notiek pie sakotngji ievadita
tioféna fragmenta produkta 70j (18.shéma). Lai iegiitu citus dubultas ariléSanas produktus,
izmantojot citus jodarénus, tika palielinats reakcijas laiks, (het)ariljodida komponentes
koncentraciju un katalizatora deva, tomér neviena cita gadijuma papildu dubultas ariléSanas
produkti netika novéroti.

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

CsOAc (4 eq.)
6 t-AmOH (0,05 M) /// /// ///

140°C,24 h

705", 5% azetidins 71,
27 %

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

Lai nodro$inatu NH-azetidinus talakai sinttiskai izmantoSanai, tika pétitas pikolinamida
fragmenta SkelSanas iesp&jas. Reducgjosie $kelSanas apstakli, izmantojot LiAlH4+/THF istabas
temperatiird, tika atziti par efektiviem vélama produkta iegfiSanai (19. shéma).

=H 72,66 %

19. shéma. NH-Azetidina 72 sintéze.

Iedvesmojoties no veiksmigas betulina karkasa arilésanas, tika nolemts pétit ari no
oleanolskabes un ursolskabes pikolinamidu 66¢,d arilésanu, izmantojot elektronbagato 4-
jodanizolu un elektrondeficito 4-jodbenzoskabes metilesteri (20. shéma). Planota ursana un
oleanana molekulara skeleta transformacija vainagojas ar augstaku 19 : 1 regioselektivitati pie
C(22), tomér pilniga izejvielu 66¢ un 66d konversija netika sasniegta. Lidzigi ka betulina karkasa
gadijuma elektrondeficitais 4-jodbenzoskabes metilesteris deva ieveérojami 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 klatbutne praktiski netika novérota (blakusprodukts ap vai zem
KMR detektesanas robezas).

7 Pd(OAc), (5 mol%) e,
] | cuBr, (10 mol%) 73a: R' = H, R2= Me; 60 % (91 % brsm)

N CsOAc (4 eq.) 73b: R' = Me, R2=H; 62 % (88 % brsm)
o t-AmOH (0,05 M)
140 °C
24h

i

HO

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

74a: R'=H, R? = Me; 38 % (59 % brsm)
74b: R = Me, R2= H; 28 % (95 % brsm)

20. shéma. Oleandna un ursana atvasinajumu 66¢,d C(sp*)-H arilé3ana.

Oleanolskabes atvasinajuma 66¢ C-H aktivacija 1-jod-4-nitrobenzola klatbutné nodrosSinaja
izcilu C(16) selektivitati, lai gan nedeva pilnu konversiju. P&c virzosas grupas skelSanas ar LiAlHy4
tika iegtits NH-azetidins 76. Tas talak tika parveidots par kristalisku azetidinija pikratu 77, kura
molekulara struktira 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)
40°C HO
24 h

75, 34 % (99 % brsm)

THF |
3, iT| LA,

77 76,87 %
21. shema. Azetidina 76 veidoSanas no pikolinamida 66c¢.

Saskana ar visparpienemto teoriju reducgjosa eliminéSana, visticamak, ir atrumu noteico$a
stadija C(sp®)-H arilédanas procesa.”® Analiz§ot novérotas kimiskas selektivitates un
regioselektivitates, var secinat, ka reduc€josa eliminéSana notiek 1€nak paladija(IV) kompleksos,
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kas satur elektrondeficitas arilgrupas. Sados gadijumos reducgjo$a elimindianas ar C-N saites
veidoSanos var biit atraka par C-C saites veidosanos. Pieméram, betulina rinda izmantojot 4-
nitrojodbenzolu (4-NO:CsHal) (22. shéma), reduc€josa elimin€Sanas no C(22)-[Pd]-NC(O)
sisteémas ir produktivaka neka no C(22)-[Pd]-Ar-EAG kompleksa, ka rezultata veidojas azetidins.
Lidzigi oleanana rinda reduc€josas eliminé$anas atruma vispargja tendence ir $ada: Ar-EDG >
pikolinamids > Ar-EAG. Tomér oleanana rinda C-H aktivacija ir 1énaka un sakotngji notiek ar
C(16) selektivitati, padarot to kin&tiski salidzinamu ar reducg€josas elimingsanas atrumu no C(16)-
[Pd]-NC(O) starpprodukta. Lidz ar to izejviela 66¢, reaggjot ar 4-NO»-CsHal, dod azetidinu 77
C(16) pozicija. Turklat azetidina veidoSanas pie C(22) oleanana karkasa raditu nelabvéligu 1,3-
diaksialo mijiedarbibu ar vienu no geminalajam C(20) metilgrupam, radot steriskus traucgjumus,
kas betulIna molekulérajé struktﬁre‘l nav noveérojami.

Het)Ar
( et)Ar Pd(OAc),
H N— CuBr,, CsOAc
(He*)Ar t-AmOH
C(22)-selektivitate 140 °C,24 h

visiem parbauditiem terpenord \em

z-Y
K 2
I
- H ?//@
(o]

R Z=Y 7\ [
‘ 2 N reducéjosa eliminésanas C-H
— aktivacija
g N_o B & N
N= -
/ C(22)-selektivitate
N\ betulina atvasinajumam H t)A
-Ar- et)Ar
C(16)-selektivitate ar EAG-Ar-| - ‘Z(Z |v’ o ” L
oleanolskabes un ursolskabes ™ / / 3
atvasinajumiem e —
ar EAG-Ar-| . N
L = ligands
o
z-Y

oksidéjosa
pievieno$anas

(Het)Ar-1

22. shéma. Iespgjamais paladija katalizétas C(sp*)-H arileéSanas un azetidinéSanas mehanisms.

Nosléguma var secinat, ka ir izstradata pirma C-C saites veidojoso C(sp*)-H aktivacijas metode
triterpenoidos, izmantojot paladija kataliz&tu triterpenoidu pikolmamiducariléSanu ar ariljodidiem.
Visiem trim parbauditiem lupana, oleanana un ursana molekularajiem karkasiem var Tstenot
arilésanu ar labu C(22)-selektivitati un vidéjiem 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®)-azetidinéSanu. AzetidinéSana ipasi 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 ar1
ariletie 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 aminéSana

Literattra nav publicétu precedentu par PCT skeleta D un E gredzenu C-H amingSanu,
izmantojot no C(28) atvasinatas virzo$as grupas. Tomér vairaki C-N saiSu veidoSanas pieméri,
izmantojot starpmolekularu C(sp*)-H aming3anaas pieeju terpénu, steroidu un alkaloidu molekulas,
radija interesi par attiecigi piemérotu C(28) modificétu PCT atvasindjumu izstradi. Sim nolikam
stika intezeti no C(28) spirta 78°! viegli pieejamie karbamata un sulfamata atvasinajumi. Balstoties
promocijas darba autora zinatniskas grupas ieprieksgja pieredze, tika izvelets izvairities no
reakcijam, kas notiek p&c brivo radikalu mehanisma, lai izslégtu dubultsaites iesp&jamas
blakusreakcijas. Tapéc tika attistita metode, kas balstas parejas metalu katalizétu nitréna
generé$ana, nemot vera ta iespieSanos C-H saitg.

Tika atklats, ka no betulina atvasinats karbamats 80 rodija un sudraba katalitiskajos apstaklos
nedod paredzétos amin&Sanas produktus. Ta vieta paaugstinata temperatiira (60 °C spiediena
megene) un ilgaka reakcijas laika tika detekteti izejvielas degradacijas produkti un C(28) nitrila
81°2 veidoSanas. Savienojuma 81 rasanos var izskaidrot ar C-H amingSanas reakciju pie C(28),
veidojot nestabilu ¢etru 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 novérota zema izejvielas konversija kopa ar degradésanas produktu veidosanos. 3,4,7,8-
Tetrametil-1,10-fenantrolina (Mesphen) ka liganda piedeva sudraba apstaklos veicinaja
alilpozicijas C-H acetoksiléSanas reakciju, dodot produktu 82.

Bija iepriecinosi konstatét, ka sulfamata esteris 79 péc trTs 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 iegliti divi C-H aming$anas regioizomeri attieciba 9 : 1. Parakuma esosa
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 amingsanas produktu 85, veidojot
C-N saites pie C(23) un C(16) pamatizomera struktiira (23. shéma).
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Apstakli A: Phl(OAc), (1,1 eq.)
MgO (2,2 eq.)
//,/ Rh,0Ac, (5 mol%)
y DCM, 60 °C, 3 h

vai
- -

0.0 Apstakli B: PhI(OAc), (1,1 eq.)
\{ MgO (2,2 eq.)

NH,
AcO 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 apstak|us A apstaklus B
1.ClLCONCO 1 2. K,CO3, MeOH
DCM,IT,16h |IT,3h
, - o
H 1 OCN-S—Cl MgOo
H : o o Phi(OAc),
H ! HCOOH 5=0 Rhy(OAc
' OH | — N’S\\ LA»
H i NMP/DCM ° DCM
1RO” b AcO! attece
H “H ¢ 0°C-IT 3h
H “" Betulins (17a), (R = H);
: etulins (17a), (R=H), 2+ 79,85 % (no 78)
: ¢R9f91 :
b TBR=0AQ) I
o}
HCOOH, NMP 0
0°C-1IT, 3h | OCN-$-C
o

MgO
Phi(OAc),
Rh,0Ac,
DCM
attece
5h N7 23
84,70 % (no 17a) O H 85,66 %

23. shéma. Betulina karkasa C-H amin&Sana.

Talak tika petita iegita 1,2,3-oksatiazinan-2,2-diona 77 reakcijas sp&ja nukleofilas cikla
atverSanas reakcijas, kas dotu pieeju 1,3-difunkcionalizetiem C(16)-aminoatvasinajumiem. Vairaki
§is parvertibas méginajumi ar dazadiem nukleofiliem (N3, AcO-, PhS-, morfolins, Gdens),
nenodrosinaja 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, iegustot C(3)-
hidroksi-PCT oksatiazinana atvasinajumu 83a (24. shéma). Turklat tika noverots, ka sulfats 80
selektivi izgulsngjas no etanola Skiduma, ka rezultata sakotng&ja savienojuma 77 C(16):C(22) 9 : 1
regioizoméru attieciba uzlabojas lidz 30 : 1 savienojuma 86. Savienojuma 86 izgulsné$anas filtrata
analize liecin3ja, ka 83a mazakuma esoSais C(22)-izomérs 0,5 M NaOH etanola skiduma
nehidrolizgjas un neveido jonogénu C(22) sulfata produktu, kas nodroSina pietickamu polaritates
atskiribu selektivai izgulsné$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.

36



IT, 10 min
— >

83, C(16): C(22)9: 1 86,77 % 83a, C(16): C(22) 30 : 1,99 %

24. sheéma. Sulfata 86 sintéze un ciklizésana par 83a skaba vide.

Talaka darba gaita tika p&titi reducgjosie 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 atvasindjumu 87 ar 68 % iznakumu. Paaugstinata reakcijas temperatiira izraisija
atraku reakciju, tomer tika noverota pilniga dubultsaites piesatinasana (25. shéma).

120 °C
16 h

87a,51 %

25. shéma. 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 karbamoilé$anas reakcijas. N-Cbz
oksatiazinana 88 gredzena atvérSanas méginajumi galvenokart beidzas ar Cbz grupas noskel$anu,
un vélamie cikla atvérSanas produkti veidojas tikai neliela daudzuma. Interesanti, ka jodida
nukleofila gadijuma tika novérota 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. shéma).

N-Boc grupas izmantoSana uzlaboja oksatiazinana reakcijas sp&u, un azida nukleofila
gadijuma tika iegits 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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traucé kvaternarais centrs pie C(17).”> Optimalie aminoazida 91 sintézes apstakli tika iegiti,
izmantojot 2 eq. NaN3 80 °C temperatiira 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).

83

OAc
=/

—_—
CuS045H,0
NHBOC Nj askorbats
THFH0 ) o

AcO' 91,57 % 70°C,16 h

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

Iegiitais 1,3-aminospirts 87 tika atzits par daudzpusigu izejvielu dazadam noderigam
sint€tiskam parvertibam. Ta reakcija ar pikrinskabi deva pikrata sali 93, kura struktira tika
pieradita ar rentgenstruktiranalizi (27. shéma). Amina aizsargasana ar Boc grupu un sekojosa divu
stadiju oksidésana deva N-Boc-B-aminobetulinskabi 95, kuras diastereoselektiva reducésana pie
C(3) deva N-Boc-B-aminobetulinskabi 97.

Abu aminoskabju Boc grupu noskel$anu var panakt ar TFA, iegiistot atbilsto$as f-aminoskabes
to trifluoracetata sals forma. Tomeér betulinskabes atvasinajuma 97 gadijuma tika konstateta C(3)
hidroksilgrupas trifluoracilésana. Tade| tika piemekl&ti alternativi apstakli, un 4M HCl/dioksana
izmantosana veiksmigi nodro§inaja f-aminoskabes 98 rasanos hidrogénhlorida sals forma.

Talak 16-azidobetulins 99 tika veiksmigi ieglits no atbilstoSa amina, izmantojot
trifluormetansulfonilazidu vara(Il) piedevas klatbfitng. Savienojuma 99 CuAAC reakcija ar
propargilspirtu tika iegiits C(16)-triazolilbetulins 100, kas ka modelsavienojums parada iespgjas
praktiski bezgaligai jaunu betulina-triazola konjugatu bibliotekai (27. shéma).
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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
nolikam tika ieglts diacetats 101, izmantojot betulina kimija zinamu aciléSanas/deaciléSanas
strat€giju. Tad tas 0 °C temperatiira tika apstradats ar in situ sagatavotu sulfamoilhloridu, ieglistot
sulfamata esteri 96, kas tika paklauts ieprieks izmantotajiem C-H aminéSanas apstakliem. Mérka
oksatiazinans 103 pie betulina C(22) tika iegiits ar videju iznakumu (28. shéma). Visdrizak,
savienojuma 103 oksatiazinana ciklu var talak parveidot lidziga veida ka savienojuma 83, kas paver
vairakus potencialus celus betulina molekulara karkasa talakam transformacijam.
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1. Ac,0
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28. shéma. Sulfamata 102 sintéze un pielietojums C-H aming&$anas reakcija pie C(22).

C-H aktivacijas regio- un diastereoselektivitati, 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.).

/O
28 o)
o= S¢

N1 22
P II A N [Rh]
H
H
labvéligs kréslveida nelabveéligs kréslveida
parejas stavoklis parejas stavoklis

10. attéls. 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. Izejvielas 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 maisjjumu: C(16) amin&tu produktu 105b,c un C(22)
aminétu produktu diastereoizoméru maisijumu 106b,c un 107b,c (29. shéma). Ursana struktiiras
C-H amingSana izradijas selektivaka pret C(22) amingtu produktu, domajams, metilgrupu
alternativa novietojuma dé] E gredzena. Tomér ursana gadijuma kopgjais izolétais iznakums ir
zemaks neka oleanana serija, kas skaidrojams ar ursana tipa savienojumu sliktaku $kidibu
organiskajos $kidinatajos un tehniski sarezgitaku izdaliSanas procediiru. 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 frans-dekalinam Iidziga
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struktira. Lai ieglitu oksatiazinana cikla atvérSanas produktus un atvieglotu regio- un
diastereoizomeru atdaliSanu, amin€to savienojumu 105b-107b un 105¢-107¢ maisijumi tika
paklauti sarmainas hidrolizes apstakliem, tomér §is reakcijas neuzradija izejvielu konversiju.
Talakie C-H amin&Sanas un iegiito produktu sintétiska lietojuma p&tjjumi ursana un oleanana tipa
PCT rindas tiks veikti citu projektu ietvaros nakotng.

1.LiAH,
THF 1. Al(OiPr)3
Attece I-PrOH
16 h attece, 1h
2. Ac,0 OAc 2.0
Et;N 3
CI7TI"NH AcO
THF 3 o 2
. ; o 30T NMP - _ MgO
Oleanolskabe (17b): R' = H, R* = Me 103b, 95 % 2h.0°CIT 104b, 50 % divas stadijas PhI(OA
5 LRz - 103c, 91 % :0°C, 104c, 47 % divas stadijas 1 (OAC)
Ursolskabe (17¢): R'= Me, R, =H g g Rh,0Ac,
DCM
- Ry - Ry 3 h, attece
22
z
W N o
o $° S -§7
o o
AcO AcO g 4
107b, 25 % ’ 106b, 25 % 105b, 34 %
107¢,21 % 106¢, 43 % 105¢, 8 %

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

Kopuma var teikt, ka ir izstradata jauna metode selektivai C(16)-N saites veidoSanai betulina
D-cikla, izmantojot rodija kataliz&tu nitréna C-H iespieSanos. Reakcijspgjigais sulfamata esteris
tika ieglts no dabiga betulina vairakos solos. Neraugoties uz steriskajiem trauc&umiem un
iespgjamam pargrupéSanas reakcijam C(28) pozicija, tika izstradatas vairakas veiksmigas
oksatiazinana gredzena atvérSanas 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 parveérsts 16-aminobetulinskabg
un betulonskabg. Turklat 16-aminobetulinu var parverst par 16-azidobetulinu. Tika paradits, ka p&c
C(16) funkcionalizéSanas iesp&jama ar otra nitréna C-H iespiesanas C(22) pozicija. Izstradata
metode nodroSina vairakus jaunus lupana tipa triterpenoidu atvasindgjumus ar amino- vai
azidogrupam, kas var bt noderigas izejvielas turpmakai modificé$anai un biologiskas aktivitates
izpétei.

Plasak par $aja nodala aprakstitajiem petjjumiem 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

Neskatoties uz C(3) un C(28) neopentilnovietojumu, pie tiem esosas HO-grupas ir
iespgjams alkilét, izmantojot (dimetoksifosforil)metiltrifluormetansulfonatu. AlkiléSanu
var panakt baziskos apstaklos, izmantojot -BuOK karbonskabes gadijuma un LDA spirtu
gadijuma. legiitos 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 temperatira.

1. t-BuOK 9 1. TMSI,-40 °C O
. - = R-OMe — ———————> R-ONa
25 OH ome O~ "ome 2. MeOH, —40°C 29~ na
3 o %/ P-OMe : Ky 3.NaHCO3, -40°C —IT
T O 61-78 % 51-97 %
-78°C —IT
1. LDA 1. TMSI, —40 °C
3 > MeO - NaO 3
Ho OMe MeO—P~ 07 > 2. MeOH, —40 °C Nao—-P~ 07 >
£ 2 /—P~OMe o - 3.NaHCOg3, -40 °C —IT o
ch;g cg " 41-53 % 72-78 %

Iegttie pentaciklisko triterpenoidu-fosfonatu konjugati C(28)(CO)-O-CHz-P(O)(ONa). un
C(3/28)-0-CH»-P(O)(ONa),, kam raksturigs isakais iesp&jamais metilentiltins starp
terpenoida karkasu un fosfonata dalu, uzrada ievérojamu $kidibu tdeni pH diapazona no
8,0 lidz 8,5 (3-26 mg/mL). S1 $kidiba ir par vairakam kartam augstaka neka attiecigajam
triterpenkarbonskabém vai to saliem.
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3. Betulina rinda atra un neselektiva C-H aktivacija notiek gan ar C(16)-H, gan ar C(22)-H,
ko pierada deiteréSanas eksperimenti, izmantojot gan pikolinamida, gan hinolinamida
virzo$as grupas. Selektivitati sekojosajas C-H ariléSanas un azetidinéSanas reakcijas
galvenokart nosaka reducgjosas elimin&Sanas stadija, kas Saja substratu klas€ abos
gadijumos vieglak notiek pie C(22). Arilgrupas ar elektronakceptoriem aizvietotajiem
(piem&ram, 4-nitrofenilgrupa) veicina C-N saiti dodo$o 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-1

&gw &«3 <E

C(22)-selektivitate

Pd(OAC),
CuBry arilédana un azetidinésana
_CsOAc /// Hel Ar-1 J/ reducéjosa elimingsanas ir o Ho., (Het)Ar
atruma limitéjosais solis
B NH N=
o)
Y
- AN lénak dukf
C-H aktivacija notiek / N7 ﬂﬂ/@’ N = J pamatprodukts,
ar vienadiem atrumiem pie C(16) un C(22) N J %, izmantojot Ar-EDG

[CRRS

(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 s€rija. Lietojot arilgrupas ar elektronakceptoriem

aizvietotajiem (pieméram, 4-nitrofenilgrupu) C-H aktivacijas atrums (A2 solis) kliist
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 elimin€Sanas 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?

R3 RS,
H atri " pamatprodukts,
R1 R? Pd N Pd N _2rArEDG Ar-EDG ) Ar izmantojot Ar-EDG
Pd(OAC), (RE” %
W/Q CuBr,

NH N=
<)
CsOAc Ar | reducejosa eliminésanas o
RS R‘ R?

,y (OP) R, ir atruma noteicos8ais solis
H H mazakuma esosais izomérs,
O izmantojot Ar-EDG

Oleanana kodols: R‘— Me, R?=Me R®=H  (A2)

Ursana kodols: R'= Me, R?= H, R? = Me § oy NP § o NP
C-H aktivacija notiek atrak Pd. Pd.
pie C(16) 4 \5 a’ II \1\5
N A

C(16)-selektivitate
azetidiné$anai ar EAG,
Tpasi ar 4-NO,-CgH,-l

N /
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5. No betulina atvasinatais 28-O-sulfamata esteris ir efektivs nitréna prekursors rodija
katalizgtos apstaklos. Nitréna iespieSanas C-H sait€ notiek ar labu C(16)-H selektivitati,
dodot oksatiazinana produktu ar teicamu iznakumu multigramu méroga.

e}
0—g=0

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

DCM, attece, 3 h

88 % (gramu mérroga)

labvéligs kréslveida
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 funkcionalizé$anai. Izstradata metodologija lauj
sintez&t lupana atvasinajumus ar dazadam modifikacijam C(16) un C(28). Svarigi, ka péc
betulina C(16)-funkcionaliz€Sanas joprojam ir iesp&jama ari nakama nitréna C-H
iespieSanas, un ta notiek selektivi C(22)-H pozicija.
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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.'>3* 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).°

lupeol i “ 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.®>101112° 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.'® 19

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).2° 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
9 o
N b
' "ONa ~,
ONa (éNOaNa
8, O
NaO A " /A
R"=Me, R? = H, oleanolic acid series
R"=H, R?= Me, ursolic acid series
C-H aminated PCT
R
HO!'
R = CH,OH, CHO, COOH, CH,N, 3
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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

1. Kroskins, V., Luginina, J., Lacis, R., Mishnev, A., Turks, M. Site-selective C-H amination
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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.

3. Luginina, J., KroSkins, V., Lacis, R., Fedorovska, E., Demir, 0., Dubnika, A., Loca, D.,
Turks, M. Synthesis and preliminary cytotoxicity evaluation of water soluble pentacyclic
triterpenoid phosphonates. Sci. Rep. 2024, 14, 28031.
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Obtained patents
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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

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

55



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 ng/mL) in a simulated gastric juice (aqueous solution
of NaCl and sodium dodecyl sulfate, which was adjusted to pH 1.2 by HCl solution).?”-28

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
cores were decorated with various ammonium 10,%° imidazolium 113° and guanidinium 123!
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
phosphate3>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®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-
CHz-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 , K2CO3 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 TFOCH,P(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.

Jones
reagent
=
Acetone/H,0
4h,0°C

"

19a,X=Y=0,78% NaBH,
MeOH
20a, X = OH, Y = H, 99 % 4h,0°C

1. +BuOK
2. O
I

Tfo/\ﬁ%eMe
PCC o)

—
DCM/THF
2h,RT

THF
16 h, RT

oleanolic acid (17b): 18b, 85 % 19b, X

R'=Me, R?=H 18¢c, 78 % 19¢, X
ursolic acid (17¢): gg:
R'=H, R2= Me 20b, 47 % 3
’ K,CO3 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.

J Q /// o
J P oMe 1.TMSI (3 eq.) —ox
OMe 4h,-40°C
- .
2. MeOH
30 min, -40 °C

21a: X=H

] aq. 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 wursolic 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:%o3
2. MeOH 2%
30 min, —40 °C h,-40°C-RT
HO'
o 1-TMSI
4h,-40°C NaHCO3
DCM =
Hy
2. MeOH :
30 min, -40 °C Th, —40°C-RT
19bR'=Me, R?=H,X=Y=0 = 21b 22b, 90 %
19cR'=H,R?=Me,X=Y =0 21c 22¢,51%
20bR'=Me, R2=H,X=0H,Y =H 23b 24b, 78 %
9
20cR'=H,R?=Me, X =OH,Y =H 23c 24c,93 %

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 H2O 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.

LDA (2.1 eq.)
2. OMe
TfoAﬁ—OMe
o
L @2eq) g o
“H  petulin (17) THF °F SoMe 25, 51% NMR yield 26,20 % ‘/P\OMe 27,29%
-78°C-RT  MeO (29 % isolated) NMR yield
1. TMSI (6 eq.)
DCM
6h,-40 °C
2. MeOH
30 min, —40 °C
3. NaHCO; (6 eq.)
Hz0 ~ 28,78 %
1h,—40 °C - RT Nag ON@ 8

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,CO;4

DMF 1.TMSI (6 eq.)
16 h, RT Me DCM
2. LDA (1.25 eq.) 4h,—40°C
L onlleoe) |
oTf 2.MeOH
- Meo. | OMe 0 30 min, ~40 °C
betulinic acid (17a’) 3 | (1.25eq.) O\\P) 3.NaHCOg(aq.) O
© O THF 1 “OMe 30 min, —40 °C - RT
3h,—78°C —RT ©
1. Mel, K,CO;4
DMF 1.TMSI (6 eq.)
16 h, RT. Me  DCM
4h,-40 °C
2.LDA (1.25 eq.) :
ot > 2.MeOH
r 30 min, —40 °C
o )
MeO. ,-OMe J 3. NaHCOs(aq.)
3. 4 (125ea)0 30 min, —40 °C - RT. O3,
oleanolic acid (17b): R'=Me, R?=H O THF SOMe 29b, 47 % min, R TP Na 30b, 85 %
ursolic acid (17¢): R'=H, R2=Me  3h~78°C-RT OMe 29c, 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 AN
2.LDA (125 eq.) 4,40 °C
2.LDA(125eq)
oTf 2.MeOH
Meo.[ome o 30 min, -40 °C o
" (1.25eq.) Oep) 3.NaHCOs(aq) 0. )
O THF c‘)\OMe 30 min,~40 °C—RT ' “ONa
3h,-78 °C- RT © ONa
1. PMBBF, K,CO;4
DMF 1.TMSI (6 eq.)
16 h, RT DCM
2.LDA (1.25 eq.) 4h,-40°C
2.LDA(1-25eq)
oTf 2.MeOH
MeO. r,OMe @) 30 min, —40 °C o
0 (s eq.)o\\P) 3.NaHCOs(aq) o ]
oleanolic acid (17b): R'=Me, R?=H THF ‘KPMe 31b, 59 % 30 min, ~40 °C - RT ?\ONa 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,O, 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 ug/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. Loc¢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

62



designed water-soluble PCT-derived phosphonates and the natural triterpenic acids, including their
3-oxo-analogs, were found to be harmless to the MC3T3-E1 cells.

As an interesting exception should be mentioned the concentration-dependent cell viability
drop of MC3T3-El 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 pM 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-O-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
H cat. [TM] [rm] HIX-R
J O —w I

C-H functionalization
Radical processes

O cat. [TM]
) H metal mediated ) HIX-R J R
"] O or metal free g_o ") O

Outher sphere pathways H O R
R O ’ N
Sy cat. [TM] R\Y N H
I I Rey/--H
N, -N ™ Y

R

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.*9-50:51.52
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Monodentate carboxylate DG (X type)
PhI (2.5 eq.)
o

AcHN/\)J\OH (20 mol%) 2

o
oH ——— > OH
Pd(OACc); (10 mol%)
P

H Ag,0 (2 eq.)
33 2
Na,HPO4+7H,0 (1 eq.) 34,75 %
HFIP, 80 °C, 4 h

Monodentate amine DG (L type)

Pd(OAc), (10 mol%)
BQ (0.5 eq.)
NH Ac-Phe-OH (20 mol% NH
AgyCO3 (2 eq.)
35 MeH NaHCOj3 (4 eq.) Me Ph
tAmOH, 80°C
Bidentate 8-aminoquinoline DG (L,X type)

4-iodoanisole (4 eq.)
AgOAc (1.1eq.)
Pd(OAc), (56 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).>* 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.>*

[ 7
N _~ N___
H
: AN"0 ba(0Ac), (10 moi%) AN
Me Ag,CO; (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__O CsOAc (4 eq.) HN.__O
t-AmOH
NP> -Me 140 °C, 24 h NN Me
X ‘ OMe X ‘
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
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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 s-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),| N7 ]
acetate | X !
buffer

Ar ”/N (0] 0\0\
X—Pd__ Me \ ]
I_/ N7
" | Me
\Y S acetate
wv_N_O
Ar-pd/ OA L7 N = Me
/O A~ Me N |
X N ‘ m S
Vo

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 Bronsted 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.3

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
44, (10 mol%) o O iPr [)Q N=,
DSOS IO LAl e O
& ~~ : :

r
Boc,0 (1 eq.) Me' MeATN\  Fe /A
Ny H\\ toluene, 115 °C N\

43

Rhy(pfb)s (5 mol%)
PIDA, MgO

— = .
(¢}
Me' v DCM, 40 °C
H - ,
H Y NH,
46 (Y = CO, 24 h) . i .
47 (Y =S0,,3h) 48,67 % ; 49,87 %

Scheme 11. Intramolecular C-H amination of azido derivative of leelamine 43°° and
artemisinin-derived carbamate 46 and sulfamate 47.%

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-Lo6ffler-Freytag reaction as well as via n-selective Lewis
acid-catalyzed amine addition to unsaturated systems.%!-62

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 ey
HN/Y\ R
A Y=CO, PO,, P(0)OAIk, SO, CH,.
R' X=0, CH,, NPG.
heat or hv
[NI] N x
Misy Yy
ene g ation from ca and
Y. Phlg,, Y- PhiX Y.
HN" 0 ™ SN0 Base H,N"0
R )VLR R./\/J\R R /\/J\R
1 F E
Y=S0,, CO.
X=0Ac, OCOCF3, OPiv, =0.
Mo Phi
{ M-y Yo }
R H R [M]\\N/Y\O
R'MR

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).93

Al,03 (4.0 eq.)

{BUCN, 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).67- 6869
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

/// . Ny ONH,
=N
CHO toluene, 80 °C

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

b)

1. NayPdCly (1.3 eq.)
NaOAc (1.2 eq.)
COOBN HOAc, RT, 72 h
2. Ac,0, DMAP, EtsN,
CH,Clp, RT, 1h
54 Ref. 67

1. [Ir(cod)OMel, (0.1 mol %)
Et,SiH,, RT, then
[Ir(cod)OMe],/Me phen (2 mol %),

OMe nbe, THF, 120 °C

2. KHCO3, H,0,, 50 °C
Ref. 70

1. PPTS, (CH,OH),,
benzene, reflux, 16 h

e —
2. PIDA, I, CaCO4, RT, 2 h
1,5- HAT

200
Ref. 71 Q )
o/~

-

59,53 %
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).”?

TrocNg
oH [Cp*IrClal, (5 mol%)
AgNTf, (20 mol%)

NaOAc (50 mol%)

—> MeO, » * MeO. ~

DCE, 24 h, 100 °C N" 7 N
“=NHTroc  TrocHN! -

Ref. 72
61,71% 62,20 %

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

4 A MS, PhMe/MeCN
RT, 24 h NS
Ref. 73

O H 64,76%
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 747778 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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65a R'=CH, 65¢c R?=H, R®= Me
65b R'=Me 65d R?= Me. R®=H

z
no N
N
o
A
66aR'=CH, 66c R?=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®3 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. TiCly (2M HCI)
NH4OAc, NaBH;CN

H o et 83 MeOH, 16 h, RT
Ret®

2. Picolinoyl chloride

Et;N, DCM/THF HO
3h,0°C-RT
67aR=CH, 66a, 81 % (over 2 steps)
67b R = Me 66b, 60 % (over 2 steps)

=
HCTU, Etz;N 1. LiAIH4, THF
o oMF NHz 24 h, reflux SN ‘
- . o
NH3/MeOH 2.Picolinoyl chloride
3h,RT Et;N, DCM/THF
3h,0°C-RT
17b: R' = H, R? = Me Oleanolic acid 68a, 84 % 66c, 55 % (over 2 steps)
17c: 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.

Pd(OAc); (40 mol%)
CsOAc (1 eq.)
CD3CO0D
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%), CuBr. (10 mol%)3¢ 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 [-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/CeFsI 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.%% 8% 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%)

L caoeiee)
CAmOH 005 W)
140 °C, 24 h

Ar Yield of 69a-i (%) Yield of 70a-i (%) Yield of 71 (%)
F()-ome 69a, 76 70a, 7 10
=) 69b, 64 70b, 9 26
) 69c¢, 60 70¢, 5 19
HO)-or 69d, 45 70d, 6 10
H()ors 69e, 32 70e, 6 36
FO, 691, 32 708, 6 56
F@Ji 69g, 22 70g, 7 40
HC)-on 69h, 19 70h, 12 64
HO 69i, 42 701, 12 44
HO)e - - 61

69b

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%) o

CsOAc (4 eq.) : '

66 —_—
—— (0.05 M) : J /// /// I
140°C, 24 h ;

70§, 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 LiAlHs 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.

Z Pd(OAc), (5 mol%) oo
~ | CuBr;, (10 mol%) 73a: R'=H, R?= Me; 60 % (91 % brsm)
N CsOAc (4 eq.) 73b: R" = Me, R?= H; 62 % (88 % brsm)
t-AmOH (0.05 M)
140 °C
a5 24h
66c: R'= H, R?= Me 'OCOOMS
66d: R'= Me, R?=H (4 eq.)
HO

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).
|%i%No2

(4eq.)
Pd(OAc), (5 mol%)
CuBr, (10 mol%)
CsOAc (4 eq.)
t-AmOH (0.05 M)
140 °C HO
| 24h

75, 34 % (99 % brsm)

THF |
3h R LiAH,

77 76,87 %

Scheme 21. Azetidine 76 formation from oleanane-derived picolinamide 66c.
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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-NO2-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.

(Het)Ar

Pd(OAc),
N7 CuBr,, CsOAc 7ov
Het)Ar t-AmOH R 22) e H
C(22)-selectivity 140 °C, 24 h H
for all tested triterpenoids N N=
. ) )
z-Y, o
R Z=Y 7 !
~ 22) N N rgdgctlye C-H
N & . — elimination activation
B fo) _
N= o
/ C(22)-selectivity
N\ for betulinic core * t)A
i Ar- et)Ar
C(16)-selectivity with EWG-Ar! a Yf w ! i/ 2
for oleanolic and ursolic cores Pd N/ “ pd N
with EWG-Ar-I
L = ligand

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, 4CS 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 AgSbFe) 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.)
Rh,0Ac; (5 mol%)
DCM, 60 °C, 3 h
or

O Cond. B: Phi(OAc), (1.1 eq.) AcO

NH MgO (2.2 eq.)

2 0,

. MAgOJf “?Om"' f;/) 81,9 %, (30 % brsm) 82, 21 % (48 % brsm)

80, 98 % (from 78) I:(“:‘:\A ego(°c r:g h°) using cond. A using cond. B

1.CI;CONCO  12. K,CO3, MeOH ' '
DCM,RT,16h |RT,3h

; I J

. H 1]

H 1 OCN-S—CI MgO

H : o o PhI(OAc),

H HCOOH 820 Rhy(OAc),

OO gl e o

: H DCM
RO : N'\fP/Dg'\TA c0” reflux .

: Betulin (17a), (R=H): © %; - 3h A

: lRef91 H 79, 85 % (from 78) 83, 88 % (gram scale) 9 : 1 C(16) : C(22)

9 Il
OCN-4—ci | HCOOH, NMP
0°C-RT, 3h
MgO
PhI(OAC),

Rh,0Ac,
DCM

s,
84, 70 % (from 17a) 1 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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83, 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).

1.2 M DIBAL-H
Toluene

120 °C
—
16h

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 NaN; 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>0
to yield triazole 92 (Scheme 26).

"',,}ii

=/
—_—
CuS0,4+5H,0 QG
NHBoc Na ascorbate B NHBoc

THFH0 5o

91,57 % 70°C,16 h 92,70 %

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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A A
H 100, 90 % - 93,100% O,N

DIPEA
Propargyl Cul, ACOH Picric acid g-le-o,l% :
alcohol DCM » 10 min
RT,24h
TfN;
CuS0,4-5H,0
NaHCO, o
MeOH/H,0/Tol NHBoc
RT, 5 days

94, 84 % in two steps

2-methyl-but-2-ene

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

95, 66 %

JTFA, DCM

RT,3h 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. Al(O-iPr)3
i-PrOH
reflux, 1 h

Phl(OAC),
Re  mo
oS0 Rhy(OAc),

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).

(¢]
28//40

o—s

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 ;
B 1.LiAIH,
THF 1. A(OiPr),
reflux. i-PrOH
16 h reflux, 1h o s
S "NH
2. Ac,0 OAc 2.0 o 2
EtzN PN
THF S Cl 5 NH, g
3h, RT NMP MgO
Oleanolic acid (17b): R = H, R? = Me 103b, 95 % 2h,0°C-RT 104b, 50 % in two steps  Phl(OAc),
Ursolic acid (17¢): R'= Me, R2=H 103c, 91 % 104c, 47 % in two steps  Rh,OAc,
DCM
- R? reflux,3h
Q
_§=0
!
o
“H "',,H
107b, 25 % 106b, 25 % 105b, 34 %
107¢,21 % 106¢, 43 % 105¢c, 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).

83



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 #-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. -BuOK 1. TMSI, -40 °C
&OH OoMe g{oVPOOMe 2. MeOH, —40 °C &O\/P ONa
ﬁP OMe 178 % 3. NaHCOj3, —40 °C - RT S107%
—78 ”C RT
H 1.LDA ELH 1. TMSI, —40 °C E
3 MeO NaO 3
HOJ;.,/ , QMe Meo—ﬁ’/\o%( 2. MeOH, —40 °C Nao—l‘a/\o%,/
A ﬁl‘:"*OMe 5 = 3. NaHCO3, 40 °C — RT 5 3
° o 41-53 % 72-78 %
-78 °C - RT

2. The obtained pentacyclic triterpenoid-phosphonate conjugates of types C(28)(CO)-O-CHaz-
P(O)(ONa), and C(3/28)-O-CH»-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 Cwewan T

10" + % :
mg/mL

102 —+ (D;0, pH 8.0-8.5)

10°

10*

105 -

100 -

107

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 elimination from C-[Pd]-Ar intermediates, leading to predominant
formation of C(22)-arylated products, with selectivity ratiosupto 9 : 1.

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

(Het), Ar
1V}
Pd N
\’p \(p faster
Pd(OAc),

H CuB o C(22)-selectivity
uBry 'or arylation
;‘ _CsOAc J/ (Het )Ar-1 J/ reductive elimination is H//, (Het)Ar and
the rate determining step azetidination
| e,
slower -
= major with Ar-EDG
e N \ J/ j

CQ RS

(Het)Ar
minor isomer

C-H activation occurs

f/ye’
with similar rates at C16 and C22 14

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 RElepg > RE2 >> RE3, favoring formation of C(22)-arylated products with
C(22)/C(16) selectivity 19 : 1.

R' R? R1 R? R' R?
R3 “ R3 Y
Ln fast .
1R2 H i / H ~ major
R'R i ;;éfm N wnh Ar-EDG " A" with Ar-EDG
Pd(OAc), (A1) % N (RE 1) : N;_@
CuBr, \ /
W/Q CsOAc o o Ar-l s reductive elimination is 8}
R'R R'R the rate determining stej
R3 (OA) s ™ g step R'R?
H H R
- H minor
Oleanane scaffold R'= Me, R?= Me, R*= H § W g N 0 E 7 with Ar-EDG
Ursane scaffold R'= Me, R?= H, R®= Me Pd o N
/ NF acl TN
C-H activation occurs Ly ’ " N
faster ar C16 X 102 =
R' R
Ry
H
C(16)-selectivity % P=N_o
for azetidination with EWG,
particularly with 4-NO,-CgH,-I N=
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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.

5=0

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

MgO, PhI(OAc),

DCM, reflux, 3 h

favored chair-like
transition state

88% (gram scale)

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.
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