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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Témas aktualitate

Pirolo[1,4]benzodiazepini (PBD) ir plasi pétita dabasvielu klase, kas uzrada pretvéza
aktivitati, kovalenti un sekvences selektivi saistoties ar eksociklisko guanina aminogrupu
DNS lgédé.l Visos daba sastopamajos PBD hiralais centrs ir ar S konfiguraciju, kas ir
nozimigs nosacijums to aktivitatei. PBD atklaja Iidz ar antramicina izoléSanu pagajusa
gadsimta 60. gados, un tas iesaka S$is klases ka potenciala pretvéza zalu avota plasus
péﬁjumus.2

NH,

Antramicins.

Nemot véra PBD klases savienojumu ievérojamo aktivitati un pielietojuma iespgjas,
pedgjos 50 gados ir sintez€ti daudzi to analogi, ieskaitot dimerus, kas spgj “sasiit” DNS
molekulas. ArT no mikroorganismiem tiek izdalitas arvien jaunas §is klases dabasvielas. PBD
diméri ir kluvuSi par vienu no perspektivakajam antivielu —zalu toksisko komponentu
konjugatu klasem.® PBD dabasvielu un to analogu sint€zes metozu izstrade v€l aizvien ir
aktuals petijumu virziens, jo esosas sintézes metodes ne vienmer ir pietiekami efektivas.

Daudzas PBD dabasvielas C2 pozicija satur E konfiguracijas eksociklisku dubultsaiti.
Totalas sintézes konteksta $adas trisaizvietotas dubultsaites konstruéSana bieZi vien ir

problematiska.
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Etilidénaizvietotaju saturosu PBD sinteze.



Bitiski, ka etilidénaizvietotaju saturos$as dabasvielas uzrada augstaku biologisko aktivitati
(in vitro citotoksicitate) neka to analogi ar metilidenaizvietotaju vai bez aizvietotaja.’
Etilidénaizvietotaju saturoSas PBD dabasvielas iesp&jams sintez€t no funkcionalizéta prolina
atvasinajuma (A cel§)5 vai ari, veicot dubultsaites geometrijas apgrieSanu PBD dilaktama (B
celé).6 Atrakais un efektivakais veids alkiliden-PBD sintézei bitu olefingsana (C cels), tomer
lidz Sim literatiira aprakstito klasisko olefin€Sanas metozu izmantoSana PBD sistémas dod
vaju E/Z selektivitati vai ari ir Z selektiva.®® Padzilinata klasisko olefin€Sanas metozu izpéte
lautu ieglit nozimigos alkilidénaizvietotaju saturoSos PBD savienojumus daudz vienkar$ak un
efektivak.

Apskata raksta manuskripts par PBD dabasvielu izdaliSanu, kimiju un biologisko aktivitati
ir atrodams 1. pielikuma.

PretvéZa zalu vielu biitisks aspekts ir to lokalizacija Stina. Lai noveérteétu PBD lokalizaciju
§tina un izpétitu, ka ta korele ar PBD-DNS saistiSanos un citotoksicitati, ir sintezéti dazadi
PBD adukti ar fluorescgjoSiem savienojumiem, pieméeram, 7-aminokumariniem.” *°
Izmantojot §adu pieeju, klasiskais fluorofors 7-dietilaminokumarins tiek pievienots molekulai
ar alkiltiltinu, tadéjadi PBD molekula jau pirms in vitro eksperimentiem ir fluorescgjosa.
Jaunus rezultatus PBD darbibas mehanisma pétijumos biitu iespgjams iegiit ar fluorogénu
PBD substratu, kas saistiSanas bridi ar DNS veidotu fluoresc€josu atvasinajumu.
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fluorogéns fluorofors

Fluorogéna PBD atvasinajuma saistiSanas ar DNS.

Pétijjuma meérkis un uzdevumi

Promocijas darba mérkis ir sint€zes metozu izstrade pirolo[1,4]benzodiazepinu klases
dabasvielu un to atvasinajumu sintezei. Darbs ir versts uz eksocikliskas dubultsaites selektivas
ievadiSanas metozu izstradi PBD sistéma.

Darba mérka istenoSanai definéti §adi uzdevumi:

1) apkopot un analizét literatiru par PBD klases dabasvielam un to iegiS$anas metodém,
ipaSu uzmanibu pievérSot eksocikliskas dubultsaites ievadiSanai; apkopojumu
strukturét manuskripta un publicét ka apskata rakstu;

2) pétit dubultsaites migracijas reakciju PBD pirolidina un noskaidrot, vai ta ir
stereospecifiska;

3) paplasinat Zilia—Ko¢inska (Julia—Kocienski) reakcijas pielietojumu eksociklisko
dubultsaiti saturoSu PBD iegii$anai, veidot jaunus un selektivakus reagentus uz
tetrazolsulfona cikla bazes;

4) ieteikt un parbaudit iesp&jamas sintézes metodes fluorogénam PBD-kumarina
hibridam, ko btu iesp&jams izmantot PBD darbibas mehanisma pétijumiem.



Zinatniska novitate un galvenie rezultati

Petijumu rezultata veiktas cetru PBD dabasvielu — limazepina C, limazepina D,
usabamicina A un usabamicina C — pirmas totalas sint€zes. Limazepina C un D sintézg ka
atslégas stadija izmantota dzelzs pentakarbonila katalizéta dubultsaites migracijas reakcija.
Usabamicina A un C sintéz€é B cikla saslégSanai izmantota $adas sist€émas ieprieks
neaprakstita ciklizésanas pieeja. Izstradata Zilia—Ko¢inska reakcijas modifikacija, kas lauj
legit augstu selektivitati PBD substratu olefin€Sana. Izmantojot jaunizstradato sulfona
reagentu, veikta divu dabasvielu — limazepina E un barmumicina — formala totala sintéze.
Parbauditas iesp€jamas sintézes metodes PBD-kumarina hibrida iegiiSanai.

Darba struktiira un apjoms

Promocijas darbs sagatavots ka tematiski vienota ¢etru SCI zinatnisko publikaciju un
viena publikacijas manuskripta kopa ar kopsavilkumu latvieSsu un anglu valoda. Publikacijas
uzrakstitas anglu valoda, to kopgjais apjoms, ieskaitot elektroniski pieejamo informaciju, ir
123 lappuses.

Darba aprobacija un publikacijas

Promocijas darba rezultati izklastiti Cetras zinatniskajas publikacijas un viena publikacijas

manuskripta.
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DARBA REZULTATI

1. Pirolo[1,4]benzodiazepinu pirolidina eksocikliskas dubultsaites
migracijas petijumi un limazepina C un D pirma totala sintéze

Jau iepriek§ misu laboratorija veiktaja limazepina E totalaja sintéz€ tika izdalits
savienojums E-1, kas satur eksociklisku dubultsaiti ar vajadzigo E konfiguraciju.’ Tika
noskaidrots, ka ir iesp&jams veikt eksocikliskas dubultsaites migraciju dzelzs pentakarbonila
klatiente un selektivi ieglit savienojumu 2 ka tiru vélamo izoméru (1. shéma). Savienojums 2
bitu transform&jams ari par citam PBD dabasvielam — limazepinu C un D.

Ph
Fe(CO)s, THF MeO N~ H
150 °C 18h N__
0

E-1 2
1. shéma. Eksocikliskas dubultsaites migracija.

Viens no promocijas darba mérkiem bija pétit dubultsaites migracijas reakciju un
noskaidrot, vai ta ir stereospecifiska, tas ir, vai eksocikliskas dubultsaites geometrija izejviela
ietekmé to, uz kuru pusi cikla dubultsaite migrés. Sim mérkim planojam sintez&t savienojumu
ar apgrieztu dubultsaites geometriju Z-1 un pétit ta dubultsaites migracijas reakciju.
Nepieciesamo substratu ieguvam vairaku stadiju sekvencé (2.shéma), sakot no
nitrobenzoskabes metilestera 3. Fenola grupu nitrobenzoskabes metilesteri 3 aizsargajam ar
benzilaizsarggrupu un péc tam hidroliz&jam esteri. legiito nitrobenzoskabes starpsavienojumu
kondens&jam ar trans-4-hidroksi-L-prolina metilesteri un ar labu iznakumu izdalijam amidu 4.
Noskaidrojam, ka atrakais un efektivakais veids nitrogrupas reducéSanai ir paladija katalizéta
hidrogenésana. Tas lauj vienlaikus ari noSkelt benzilaizsarggrupu un bez iegiita produkta
hromatografiskas attiriSanas uzreiz veikt ciklizésanu HCI klatiené. Cikliz€Sanas rezultata
veidojas PBD dilaktams, ko aizsargajam ar benzilidénaminala aizsarggrupu, tadéjadi iegiistot
spirtu 5 ar labu iznakumu, trijas stadijas veicot tikai vienu hromatografisko attiriSanu. P&c
oksidésanas Dess—Martina (Dess—Martin) apstaklos bijam ieguvusi ketonu 6, ko talak
izmantojam olefiné$anas reakcijai. Vispirms meéginajam Vitiga (Wittig) reakciju, izmantojot
dazadas bazes — kalija terc-butoksidu, natrija hidridu un natrija heksametildisililamidu. Lai
gan AESH/MS analizés novérojam produkta veido$anos, visos gadijumos izdevas izdalit
niecigu daudzumu vielas. Labako iznakumu (~20 %) ieguvam, ka bazi izmantojot kalija terc-
butoksidu. Raksturojot iegiito dubultsaites izome@ru maisijumu ar kodolmagnétiskas
rezonanses spektroskopiju, noskaidrojam, ka reakcija ir neselektiva, tas ir, E un Z izomeéri
rodas attieciba 1:1.



1. BnBr, K,CO;

DMF, 96 %
2. LiOH 1. Hy, 10 % Pd/C
THF/H,0/MeOH EtOH
OH 3.H-Hyp-OMe-HCl OBn 2. kat. HCI, THF/H,0
MeO NO, EDC,HOBt TEA MeO NO2cO,Me 3. kat. TsOH, PhCH(OMe),
DMF, 72 % (2 stadijas) /J\ 64 % (3 stadijas) =
N N
Ph )\SOZEt

MeO N~ H SZM; DCM NaHMDS THF, 67 %
0
N OH
(@]
1. NaBH4, MeOH

Fe(CO)s, THF 2. AcOH, H,O/MeCN
% 68 % \%/ 40 % .
E-1/Z-15:1
OH OH
eO N= 4 MeO N=
(O] —
N - N
O o)

Limazepins C Limazepins D

2. shéma. Limazepina C un D sint&ze.

Ar Vitiga (Wittig) reakciju neizdevas panakt vélamo rezultatu, tapec méginajam Zilia—
Kocinska (Julia—Kocienski) apstaklus. Reakcija noritgja ar ievérojami augstaku iznakumu
(67 %), turklat Soreiz ta bija selektiva — ka galvenais produkts radas E dubultsaites izomérs E-
1 (5:1, noteikts peéc KMR). Eksocikliskas dubultsaites migracijas reakciju vispirms veicam E-
1/Z-1 maisijumam 1:1, kas iegiits péc Vitiga reakcijas. Migracijas reakcija norit€ja nepilnigi,
bet radas tikai viens — vé€lamais — produkts. Izdalijam ari neizreag€juso izejvielu, ko
raksturojam ar kodolmagnétiskas rezonanses spektroskopiju, un noskaidrojam, ka E-1 un Z-1
dubultsaites izoméru attieciba ir 1:1 jeb tada pati, kada ta bija pirms reakcijas. Lidz ar to var
secinat, ka reakcija nav stereospecifiska, kas lauj turpmakajiem pétjjumiem izmanot abu vielu
maisijumu neatkarigi no to izome&ru attiecibas. Turpmakajiem péetjjumiem izmantojam
dubultsaites izom&ru maistjumu E-1/Z-1 attieciba 5: 1, kas iegiits Zilia—Ko¢inska olefinéana.

Savienojumu 7 izmantojam dabasvielas limazepina C iegiiSanai, selektivi reducgjot
karbonilgrupu ar natrija borhidridu un p&c tam noSkelot aminala aizsarggrupu etikskabes
klatiené (40 % iznakums). Sintezéta limazepina C kodolmagnétiskas rezonanses spektru
signali atbilst literatiira'’ aprakstitajiem. Attirot vielu, ka ari uzglabajot to, notiek oksidésanas,
un veidojas limazepins D. Veicot preparativo AESH attiri$anu, ieguvam tiru limazepinu D
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(19 % iznakums), kura *H un **C spektri atbilst literatiira’ aprakstitas dabasvielas spektriem.
Zemais iznakums skaidrojams ar limazepina C nestabilitati un vairakkartgjo attirisanu.

Saja nodala aprakstito pétijumu rezultata tika veikta dabasvielu limazepina C un
limazepina D pirma totala sintéze, ka atslégas stadiju izmantojot dzelzs pentakarbonila
katalizétu alilamida — énamida dubultsaites migracijas reakciju. Atrastais dzelzs katalizators ir
ieverojami letaks, salidzinot ar rutenija’® un iridija*® katalizatoriem, kas arf aprakstiti literataira
lidzigu transformaciju veikSanai. Tika noskaidrots, ka limazepins C ir nestabils un oksidgjas
par limazepinu D.

Originalpublikacija par $aja nodala aprakstitajiem pétijjumiem atrodama 2. pielikuma.

2. Usabamicinu A un C pirma totala sinteze

Usabamicini A un C ir N10-Cl1 piesatinatas PBD dabasvielas, kas satur
propilidénaizvietotaju pie C2.}* Sakotngjie méginajumi piesatinata B cikla ieg@ifana bija
neveiksmigi, tapéc nolémam vispirms izstradat ciklizéSanas metodi, izmantojot modelvielu,
un péc tam $o metodi izmantot usabamicinu A un C sintézei. Sim nolikam sintez&am
modelvielas 8-11 un pétijam cikliz€sanu, parbaudot dazadas pieejas: 1) paladija katalizetu
ickSmolekularu aminé$anu amina 8; 2) antranilskabes atvasinajuma 9 ciklizéSanu ar dazadam
bazém; 3) aminospirta 10 ciklizésanu. Tomér iepriekSminétajos apstaklos vélamais produkts
12 neveidojas. Visbeidzot, azida 11 reakcija ar PPhs un tai sekojosa iminofosforana ciklizacija
un hidroliz€ izdevas ar labu iznakumu iegt savienojumu 12 (3. shéma).

~NH; Br

a H
b
8 0O EGN Ny X 90 )
N b
_OMs d OH Z

3. shéma. Modelvielu 8-11 ciklizacijas p&tijumi.

Pd(OAC),, Cs,CO3, PPhj, toluols
Et;N, DCM vai K,CO3, MeCN
PPh, toluols, tad KOH, EtOH, 65 %
DDQ, PPhs;, DCM

—_ — — —

Kad bija izstradata metode piesatinatas PBD sistémas ciklizéSanai, ta tika izmantota gan
usabamicina A, gan usabamicina C iegiiSanai. lepriek§ miisu laboratorija veiktaja limazepina
E totalaja sintéz&’ eksocikliska dubultsaite tika ievadita Airlenda—Klaizena (Ireland—Claisen)
pargrupé$anas reakcija. So metodi izmantojam ari usabamicinu sintézei, iegastot
propilidénprolina biivbloku 13°, kura estera funkciju reducgjam un iegiito spirtu aizsargajam
ar TBS aizsarggrupu. Abas aizssarggrupas savienojuma 14 noskélam ar 1-
hloretilhlorformiatu, iegiistot prolinola sali 15. Peptidsaites veidoSanas reakcija ar
atbilstosajam azidobenzoskabém, ka arT sekojosa meziléSanas reakcija ieguvam ciklizéSanas
prekursorus 16. Talak izmantojam uz modelvielas izstradato ciklizé$anas metodi un ieguvam
planotas dabasvielas, kuru *H un *3C spektri atbilst literatara™ aprakstitajiem (4. shema).
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1. LiAlH,4, THF

95 %
NH, {  2.7BSCI, imidazols 7/ ACE-Cl DM, p
- . . DMF TBSO ad Me
SNCOo,H MeO,C' N ANEE N —>HO\\“ W
: : cl
homoalanins 13 PMB 14 PMB 15 H,
R
N3
OH -
o R _OH 1. MsClI, TEA, DCM H
N3 = 2. PPhj, toluols, H

EDC, HOB, Et;N, DCM Qy\ tad KOH. EtOH
Y N N I

65 % (3 stadijas, ja R=H) 16 0 22 % (2 stadijas, ja R=H)

37 % (3 stadijas, ja R=OMe) 23 % (2 stadijas, ja R=OMe) 0
Usabamicins A R=H
Usabamicins C R=OMe

4. shema. Usabamicinu A un C sintéze.

Saja nodala aprakstito pétijumu rezultata tika veikta dabasvielu usabamicina A un
usabamicina C pirma totala sintéze. PBD sistémas B cikla veidoSanai tika izmantota ieprieks
N10-C11 piesatinatas PBD sist€émas neaprakstita cikliz€Sanas pieeja, kas ietver azida reakciju
ar trifenilfosfinu un tai sekojosu iminofosforana starpsavienojuma iekSmolekularu ciklizaciju
un hidrolizi.

Originalpublikacija par $aja nodala aprakstitajiem p&tijjumiem atrodama 3. pielikuma.

3. Petijumi par eksocikliskas dubultsaites ievadiSanu PBD un vienkarSotos
substratos, limazepina E un barmumicina formala totala sintéze

Limazepinu C un D sint€zes ietvaros bija nepiecieSams ievadit etilideénaizvietotaju ketona
6 pirolidina fragmenta (2. shéma). Lai gan lidzigiem literattira aprakstitiem substratiem E/Z
selektivitate Zilia—Ko¢inska reakcija ir 2:1, tomér m&s, neveicot reakcijas apstaklu
optimizaciju, ieguvam atbilstoso alkénu 1 ar ievérojami augstaku selektivitati (E-1/Z-1 5:1).

Nolémam optimizét So reakciju, parbaudot dazadus literattira aprakstitus olefinéSanas
reagentus un bazes. Katru no klasiskajiem olefiné$anas reagentiem 17a, 17b, 17c un 17d
parbaudijam reakcija ar tris bazém un noskaidrojam, ka ketona 6 olefinéSana augstaka £/Z
selektivitate (89:11) ieglstama, izmantojot tetrazolilsulfonu reagentus 17¢c un 17d un
KHMDS bazi (1. tabula).

Izmantojot tetrazolilsulfonu 17d un KHMDS, veicam ari skidinataja optimizaciju
(2. tabula). Lai gan ar1 dihlormetana olefinéSanas reakcijas selektivitate bija 89:11, tomér
iepriek§ izmantotais tetrahidrofurans izradijas vispiemérotakais Skidinatajs Sai parvertibai
labaka reakcijas iznakuma dgl.
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1. tabula

OlefingSanas reakcijas optimizacija

Ph O:\s”g/ Ph
O'{N 0 R17 o/< o
MeO\ég’/\gi baze, THF Meo\i:gl\’l:gi/
N
6 3 0 1 N
Sulfgns Bize Firoqukta 1 E/7
R= iznakums
LiHMDS 66 % 50:50°%
17a
@[N\>" NaHMDS 16 % 55: 452
° KHMDS nr _
LiHMDS 13 % 50:50°%
17b
@__ NaHMDS 10 % 50:50°%
—N
KHMDS nr _
LiHMDS 73 % 73:27°
17¢
NN NaHMDS | 67 % 80:20°
N KHMDS 75 % 89:11°
LiHMDS 63 % 56:44°
17d
NN NaHMDS | 53% 77:23°
N<
N KHMDS | 54% 89:11°

® noteikts pec "H KMR datiem; ® noteikts pec AESH datiem, nr: reakcija nenotika.

2. tabula
Skidinataja optimizacija
Ph Ph
O’< o) o/< o
Meo\@;’::gi 17d, KHMDS Meo\@;'::%\/
N N
6 (e} © 1 o)
$kidinatajs Produkta 1 EIZ*
iznakums
THF 54 % 89:11
DMF 53 % 77:26
DME 10 % 84:16
DCM 34 % 89:11
toluols 44 % 60:40
Et,O 24 % 82:18

® noteikts péc AESH datiem.
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Pielavam, ka stériskie efekti olefinéSanas reagenta 17 varétu ietekmét reakcijas

selektivitati. Sintez&jam vairakus literatiira neaprakstitus telpiski apjomigus ragentus un
parbaudijam to selektivitati uz jau ieprieks izmantoto ketonu 6. Ta ka ieprieks noskaidrojam,
ka tieSi tetrazolilsulfoni uzrada visaugstako selektivitati, sintez€jam tetrazolilsulfonu
atvasinajumus 17e-17k. Jaunsintez&tie sulfoni (iznemot sulfonu 17h, ar kuru reakcija
nenotika) tieSam uzrédija loti labu E/Z selektivitéti ketona 6 olefin€Sanas reakcij a (3 tabula)
1 attieciba bija 97:3. Sis rezultats lauj izmantot dllaktamu 1 dabasvielas limazepina E totalajai
sintézei. Butiski ir tas, ka, izmantojot klasisko olefinéSanu ar musu izstradato stériski traucéto
sulfona reagentu, limazepinu E ir iesp&jams iegiit devinas linearas stadijas, salidzinot ar ieprieks
izmantoto 12 stadiju celu®, kas ir ne vien garaks, bet arf sintétiski ievérojami sarezgitaks.

3. tabula

Olefingsanas reagenta optimizacija

N’N \\ O

Ph N\N%S
o—~ 5 R 17 o—

MeO. N N
e @,:gi e " \&/
ittt
N
o N
0

Sulfons R= Produkta 1 iznakums ElZ?

17e @ 68 % 83:17
17f fPr@ 67 % 94:6

179 QtBu 58 % 88:12
tBu
\ tBu
Bu
Q N i
tBu

cPent
17i cPent\Q 63 % _
cPent
\ cHex
”Q 60 % 97:3
cHex

\ Ph
17k Ph@ 30 % 88:12
Ph

® noteikts pec AESH datiem; nr: reakcija nenotika.
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OlefinéSanas pétijumu ietvaros veicam arl dazu benzimidazola sulfonu sintézi (1. att.),
tomer tie reakcija ar ketonu 6 neuzradija augstu selektivitati, tadel Sos petijumus neturpinajam.

Q,O Q,o N 9,0
/ \>_S
ketona 6 olefinéSana: E/Z 68:32 E/Z71:29 E/Z 70:30

1. att. Benzimidazola sulfoni.

Miisu izstradato Zilia-Koginska olefinésanas modifikaciju pielietojam ari citas
dabasvielas — barmumicina — formalaja totalaja sint€z€ (5. shéma). Sint€zi sakam no
aizsargata hidroksiprolinola 21, ko oksidéjam Dess—Martina (Dess—Martin) apstaklos. legiito
ketonu 22 paklavam olefinéSanas reakcijai. Lai parliecinatos par reagenta efektivitati,
olefingsanas stadiju veicam ne vien ar jauno, bet arT ar klasisko feniltetrazola reagentu 17c.
Ketona 19 olefinéSanas reakcija ar klasisko feniltetrazolilsulfonu 17c¢ ieguvam E/Z
selektivitati 2:1, ar jauno sulfonu 17j — E/Z 3:1. Literatiira® aprakstitaja barmumicina
totalaja sint€z€ olefinésana veikta ar klasisko feniltetrazolilsulfonu un LDA bazi, iegiistot
olefinu 23 ar 50 % iznakumu un E/Z dubultsaites izoméru attiecibu 2:1. Lidz ar to var
secinat, ka barmumicina sint€zei, izmantojot musu izstradatos olefinéSanas apstaklus,
iesp&jams uzlabot ne vien literatiira aprakstito olefinésanas reakcijas E/Z selektivitati, bet art
iznakumu.

HO 0

4

' OTBDPS 1.17, KHMDS, THF
D\/ DMP, DCM hVOTBDPS 2. TBAF, THF

N g N
! 92 % \
Boc 54 Boc 22

A\ HO 4
, OH |, N
N MeO
éo 0] OH

C 23

Barmumicins
sulfons 17¢c: E/Z 2:1, 58 % 2 stadijas
sulfons 17j: E/Z 3:1, 62 % 2 stadijas

5. shema. Barmumicina formala totala sinteze.

Barmumicina formalas totalas sintézes laika iegtie rezultati (ketona 22 olefinésana) lika
secinat, ka tiesi PBD tricikliskas sistémas (ketona 6 olefinésana) dod augstako E selektivitati.
Lidz ar to nolémam izstradat plasi lietojamu metodi PBD molekulu olefing$anai, tas ir,
parbaudit jauna olefingSanas reagenta ietekmi uz citiem PBD atvasinajumiem. Sakotngji
spekul&jam, ka tiesi telpiski apjomiga benzilidénaminala aizsarggrupa ketona 6 nosaka augsto
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selektivitati, tapec sintez€jam vairakus citus PBD savienojumus ar N10 aizsarggrupam un
parbaudijam to olefinéSanas reakciju gan ar klasisko feniltetrazolilsulfonu 17c, gan ar misu

izstradato sulfonu 17j (4. tabula).

4. tabula
Citu PBD substratu olefinésana Zilia—Koginska apstaklos (nepublicéti rezultati)®
Olefinésanas Olefinésanas
_ produktu iznakumi | produktu iznakumi
Substrits un E/Z attieciba ar | un E/Z attieciba ar
sulfonu 17c sulfonu 17j
Ph
o~ 4
e N~ 1 E/Z89:11 E/Z97:3
N 68 % 45 %
(o] 6 ©
BOMN o
4 E/Z73:27 E/Z 86:14
NS 26 % 26 %, 52 %°
° 24
SEMN o
& E/Z76:24 E/Z 88:12
N, 23 % 32 %
© 25
OMe ?EMO
N
H E/Z73:27 E|786:14
NS 61 % 36 %, 45 %°
0 26
0 tBu
3
ﬁ ° EIZ73:27 E/Z 86:14
[ :] & 39 %, 58 % " 29 %
(o] " ©
27
Ph
o— 4
N~ H EIZ92:8 E/Z97:3
N 29 %, 39 %" 35 %, 55 %"
O
0o 28

a reakcijas apstakli KHMDS, THF, —78 °C, 40 min;
® iznakums, rékinot pec atgutas izejvielas.
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Ka redzams 4. tabula, ari citi PBD substrati uzrada augstu selektivitati olefinéSanas
reakcija. Izmantojot musu izstradato sulfonu 17j, novérojama augstaka E/Z selektivitate,
salidzinot ar klasisko Zilia—Koc¢inska reagentu 17c. Tomeér substratos, kuros
benzilidénaminala aizsarggrupa aizstata ar citam — BOM (24), SEM (25, 26), pivaloilmetil-
(27) — uzradita selektivitate ir zemaka neka ketona 6 gadijuma. Interesanti, ka ketonam 6
strukturali vislidzigakais savienojums 28 uzrada tiesi tadu pasu E/Z selektivitati ka ketons 6.

Lai noskaidrotu jaunizstradato reagentu pielietojuma robezas, Nnolémam tos parbaudit arl
uz daziem literatira aprakstitiem aldehidiem un ketoniem (29, 30, 31, 32), kuru olefinéSanas
reakcija ar 1idz §im zinamajam metodém nav stereoselektiva.

5. tabula

Literatiira zinamu substratu Zilia—Ko¢inska olefiné$anas salidzinajums, izmantojot klasisko
feniltetrazolilsulfona reagentu un jaunizstradato tricikloheksilfeniltetrazolilsulfona reagentu
(nepublicéti rezultati)®

Substrats Produkts Sulfons R=H R=cHex
O:g_/C3H7
- N={ R E/Z 87:13 E/Z 88:12
33 R R
cl cl O:g_/CBH7
o N= R E/Z 75:25 E/Z 30:70
30 CaHy 7 N‘\N’Nji) 48 % 40 %
33 R R
CsHqq
O:g
O ~_Ph N=( R E/Z 78:22 E/Z 58:42
3 csH/K/VF’h NN 19 % 56 %
34 R R
CsHyq o Fsth
| | O:g
NO2 NO N=" R
| | 2 St E/Z 54:46 E/Z 43:57
- i
34 R R
32

? reakcijas apstakli: KHMDS, THF, —78 °C, 40 min.
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Sintez&jam nepiecieSsamos olefinéSanas reagentus 33 un 34 un — tapat ka ieprieks — veicam
olefinéSanas reakciju gan ar klasisko feniltetrazola reagentu 17c, gan ar jaunizstradato
cikloheksilaizvietoto reagentu 17j. Ka redzams 5. tabula, vienkar$otu substratu gadijuma nav
noveérojama selektivitates uzlaboSanas, izmantojot miisu izstradatos olefinéSanas reakcijas
apstaklus. Tikai aldehida 29 olefinésana iegita E/Z izoméru attieciba, izmantojot
jaunizstradato tricikloheksilfeniltetrazolilsulfona reagentu un klasisko feniltetrazolilsulfona
reagentu ir Iidziga, savukart substratu 30, 31 un 32 gadijuma, kur olefinéSanas rezultata rodas
trisaizvietotu dubultsaiti saturo$i produkti, selektivitate samazinas. Interesanti, ka ketona 30
olefingsana klasiskais feniltetrazolilsulfons (33, R=H) uzrada labu E selektivitati, savukart
musu cikloheksilaizvietotais tatrazolilsulfons (33, R=cHex) ir Z selektivs. Ta ka iegutie
rezultati ir nekonsekventi, visticamak, atkariba no substrata olefin€Sanas reakcija dominé
dazadi parejas stavokli. Sis fenomens plasi aprakstits literatiira®.

VienkarSotos substratos nenoveérojam selektivitates uzlaboSanos, izmantojot misu
izstradatos olefinéSanas apstaklus, tapec petijumus $aja virziena neturpinajam.

Lai pétitu olefinéSanas reakcijas mehanismu PBD molekulas, sadarbiba ar OSI pé&tnieku
Dr. chem. Arti Kinénu tika veikti DFT aprékini. Tajos izmantots PBD dilaktams, kas N10
pozicija satur metilgrupu, un klasiskais feniltetrazolilsulfons (2. att.). Tika noskaidrots, ka
nukleofila pievienoSanas karbonilgrupai ir olefin€Sanas atrumu limit&josa stadija. Otra stadija
ir Smailsa (Smiles) pargrupésanas, kuras laika tetrazola vieniba migré no S atoma uz O atomu.
Talak seko jaunizveidotas C-C saites rotacija, veidojoties stabilakajam rotacijas izomeram,
kura abas aizejo$as grupas atrodas anti-periplanara stavokli. Visbeidzot, elimingjoties
aizejosajam grupam, veidojas olefins. Energijas starpiba abiem iesp&jamajiem celiem atrumu
limitgjosaja stadija ir 4 kcal/mol, lidz ar to vairak izdevigais parejas stavoklis izraisa E
konfiguracijas dubultsaites veidoSanos.

Saja nodala aprakstito pétijumu rezultata tika izstradata Zilia—Kocinska olefing$anas
modifikacija, kas ietver jaunu, steriski apjomigu ariltetrazolilsulfonu izmantoSanu
stereoselektivai trisaizvietotas dubultsaites ievadiSanai. Izmantojot izstradato olefin€Sanas
modifikaciju, tika veikta dabasvielu limazepina E un barmumicina formala totala sintéze.
Limazepina E gadijuma jauna metode lava So dabasvielu iegtt devinas stadijas, kas ir par tr1s
mazak, salidzinot ar iepriek§ miisu grupa izstradato 12 stadiju sintézi’. Lai noskaidrotu
jaunizstradato reagentu pielietojuma robezas, tie tika parbauditi ne vien PBD, bet ari
vienkarSotos substratos. Sadarbiba ar OSI pé&tnieku Dr. chem. Arti Kinénu tika veikti DFT
aprekini reakcijas mehanisma pétisanai.

Originalpublikacija par $aja nodala aprakstitajiem pétijumiem atrodama 4. pielikuma.
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4. Petijumi par PBD-kumarina hibrida sintezi

Izpratne par DNS meérksavienojumu lokalizaciju §tina ir loti nozimiga, jo pastav varbiitiba,
ka Sie savienojumi iedarbosies arpus mérka, kas var mazinat to sp&ju sasniegt genomu un
izraisit v€lamo reakciju. Salidzino$i maz pétita lokalizacija $ina savienojumiem, Kkas
kovalenti saistas DNS mazaja iedob€, kur neselektivas reakcijas ar nukleofiliem var biit
problematiskas. Lai novérteétu PBD lokalizaciju §tuna un tas korelaciju ar citotoksicitati, ir
sintez&ti PBD un fluoresc&josu savienojumu konjugati, tacu, izmantojot $adu pieeju, iegiitais
savienojums jau pirms in vitro eksperimentiem ir fluorescgjoss.” Jaunas metodes balstas uz
nefluorescéjosu savienojumu sp&ju nokldt $tna un specifiski reagét, veidojot reakcijas
rezultata labi fluoresc€josu vielu. PBD selektivi un kovalenti C11 pozicija saistas ar
eksociklisko guanina slapekli DNS lgédé.l 7-Aminokumarini ir zinami ka labi fluorosc&josi
savienojumi, tapéc viens no promocijas darba uzdevumiem bija izstradat sintézes metodi
PBD-kumarina hibrida 35 iegfiSanai. Sai vielai nevajadzétu but fluorescgjosai, tatu ta
eventuali veidotu fluoresc€joSu 7-aminokumarina aduktu 36, saistoties ar DNS guanina
aminogrupu (6. shéma). Savienojuma 35 pirolobenzodiazepina aromatiskais cikls tiek
izmantots ka kumarina fragmentu veidojosais struktiirelements.

(0]
HN N, o =
O Iy Y%/N\DNS
H,N"N” N HN N
DNS
H- NH
0.0 N= N
N N A N
R
35 0 1 36 o) Ri
fluorogéns fluorofors

6. shéma. Hipotétiska PBD-kumarina hibrida 35 reakcija ar DNS guanina aminogrupu.

Ir zinams, ka PBD imini ir labili augstas reagétsp&jas dél, tapéc ka pedgja stadija miis
interes€josa PBD-kumarina hibrida 35 sintézei bija planota nestabilas N10-C11 imina
funkcijas ievieSana, reducgjot dilaktamu 37. Dilaktama 37 iegiiSanai potenciali iesp&amas
divas stratégijas (7. shéma). Viena no stratégijam biitu PBD B cikla veidosana, kas lautu iegiit
funkcionalizétu kumarinu 38. Otra stratégija balstas uz piranona gredzena ciklizéSanu, kas
lautu iegtit PBD atvasinajumu 39. Abas §Ts stratégijas tika izmantotas dilaktama 37 sintézei.
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X CO,H
38
”B-cikla veidoSana

H O
o N H
N10-C11 reducésana
U@@; O
37 0

HO H

39 O

7. shema. PBD-kumarina hibrida 35 retrosintézes shéma.

Pétfjumu iesakam ar B cikla veido$anu uz kumarinkarbonskabes 40 bazes. Sai pieejai
nepiecieSamo izejvielu 41 sintez&am ar augstiem iznakumiem tris stadiju sekvenc€ no
komerciali pieejamas kumarinkarbonskabes 40 (8.shéma). Viena no sintézes metodém
balstijas uz analogiju ar literatira zinamu PIFA medictu ick8molekularu ciklizaciju'’ N-
benziloksiamida grupu saturo$a savienojuma 41. Diemzgl substrata 41 gadijuma noveérojam
tikai ta degradaciju, un v€lamais reakcijas produkts 41 maisijuma neveidojas. lzméginajam
ar paladija katalizétu ciklizaciju, tacu ari $aja gadijuma novérojam tikai izejvielas
degradaciju.

1. (L)-H-Pro-OMe, EDC
HOB, EtzN, DCM

86 %
2. LiOH, THF,H,0 BnO
3. BnONH,, EDC, HOBt HN\//O BnO
(@) (6] EtzN, DCM 0 o z
90 % 2 stadijas _ i vaiii
T D -
CO,H
40 41 O PIFA DCM
) Pd(OAc),,CuCl,, AgOAc
DCE

8. shéma. PBD-kumarina hibrida sintéze, izmantojot ickSmolekularu ciklizaciju.

Otra sintézes metode balstijas uz paladija katalizeétu trifliloksikumarinkarbaldehida 44
amidéSanas reakciju18 (9. shéma).
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1. urotropins, TFA 10) H 1) H

15 % (L)-Boc-Pro-NH,, Pdy(dba)s H H
0.0 OH 2. Tf,0, Py, DCM 0.0 OTf Xantphos, Cs,CO3, dioksans Oy O N N
m 90 % 55 % Boc

- S X 0]
43 44 a5
H O
NaCl0,.2-metilbutens 0o OHH ’ HCI, DCM, N~
NaH,PO,, BUOHH0 o o N 7‘)(’\} tad EDC, HOB!
73% Boc — s ] N
N o) o 4
o)
46 47

9. shéma. PBD-kumarina hibrida sintéze, izmantojot paladija kataliz€tu amidéSanu.

Sintézi sakam no komerciali pieejama hidroksikumarina 43. To formil&jot un péc tam
starpproduktam reag€jot ar triflilanhidridu, ieguvam trifliloksikumarinkarbaldehidu 44 un
veicam paladija kataliz&€tu amid&Sanas reakciju ar prolinamidu. Iegtito aldehidu 45 oksid&jam
par karbonskabi 46 Pinnika (Pinnick) apstaklos. Lai ari veiksmigi tika noskelta BOC
aizsarggrupa, tomér iegiitas aminoskabes talaka konversija par attiecigo laktamu 47 netika
novérota. Paaugstinot reakcijas temperatiiru, notika miné&ta starpsavienojuma degradacija.

Ka redzams, savienojumam 47 ir cita topologija neka planotajam kumarina-PBD hibridam
35. Lai gan literatira®® aprakstita hidroksikumarina 43 formiléSana notiek 6. pozicija,
izmantojot identiskus reakcijas apstaklus, ka vienigo produktu izdalijam 8. pozicija formil&tu
kumarinu 44. Ari reakcijas iznakums bija tikai 15 %, salidzinot ar 48 %, kas atrodams
literatiira. Savienojuma 47 topologijai nevajadz&tu ietekmét dilaktama reducéSanu un iegita
imTna sp&ju saistities ar DNS, tap&c izmantojam iegiito 8. pozicija formiléto kumarinu 44.

ST stratégija nedeva vélamo rezultatu, tad veicam ari otru pieeju, tas ir, kumarina cikla
veidosanu jau eso$a PBD sistéma. Sim noliikam sintez&jam dilaktamu 39, ko ar augstiem
iznakumiem ieguvam no antranilskabes atvasinajuma 48 (10. shéma).

(L)-H-Pro-OMe
HBTU, Et3N

H O
eO. : :NHZ DMF BB DoM O\C:N H
CO,H 86 % \q/ 72 % N
48 39 o)

10. shéma. Dilaktama 39 sintéze.

Lai iegitu nepieciesamo PBD-kumarina hibridu, izméginajam dazadas literatlira
aprakstitas metodes kumarinu iegiiSanai no attiecigajiem fenoliem (6. tabula). Gan Brensteda
(Nr. 1), gan arT Luisa skabes (Nr.2) katalizéta fenola 39 kondensacija ar propiolskabi
noverojam tikai substrata 39 degradéSanos. Lidzigi arT platina kataliz&ta ciklizacija (Nr. 3)
neizdevas. Ari Luisa skabes (Nr. 4) vai paladija (Nr. 5) katalizéta etilpropiolata un fenola 39
ciklizacijas reakcija novérojam tikai izejvielas 39 degradésanos. Savukart fenola 39 Pehmana
(Pechmann) kondensacija ar abolskabi deva vélamo produktu ar 15 % iznakumu (Nr. 6).
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Veicam ari Brensteda (Nr. 7) un Luisa (Nr. 8) skabes katalizétu fenola 39 kondensaciju ar
acetetikesteri, tau art $aja gadijuma noverojam tikai izejvielas 39 degradésanos.

6. tabula
Piranona cikla veido$ana PBD sistéma
HO N OH (ONge] N OH
e} R2 o
39 37 R'=R2=H
50 R'=H, R?=Me
51 R'=R>=Me
Nr. Reagents Reakcijas apstakli Produkts | Iznakums
1 TfOH, hlorbenzols, 1 h, 100 °C% <5 %
2 4/002'* Yb(OTH)s, dioksans, 10 min, 90 °C% 37 <5 %
3 TFA, KoPtCls, AgOTT, 24 h, ist. t.? <5 %
4 CO,Et | ZnCly, dioksans, 1 h 110 °C* 37 <5 %
5 | & Pd(dba)s CHCls, NaOAc, HCOOH?* <5 %
CO,H B 25
6 | HOL H,S04, 0,5 hist. t., tad 18 h 120 °C 37 15 %
OH
7 o 70 % H,SO, EtOH $kidums, 16 h, ist. t.%° <5 %
)J\/ i 27 S0
8 COyEt | AICI;, nitrobenzols, 3 h, 130 °C <5 %

Dimetilaizvietotu kumarinu 51 mé&ginajam iegiit aktivéta alléna 52 reakcija ar PBD
dilaktama fenola grupu (11. shéma)zg. Sintez€jam nepiecieSamo allénu 52 un paklavam
reakcijai ar PBD substratu 39, ieglistot vélamo starpproduktu 53 ar labu iznakumu. Talak
planojam veikt termisku Klaizena pargrupéSanas, laktonizacijas un dubultsaites izomerizacijas
sekvenci, lai iegiitu dilaktamu 51, tomér vélamais produkts neveidojas. Vienigais veiksmigais
eksperiments bija dilaktama 39 reakcija ar abolskabi, kura planotais PBD-kumarina hibrida
dilaktams 37 veidojas, tacu — ar zemu iznakumu (6. tabula).

0]

s
O

H ! O._OEt

HO N H Il s2 gv\/ dletllanlllns (O ®) H
NS

\q/N PPhs, benzols o N

o) 80 °C, 24h 200 °C, 24h

39 65 % 51

11. shéma. Dimetilaizvietota kumarina 51 sintéze.
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Ieguvusi pietickamu daudzumu nepiecieS$ama kumarina-PBD hibrida dilkatamu 37,
planojam sintezét PBD darbibas mehanisma pétiSanai nepiecieSamo PBD-kumarina hibrida
iminu 35 (12. shéma). Ir zinams, ka PBD dilaktama reducéSanai nepiecieSama aktivesana.?
Sim noliikam aizsargajam amida 37 slapekli ar SEM aizsarggrupu un iegiito savienojumu 54
reduc€jam, izmantojot vairakus reducésanas reagentus — NaBH,, LiBH; un DIBAL-H, tomér
planoto iminu 35 neieguvam. Analiz€jot KMR spektrus, novérojam, ka izmainas ir notikusas
kumarina cikla, actimredzot, tas nav stabils reduce$anas apstaklos. Lai gan planoto PBD-
kumarina hibridu 35 neizdevas iegiit, tika izstradata 3 stadiju sintézes metode ta dilaktama 37

legiiSanai.
H o SEM o
0. .0 N y NaH, SEM-CI, DMF O__0O N o 00 N=
62 % H i, ii vai iii H
“ - —%
N S N X N
37 0] 54 o) 35 o)

i) NaBH4, MeOH
ii) LiBH,, THF
iii) DIBAL-H, DCM

12. shéma. Imina 35 sintézes m&ginajumi.

PBD-kumarina hibrida 37 amida grupas reduceésana ir problematiska, tapec turpmakajiem

° ir zinamas vairakas

pétijumiem biitu jaizmanto tieSas imina sintézes metodes. Literatiira®
pieejas PBD imina cikla saslégSanai, kur ka elektrofila grupa tiek izmantots aldehids,
aizsargats aldehids (dialkilacetals vai tioacetals) un spirta grupa, kas var tikt oksid&ta par
aldehidu ciklize$anas stadija (13.shéma). Sis metodes varétu izmantot ari PBD-kumarina
konjugatu sintezei.

A pieeja aldehida grupa nav aizsargata, un vispirms tiktu reducéta nitrogrupa, kas dod
iespgju ciklizacijai. B pieeja ka elektrofilo grupu var ieteikt dimetiltioacetalu. Sis metodes
galvenais ieguvums ir tas, ka var izvairities no Clla hirala centra racemizacijas. C pieeja
aldehids tiktu aizsargats dimetilacetala forma. P&c aizsarggrupas noskelSanas viegli skabos
apstaklos aldehids reagé ar aminogrupu. Sis metodes trikums varétu bat biezi novérota
racemizacija. D metode ietver secigu azidoaldehida Staudingera (Staudinger) /
iekSmolekularu aza-Vitiga (aza-Wittig) reakciju. Substrata reakcija ar trifenilfosfinu in situ
veidojas iminofosforans, kas talak stajas iekSmolekulara aza-Vitiga reakcija. E metode pec
oksidativas cikliz€sanas vispirms veidotos N-aizsargats N10-C11 karbinolamins, kas péc
aizsarggrupas noskelSanas veidotu attiecigo iminu.
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13. shéma. Imina 35 potencialas sintézes metodes.

Saja nodala aprakstitajos pétijumos tika parbauditas divas at3kirigas pieejas PBD-
kumarina konjugatu iegtisanai. No 11 izm&ginatajam metodém tikai Pehmana kondensacija
izdevas iegit vélamo hibridu ar 15 % iznakumu. Izstradata metodologija lauj iegit PBD-
kumarina hibridu tris stadijas, sakot no komerciali pieejamam izejvielam. DiemZgl neizdevas
regioselektivi reducét C11 karbonilgrupu, lai iegiitu N10-C11 iminu, kas eventuali spétu
kovalenti saistities ar DNS un veidot fluoroforu aduktu.

Originalpublikacija par $aja nodala aprakstitajiem p&tijjumiem atrodama 5. pielikuma.
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SECINAJUMI

Dzelzs pentakarbonila katalizéta dubultsaites migracija savienojuma (E,Z)-1 ir
termodinamiski noteikta: gan E-1, gan Z-1 dod savienojumu 2. Sis novérojums lauj
dabasvielas limazepina C totalajai sintézei izmantot ketona 1 dubultsaites izoméru
maistjumu. Limazepins C ir nestabils un uzglabajot oksid&jas par limazepinu D.

_<Ph Ph OH OH
(0]
MeO N~ Fe(CO) o~ 0 MeO N= H MeO N=
e o s Un
N A N N~ N__
1 O 2 9 o o}

Limazepins C Limazepins D

Piesatinato B ciklu usabamicina A un usabamicina C iesp&jams iegiit, izmantojot
sadas sistemas ieprieks neaprakstitu cikliz€Sanas pieeju, kas ietver azida 55 reakciju ar
trifenilfosfinu un tai sekojoSu iminofosforana starpsavienojuma iekSmolekularu
ciklizaciju un hidrolizi.

R OMs

R H
Ng < PPhj, toluols, N— K
' tad KOH, EtOH
NOi/\ N, I
0]

55 O

Usabamicins A R=H
Usabamicins C R=OMe

Visaugstaka E/Z selektivitate (97:3) ketona 6 olefingsanas reakcija ieglistama Zilia—
Kocinska reakcija, izmantojot misu sintezéto sulfonu 17j. Tas lauj veikt dabasvielas
limazepina E totalo sinté€zi vienkarS$a devinu stadiju sekvence, salidzinot ar ieprieks
aprakstito sarezgito 12 stadiju sintézi. Misu izstradata Zilia—Kocinska olefing$anas
modifikacija ir efektiva ne vien ketona 6, bet art citu PBD substratu olefingsanai.

/N W /,
N >/S\\//
N-N
cHex
cHex

17  cHex

KHNDS, THE Meo\ﬁ:g’:&/ C@le

leazeplns E
E/Z 97:3
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4. Misu izstradata Zilia-Kodinska olefingSanas reakcijas modifikacija, izmantojot
sulfonu 17j, uzlabo ari selektivitati dabasvielas barmumicina iegtiSanai nepiecieSama
ketona 22 olefinés$ana, salidzinot ar klasisko feniltetrazolilsulfonu 17c.

0
1.17, KHMDS, THF N\ HO /
h\/OTBDPS 2. TBAF, THF OH — !
Boc T eo
22 Boc 23 (0] OH

Barmumicins
sulfons 17c: E/Z 2:1

sulfons 17j: E/Z 3:1

5. Kumarina-PBD hibrida imina 35 iegiiSana ir problematiska, tomer ir iesp&jams iegit ta
dilaktamu 37, izmantojot fenola 39 Pehmana kondensaciju ar abolskabi.

abolskabe

HO H H O .0 H o 0.0 N
H,S0, H . —\H
\qu X % — Im\,b
39 O 37 O 35 o)
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GENERAL OVERVIEW OF THE THESIS

Introduction

Pyrrolo[1,4]benzodiazepines (PBD) are a broad class of natural products possessing anti-
cancer activity by covalently and sequence selectively binding to an exocyclic guanine amino
group in the minor grove of DNA.* The chiral center of all naturally occurring PBD possesses
the S configuration, which is essential for their activity. PBD was discovered with the
isolation of anthramycin in the 1960s, and that initiated extensive research into this class as a
potential anticancer agents.’

Anthramycin.

Due to the superior anticancer potential of PBDs, many of their analogs have been
synthesized over the past 50 years, including dimers capable of “cross-linking” DNA double
strand. New natural products of this class are also isolated from microorganisms. PBD dimers
have become one of the prominent warhead classes in the antibody—drug conjugate (ADC)
development.® Improved methodologies toward PBD natural products and their synthetic
analogues is still an important research direction, since existing synthesis methods are not
always sufficiently effective.

A number of naturally occuring PBD possess an E configured exocyclic double bond at
the C2 position. Synthetically, the construction of such a trisubstituted double bond is often
challenging.

It is important that C2 ethylidene substituted PBD natural products exhibit considerably
higher biological activity (in vitro cytotoxicity) compared to their methylidene or C2
unsubstituted analogues.* Ethylidene substituted PBD natural products are typically prepared
from a prefunctionalized proline derivatives (path A)® or by inversion of double bond
geometry in PBD dilactams (path B). The fastest and most efficient way to access alkylidene-
PBD would be a late-stage olefination (path C), however, the use of classical olefination
methods described so far in PBD systems gives poor E/Z selectivity or is Z selective.®® In-
depth study of classical olefination methods would allow obtain important alkylidene
substituted PBD easier and more efficiently.
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Synthesis of PBD containing ethylidene substituent.

A manuscript of the review article on isolation, chemistry, and biological activity of PBD
natural products can be found in Appendix 1.

An important aspect of anticancer drugs is their cellular localization. Various PBD
adducts with fluorescent compounds, such as 7-aminocoumarins, have been synthesized to
evaluate the localization of PBD in the cell and to investigate its correlation with PBD-DNA
binding and cytotoxicity.>*® Using this approach, the classical fluorophore 7-
diethylaminocoumarin is added with alkyllinker, thereby the PBD molecule is fluorescent
already before in vitro experiments. In the contect of the PBD-DNA alkylation mechanism
studies, an attractive alternative would be a fluorogenic PBD that forms a fluorescent
derivative only upon binding to DNA.

Ofm% DNA _ 0 O H%A
X N KI:%/N
0] o
fluorogenic fluorophore

Binding of a fluorogenic PBD derivative to DNA.

Aims and Objectives

The aim of the Thesis is development of novel synthetic methodologies toward PBD class
natural products and their synthetic counterparts. The main focus of the Thesis is the
development of efficient methods for a stereoselective introduction of exocyclic double
bonds.

The following objectives have been set to reach the aim of the work.

1. To analyze the literature on PBD class natural products and their published total
syntheses, paying particular attention to the introduction of a C2 exocyclic double
bond substituent and to compile the collected literature in a review article.

2. To investigate the C2 exocyclic double bond migration in the C-ring of PBD and
determine if it is stereo- and regiospecific.
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3. To study the application of Julia—Kocienski reaction for the synthesis of exocyclic
double bond containing PBDs; to develop new and more selective reagents for this
purpose.

4. To study the synthesis of fluorogenic PBD-coumarin hybrids, which could be further
applied for PBD-DNA alkylation mechanism studies.

Scientific Novelty and Main Results

As a result of the research, the first total syntheses of four PBD natural products —
limazepine C, limazepine D, usabamycin A, and usabamycin C —were accomplished. Iron
pentacarbonyl catalyzed double bond migration reaction was used as a key step in the
synthesis of limazepines C and D. In the synthesis of usabamycins A and C, a novel
cyclization approach was employed in order to cyclize the B ring. A novel Julia—Kocienski
reagents were developed, which allow to introduce a C2 exocyclic double bond substituent in
the PDB core with an improved stereoselectivity compared to the previosly known reagents.
Formal total synthesis of two natural products —limazepine E and barmumycin —was
accomplished using the newly developed reagent. The synthesis of novel PBD-coumarin
hybrids was studied.

Structure and Volume of the Thesis

The Doctoral Thesis has been prepared as a summary in Latvian and English, which is
accompanied by a thematically unified set of 4 scientific publications indexed in SCI
databases and 1 manuscript. The publications are written in English and their total volume,
including their electronic supporting information is 123 pages.

Publications and Approbation of the Thesis

Results of the Thesis are discussed in 4 publications and 1 publication manuscript:

1. Sakaine, G., Ture, A., Pedroni, J., Smits, G. Isolation, chemistry, and biology of
pyrrolo[1,4]benzodiazepine (PBD) natural products (submitted to Med. Res. Rev.).

2. Sakaine, G., Smits, G., Arsenyan, P. Synthetic studies toward novel
pyrrolobenzodiazepine—coumarin hybrids. Chem. Heterocycl. Compd., 2020, 56, 572—
577.

3. Sakaine, G., Smits, G. Modified Julia—Kocienski reagents for a stereoselective
introduction of trisubstituted double bonds: a formal total synthesis of Limazepine E
and Barmumycin. J. Org. Chem., 2018, 83, 5323-5330.

4. Sakaine, G., Zemribo, R., Smits, G. The first total synthesis of usabamycins A and C.
Tetrahedron Lett., 2017, 58, 2426-2428.

5. Sakaine, G., Smits, G., Zemribo, R. Late stage Fe(CO)s promoted double bond
migration: total synthesis of limazepines C and D. Tetrahedron Lett., 2015, 56, 4767—
47609.
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Results of the Thesis were presented at conferences

1. Sakaine, G., Smits, G. Modified Julia—Kocienski reagents for a stereoselective
introduction of trisubstituted double bonds: a formal total synthesis of Limazepine E.
In: Balticum Organicum Syntheticum (BOS 2018): Program and Abstracts, Estonia,
Tallinn, 1-4 July 2018. Tallinn: 2018, pp. 130-130.

2. Sakaine, G. Total synthesis of Usabamycin C. In: Latvijas Universitates 74.
konferences kimijas sekcijas tézu krajums, Latvia, Riga, 12 February 2016. Riga:
2016, pp. 16.

3. Sakaine, G., Zemribo, R. Total synthesis of Limazepine C. In: 22nd Young Research
Fellows Meeting, France, Paris, 4-6 February 2015, Paris: 2015, PO-052.

4. Sakaine, G., Zemribo, R. Total synthesis of Limazepine C. In: 9th Paul Walden
Symposium on Organic Chemistry, Latvia, Riga, 21-22 May 2015. Riga: 2015, pp. 62.
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MAIN RESULTS OF THE THESIS

1. PBD Pyrrolidine Exocyclic Double Bond Migration Studies and the First
Total Synthesis of Limazepines C and D

One of the intermediates of the total synthesis of limazepine E done previously in our
laboratory was compound E-1, which contains an exocyclic double bond with the required E
configuration.® It was found that it is possible to perform an exocyclic double bond migration
reaction in the presence of iron pentacarbonyl and selectively obtain compound 2 as a single
regioisomer (Scheme 1).

Ph
O'_< 0
Fe(CO)s, THF MeO N~ H
150 °C, 18h N__
o

2

Scheme 1. Exocyclic double bond migration.

One of the objectives of the dissertation was to study the double bond migration reaction
and to find out if it is stereospecific — whether the geometry of the exocyclic double bond in
the starting material affects to which position in C-ring the double bond will migrate. For this
purpose, we planned to synthesize a compound with inverse double bond geometry Z-1 and to
study its double bond migration reaction. The required substrate was obtained in a sequence
of several steps (Scheme 2), starting from nitrobenzoic acid methyl ester 3. The phenol group
in nitrobenzoic acid methyl ester 3 was protected with a benzyl protecting group and the ester
group was subsequently hydrolyzed. The obtained nitrobenzoic acid intermediate was
condensed with trans-4-hydroxy-L-proline methyl ester, and amide 4 was isolated in good
overall yield. We found that the fastest and most efficient way for the reduction of the nitro
group is palladium-catalyzed hydrogenation. This also allows to cleave the benzyl protecting
group at the same time, and without chromatographic purification of the product perform the
cyclization in the presence of HCI. A subsequent cyclization resulted in the formation of PBD
dilactam, which was protected with a benzylidene protecting group to give alcohol 5 in good
yield and with only one chromatographic purification in three steps. After oxidation under
Dess—Martin conditions, we obtained ketone 6, which was further used for the olefination
reaction studies. We first tried the Wittig reaction using different bases — potassium tert-
butoxide, sodium hydride and sodium bis(trimethylsilyl)amide. Although the formation of the
product was observed in the LC/MS, in all cases only a small amount of the product was
isolated. The best result (~20 % yield) was obtained using potassium tert-butoxide as a base.
Characterizing the obtained mixture of double bond isomers by nuclear magnetic resonance
spectroscopy, we found that the reaction is non-selective, and the E and Z isomers are formed
in a ratio of 1:1 respectively.
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Scheme 2. Synthesis of limazepines C and D.

Since Wittig reaction failed to achieve the desired result, next Julia—Kocienski olefination
was examined. The reaction proceeded with a significantly higher yield (67 %), and this time
it was selective —the main product was the E isomer E-1 (E/Z 5:1, determined by NMR).
The exocyclic double bond migration reaction was first performed with a 1:1 mixture of
E-1/Z-1 isomers obtained after the Wittig reaction. Although the migration reaction did not
occur with full conversion, only the desired product was formed. We also isolated the
unreacted substrate and analyzed by NMR. We found that the ratio of E-1 and Z-1is 1:1, the
same as in the starting mixture. Therefore, it can be concluded that the reaction is not
stereospecific, which allows to use a mixture of both double bond isomers regardless of the
ratio. For further studies, we used a 5:1 mixture of double bond isomers E-1/Z-1 obtained in
the Julia—Kocienski olefination.

Compound 7 was used to obtain the natural product limazepine C by regioselective
reduction of the carbonyl group with sodium borohydride and subsequent cleavage of the
amino protecting group in the presence of acetic acid (40 % yield). The NMR spectra of the
synthetical sample was in good agreement with the literature™. During purification and
storage, it was found that limazepine C oxidizes to limazepine D. After the preparative HPLC
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purification, limazepine D was obtained (19 % vyield), the NMR spectra of which was in a
good agreement with the literature'. The low yield is attributed to the instability and repeated
purification of limazepine C.

As a result of the studies described in this chapter, the first total synthesis of PBD natural
products limazepine C and limazepine D was accomplished using the iron pentacarbonyl
catalyzed allylamide — enamide double bond migration reaction as the key step. The found
iron catalyst is significantly cheaper compared to ruthenium® and iridium*? catalysts, which
are typically used for similar transformations. Limazepine C was found to be unstable and
oxidizes to limazepine D.

The original publication of the studies described in this chapter can be found in
Appendix 2.

2. The First Total Synthesis of Usabamycins A and C

Usabamycins A and C are N10-C11 saturated PBD natural products containing a
propylidene substituent at C2.** As the initial attempts to obtain a saturated B cycle of these
natural products were unsuccessful, we decided to first develop a cyclization method using a
model compound and then apply this method to the synthesis of usabamycins A and C.

N y @L"/N/J
8 0O EUN N~ X eo0
a) Pd(OAc),, Cs,CO3, PPhg, toluene
q/b b) Et3N, DCM or K2C03, MeCN
c)
d)

OMs d OH PPh3, toluene, then KOH, EtOH, 65 %
N3 < S O 12 2y NHz =~ DDQ, PPhy, DCM
Uty Sy
11 O 10 (0]

Scheme 3. Cyclization studies of model substrates 8-11.

For this purpose, we synthesized model substrates 8-11 and studied cyclization by testing
different approaches: 1) palladium-catalyzed intramolecular amination of 8; 2) cyclization of
anthranilic acid derivative 9 using different bases; and 3) cyclization of amino alcohol 10.
However, under the above conditions, the desired product 12 was not formed. Finally, the
reaction of azide 11 with PPh; followed by cyclization and hydrolysis of iminophosphorane
afforded compound 12 in decent yield (Scheme 3).

With a cyclization method in hand, we turned our attention towards the total synthesis of
usabamycins A and C. In a total synthesis of limazepine E, previously accomplished in our
laboratory®, the exocyclic double bond was introduced in an Ireland—Claisen rearrangement
reaction. This method was also employed in the total synthesis of usabamycins to obtain the
propylideneproline building block 13°. The ester group of 13 was reduced and the resulting
alcohol was protected with a TBS group. The two protecting groups in compound 14 were
cleaved with 1-chloroethyl chloroformate to give the prolinol salt 15. In the peptide bond
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formation reaction with the corresponding azidobenzoic acids and the subsequent mesylation
reaction, cyclization precursors 16 were obtained. And finally, employing the previously
developed cyclization methodology, usabamycines A and C were obtained, the NMR spectra
of which were in a good agreement with the literature** (Scheme 4).

1. LiAlH4, THF
95 %
NH, ) {  2.7BSCI, imidazole 7 ACE-CI, DCM, p
- . . DMF TBSO en Me
\/\COZH MGOZC‘ N > ANTR N 4>HO\\“ R_j )
1
13 PMB 14 |IDMB 15 H, Cl

homoalanine

i:Na
OH
R OH 1. MsCl, TEA, DCM R H

o) N3 <
3% 2. PPhs, toluene, H
EDC, HOBt, Et;N, DCM N% then KOH, EtOH
N
65 % (in 3 steps, R=H) 16 22 % (in 2 steps, R=H) =
37 % (in 3 steps, R=OMe) o 23 % (in 2 steps, R=OMe) 0
Usabamycin A R=H

Usabamycin C R=OMe

Scheme 4. Total synthesis of usabamycins A and C.

The studies described in this chapter resulted in the first total synthesis of the natural
products usabamycin A and C. For the formation of the B-ring a novel cyclization approach
was employed. It involves the reaction of an azide group with triphenylphosphine followed by
intramolecular cyclization and hydrolysis of the iminophosphorane intermediate.

The original publication of the studies described in this chapter can be found in
Appendix 3.

3. Studies on the Introduction of an Exocyclic Double Bond Into PBD and
Simplified Substrates, a Formal Total Synthesis of Limazepine E
and Barmumycin

The synthesis of limazepines C and D required the introduction of an ethylidene
substituent into the pyrrolidine moiety of ketone 6 (Scheme 2). Although the E/Z selectivity
for similar substrates in the Julia—Kocienski olefination reactions reported in the literature is
2:1, we obtained the corresponding alkene 1 with significantly higher selectivity without any
optimization of the reaction conditions (E-1/Z-1 5:1).

We decided to optimize this reaction by testing various olefination reagents and bases
described in the literature. Each of the classical olefination reagents 17a, 17b, 17c, and 17d
was tested with 3 different bases. We found that the highest E/Z selectivity (89:11) in the
olefination of ketone 6 could be obtained using tetrazolyl sulfone reagents 17c and 17d and
KHMDS as the base (Table 1).
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Table 1
Optimization of Olefination Reaction

Ph O:\S”\O/ Ph
O/< O R17 0% o}
Meo@:‘:& base, THF MeO. :/L N\/gif
N
6 o} ° 195 "
Sulfone R= Base Product 1 yield ElZ
17a LiHMDS 66 % 50:50°
@[N\>" NaHMDS 16 % 55:45°
s KHMDS nr —
17b LiHMDS 13 % 50:50°
@__ NaHMDS 10 % 50:50°
—N KHMDS nr —
17¢c LiHMDS 73 % 73:27°
NN NaHMDS 67 % 80:20°
N«
4 KHMDS 75 % 89:11°
17d LiHMDS 63 % 56:44°
nln;N\> ) NaHMDS 53 % 77:23°
R KHMDS 54 % 89:11°

? determined by "H NMR data; ® determined by HPLC; nr: no reaction.

Solvent optimization was also performed using tetrazolylsulfone 17d and KHMDS as the
base (Table 2). Although the selectivity of the olefination reaction in dichloromethane was
89:11, the previously used tetrahydrofuran proved to be the most suitable solvent for this
conversion due to the higher reaction yield.

Table 2
Solvent Optimization
Ph Ph
o~ o o~ 4
Meo\[ EENKi 17d, KHMDS Meo\@%'::/gﬁ'\/
N N
6 o] ° 1 0
Solvent Product 1 yield EIZ°
THF 54 % 89:11
DMF 53 % 77:26
DME 10 % 84:16
DCM 34 % 89:11
toluene 44 % 60:40
Et,O 24 % 82:18

# determined by HPLC.
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We hypothesized that steric effects in the olefination reagent 17 could affect the
selectivity of the olefination reaction. We synthesized several sterically demanding reagents
previously not described in the literature and tested in the olefination of ketone 6. The newly
synthesized sulfones (except sulfone 17h, with which the reaction did not occur at all) showed
very high E/Z selectivity (Table 3).

The highest selectivity was obtained with sulfone 17j, where the ratio of product 1 double
bond isomers E-1/Z-1 was 97 : 3. The obtained dilactam 1 is an intermediate of the previously
reported total synthesis of limazepine E. Importantly, employing olefination with our
developed sterically demanding sulfone reagent, it is possible to obtain limazepine E in 9
linear steps compared to the previously published 12-step sequence®, which is longer and also
synthetically significantly more complex.

Table 3
Olefination Reagent Optimization

N’N \\ O

Ph H >47$

o) R17

o~
MeO N H
KHMDS THF
N
(6]

6

Sulfone R= Product 1 yield E|Z?

17¢ @ 68 % 83:17
17f ,-pr@ 67 % 94:6

179 Qﬁu 58 % 88:12
tBu
\ tBu
tBu
nr —
tBu

cPent

171 cPent\Q 63 % 955

cPent

cHex

“Q 60 % 97:3
cHex
\ Ph

17k P“Q 30 % 88:12
Ph

% determined by HPLC data; nr: no reaction.
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As part of the olefination studies, we also synthesized some benzimidazole sulfones
(Fig. 1), however, they did not exhibit high selectivity in the reaction with ketone 6, therefore
we did not continue these studies.

N>_0\\S 0 @ >_\\, N Q\/,O
@ ©<

ketone 6 olefination: E/Z 68:32 E/Z71:29 E/Z 70:30

Fig. 1. Benzimidazole sulfones.

We also used our developed modification of the Julia—Kocienski olefination in the formal
total synthesis of another natural product, barmumycin (Scheme 5). We started the synthesis
with protected hydroxyprolinol 21, which was oxidized under Dess—Martin conditions. The
obtained ketone 22 was subjected to an olefination reaction. To verify the efficiency of the
reagent, the olefination reaction was performed with the new and also with the classical
phenyltetrazolyl sulfone 17c. In the olefination reaction of ketone 19 with the classical
phenyltetrazolyl sulfone 17c the E/Z selectivity was 2:1, but with the new sulfone 17j - E/Z
3:1. In the total synthesis of barmumycin described in the literature®, olefination was
performed with the classical phenyltetrazolyl sulfone and LDA base to give olefin 23 in 50 %
yield and an E/Z double bond isomer ratio 2:1. Therefore, it can be concluded that for the
synthesis of barmumycin, using our developed olefination conditions, it is possible to improve
not only the £/Z selectivity but also the reaction yield.

HO, O
OTBDPS 1.17, KHMDS, THF
[N—>\/ DMP, DCM \ZjVOTBDPS 2. TBAF, THF
! 92 % N =
Boc 21 Boc 22
. %V 0 ig
Boc 23

Barmumycin
sulfone 17¢c: E/Z 2:1, 58 % in 2 steps

sulfone 17j: E/Z 3:1, 62 % in 2 steps

Scheme 5. Formal total synthesis of barmumycin.

The results obtained during the formal total synthesis of barmumycin (olefination of
ketone 22) led to the conclusion that higher E selectivity can be achieved in PBD systems
(olefination of ketone 6). Therefore, we decided to further develop a general method for the
olefination of PBDs, that is, to test our developed olefination reagent on other PBD substrates.
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Since we initially speculated that the bulky benzylidene protecting group in ketone 6
determines high selectivity, we synthesized several other PBD compounds with N10
protecting groups and tested their olefination reaction with both classical phenyltetrazolyl
sulfone 17c and our developed sulfone 17j (Table 4).

Table 4
Olefination of Other PBD Substrates Under Julia—Kocienski Conditions (unpublished results)?
Yields of olefination Y'?Ids .Of
roductsand E/Z olefination
Substrate product productsand E/Z
ratio with sulfone ..
ratio with sulfone
17¢c ]
17)
Ph
o~
0 N~ H ElZ89:11 EIZ97:3
N 68 % 45 %
(0] 6 ©
BOM 5
N~ H
EIZ73:27 ElZ86:14
N 26 % 26 %, 52 %"
° 24
SEM 4
N~ H
EIZ76:24 EI/Z88:12
N o 23 % 32%
© 25
OMe SEM 4
N
A EIZ73:27 EI786:14
N 61 % 36 %, 45 %°
0 26
tBu
(e}
3
E OH EIZ73:27 ElZ86:14
39 %, 58 %" 29 %
N (0]
° 27
Ph
o~ 4
N~ H EIZ92:8 EIZ97:3
N 29 %, 39 %" 35 %, 55 %"
O
o 28

*KHMDS, THF, —78 °C, 40 min; ® yield, based on recovered starting material.
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Other PBD substrates also show high selectivity in the olefination reaction. Using our
developed sulfone 17j, a higher E/Z selectivity is observed compared to the classical Julia—
Kocienski reagent 17c. However, substrates in which the benzylideneamino protecting group
has been replaced by others — BOM (24), SEM (25, 26), pivaloylmethyl- (27) — showed lower
selectivity than ketone 6. Interestingly, the most structurally similar compound 28 exhibits
exactly the same E/Z selectivity as ketone 6.

In order to determine the limits of application of the newly developed reagents, we
decided to test them on several aldehydes and ketones (29, 30, 31, 32) described in the
literature, the olefination of which is known to be nonstereoselective.

Table 5

Julia—Kocienski Olefination of Known Substrates Using Classical Phenyltetrazolyl
Sulfone Reagent and Newly Developed Tricyclohexylphenyltetrazolyl
Sulfone Reagent (unpublished results)

substrate product sulfone R=H R=cHex
?ﬁJCSH? E/z 87:13 E/Z 88:12
o >"ph N=" R ; ;
29 C3H7WPh N\\N/N 92 % 86 %
33 R R
cl cl O:§J03H7
o N=" R E/Z 75:25 E/Z 30:70
30 CaH T N‘\N/Nji) 48 % 40 %
33 R R
CsHqq
O:g
Ox ~_-Ph N=" R E/Z 78:22 E/Z 58:42
31 C5H11/K/\/Ph NoN,Nj@\ 19 % 56 %
34 R R
C5H11 fe) C5H11
| | 0:5
NO
P LY | R E/Z 54:46 E/Z 43:57
NE i
34 R R
32

2 reaction conditions: KHMDS, THF, —78 °C, 40 min.
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We synthesized the required olefination reagents 33 and 34 and performed the olefination
reaction with both the classical phenyltetrazolyl reagent 17c and the newly developed
cyclohexyl substituted reagent 17j. As can be seen from the data in Table 5, in the case of
simplified substrates, no improvement in selectivity was observed using the olefination
reaction conditions developed by us. Only the ratio of E£/Z isomers obtained by olefination of
aldehyde 29 using the newly developed tricyclohexylphenyltetrazolyl sulfone reagent and the
classical phenyltetrazolyl sulfone reagent is similar, but in the case of substrates 30, 31, and
32, where olefination results in trisubstituted double bond products, the stereoselectivity is
worse. Interestingly, in the olefination of ketone 30, the classical phenyltetrazolyl sulfone (33,
R=H) shows good E selectivity, while our cyclohexyl substituted tatrazolyl sulfone (33,
R=cHex) is Z selective. Due to the inconsistency of the obtained results, it is likely that
different transition states dominate in the olefination reaction depending on the substrate. This
phenomenon is also widely described in the literature.® As we did not observe an
improvement in selectivity in the simplified substrates using the olefination conditions that we
developed, we did not continue our research in this direction.

To study the mechanism of the olefination reaction in PBD molecules, DFT calculations
were performed in collaboration with LIOS researcher Dr. Artis Kinéns. PBD dilactam, which
contains a methyl group in the N10 position, and the classical phenyltetrazolyl sulfone were
used for the calculations (Fig. 2). Nucleophilic addition to the carbonyl group was found to be
a rate-limiting step in olefination. The second step is Smiles rearrangement, during which the
tetrazole unit migrates from the S atom to the O atom. This is followed by the rotation of the
newly formed C-C bond to form the most stable rotational isomer in which the leaving groups
is in the anti-periplanar position. Finally, the elimination of the leaving group results in the
formation of the double bond. The energy difference between the two possible paths in the
rate-limiting step is 4 kcal/mol, thus the more favourable transition state leads to the
formation of a double bond of the E configuration.

As a result of the studies described in this chapter, a modification of the Julia—Kocienski
olefination was developed, which involves the use of new, sterically bulky aryltetrazolyl
sulfones for the stereoselective trisubstituted double bond introduction. Formal total synthesis
of the natural products limazepine E and barmumycin was accomplished using the developed
olefination modification. In the case of limazepine E, the new method allowed us to obtain
this natural product in 9 steps, which is 3 less compared with 12-steps synthesis previously
developed in our group®. In order to determine the applicability of the newly developed
reagents, they were tested not only in PBD, but also in simplified substrates. DFT calculations
were performed in collaboration with LIOS researcher Dr. Artis Kinéns to study the
mechanism of the reaction.

The original publication of the studies described in this chapter can be found in
Appendix 4.
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4. Synthetic Studies Toward PBD-Coumarin Hybrid

Understanding the cellular localization of DNA targeted compounds is very important, as
there is a possibility that these compounds could act outside the target, which may reduce
their ability to reach the genome and elicit the desired response. Cellular localization has not
been well studied for compounds that covalently bind within a minor groove of DNA, where
non-selective reactions with nucleophiles can be problematic. Conjugates of PBD and
fluorescent compounds have been previously synthesized to determine the localization of
PBD in the cell and its correlation with cytotoxicity, but using this approach, the resulting
compound is fluorescent even before in vitro experiments.® Our strategy was to prepare non-
fluorescent compounds that enter the cell and react regiospecifically by forming a highly
fluorescent adduct. PBD selectively and covalently binds at the C11 position to exocyclic
guanine nitrogen in the DNA chain.! 7-Aminocoumarins are known as good fluorescent
compounds, therefore one of the objectives of the Thesis was to synthesize a new type of
PBD-coumarin hybrid 35. This compound should not be fluorescent as such, but should
potentially form a fluorescent 7-aminocoumarin adduct 36 by binding to the guanine amino
group of DNA (Scheme 6).

O
HN N, o =
O ALY WN‘DNA
H,N" N7 N HN
2 =N
DNA 7/
H- NH
0.0 N=< N
R
35 0 1 36 0 R4
fluorogenic fluorophore

Scheme 6. Hypothetical PBD-coumarin hybrid 35 reaction with guanine
amino group of DNA.

PBD imines are known to be labile due to their high reactivity, therefore the introduction
of the unstable N10-C11 imine function was planned as the last step of the synthesis. Two
strategies for obtaining dilactam 37 were envisioned (Scheme 7). In the first strategy, the B-
ring could be formed in an appropriately functionalized coumarin 38. The second strategy is
based on the cyclization of a pyranone ring in the PBD substrate 39. Both of these strategies
were examined for the synthesis of the desired dilactam 37.
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X CO,H
38

HB-ring formation
H O
Oy O N~
N10 C11 reduction
X N
37 O

H
HO N—<¢ |
N

39 O

Scheme 7. Retrosynthesis scheme of PBD-coumarin hybrid 35.

We started the study by examining the B-ring formation. The starting material 41
necessary for this strategy was synthesized in a 3-step sequence from commercially available
coumarin carboxylic acid 40 (Scheme 8). One of the synthetic methods was based on an
analogy with the known PIFA-mediated intramolecular cyclization” in the N-
benzyloxyamide group-containing compound 41. Unfortunately, only degradation of substrate
41 was observed and the desired product 42 was not detected in the reaction mixture. We also
tried palladium-catalyzed cyclization, but also in this case we observed only degradation of
the substrate.

1. (L)-H-Pro-OMe, EDC
HOB, Et;N, DCM
86 %

2. LiOH, THF,H,O BnO
3. BnONH,, EDC, HOBt HN\// BnO
0o 0 EtsN, DCM
\l\/\/\©\ 90 % in 2 steps /3 iorii
40 O  i)PIFA, DCM
i) Pd(OAc),,CuCl,, AgOAC
DCE

Scheme 8. Synthesis of PBD-coumarin hybrid using intramolecular cyclization.

The second synthetic strategy was based on a palladium-catalyzed amidation reaction'® of
triflyloxycoumarin carbaldehyde 44 (Scheme 9).
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1. urotropine, TFA 10) H 1) H
15% (L)-Boc-Pro-NH,, Pdy(dba)s H H
0.0 OH 2. Tf,0, Py, DCM 0.0 OTf Xantphos, Cs,CO3, dioxane  Os_ O N N
90 % o
m > . S 55 % “ 5 Boc
43 44 45

H O
NaClO,.2-methyl butene 0 OHH ’ HCI, DCM, N~
NaH,PO,, BUOHH0 o o N 71)("‘\ mr&/l EB:\)/I,FHOBt
73% Boc — s ] N
x o) o 4
o)
47

46
Scheme 9. Synthesis of PBD-coumarin hybrid using palladium-catalyzed amidation.

The synthesis was started from commercially available hydroxycoumarin 43. By
formylating 43 and then reacting the intermediate with triflic anhydride, triflyloxycoumarin
carbaldehyde 44 was obtained and a palladium-catalyzed amidation reaction with proline
amide was further performed. The resulting aldehyde 45 was oxidized to the corresponding
carboxylic acid 46 under Pinnick conditions. Although the Boc protecting group was
successfully cleaved, no further conversion of the resulting amino acid to the corresponding
lactam 47 was observed. As the reaction temperature was increased, the degradation of the
substrate was observed.

As can be seen, compound 47 has a different topology than the planned coumarin-PBD
hybrid 35. Although the formylation of hydroxycoumarin 43 described in the literature™
reported to occur at C6 position, we isolated only a C8 formylated coumarin 44. The reaction
yield was only 15 % compared to 48 % given in the literature. The topology of compound 47
should not affect the reduction of dilactam and the ability of the resulting imine to bind to
DNA, therefore we used C 8 formylated coumarin 44 for our studies.

As this strategy did not give the desired result, we also tried the second approach —
building a coumarin cycle in a PBD system. For this purpose, we synthesized dilactam 39,
starting from the anthranilic acid derivative 48 (Scheme 10).

(L)-H-Pro-OMe
HBTU, Ets;N

H O
MeO\QNHZ DMF BBrs DCM HO N H
CO,H 86 % \q/ 72 % : /77/N
48 39 o

Scheme 10. Synthesis of dilactam 39.

In order to obtain the required PBD-coumarin hybrid, we tested various methods
described in the literature for the synthesis of coumarins from the corresponding phenols
(Table 6). The condensation of phenol 39 with propiolic acid catalyzed by Bronsted (Entry 1)
or Lewis acid (Entry 2) gave only the degradation of substrate 39. Similarly, platinum
catalyzed cyclization (Entry 3) failed. Also in the cyclization reaction of ethylpropiolate and
phenol 39 catalyzed by Lewis acid (Entry 4) or palladium (Entry 5) we observed only
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degradation of substrate 39. In turn, the condensation of phenol 39 with malic acid under
Pechmann conditions gave the desired product in 15 % yield (Entry 6). We also tried the
acid-catalyzed condensation of phenol 39 with ethyl acetoacetate catalyzed by Bronsted
(Entry 7) or Lewis acid (Entry 8), but also in this case we observed only the degradation of
substrate 39.

Table 6
Pyranone Cycle Formation in PBD Substrate
H O H O
HO N H o O N H
(0] R2 0
39 37 R'=R%=H
50 R'=H, R?=Me
51 R'=R?=Me
Entry Reagent Reaction Conditions Product Yield
1 co.n | TOH, chlorobenzene, 1 h, 100 oc® <5%
2 = 2 Yb(OTf)s, dioxane, 10 min, 90 °C* 37 <5 %
3 TFA, K,PtCls, AgOT, 24 h, 1. t.% <5%
4 CO,Et | ZnCly, dioxane, 1 h, 110 °C* <5 %
e | & Pd(dba)s CHCls, NaOAC, HCOOH? 37 <5 %
CO,H
6 HOZC/\OVH H,S04, 0,5 hr. t., then 18 h 120 °C* 37 15 %
7 Q 70% H,SO, EtOH solution, 16 h, r. t.% 50 <5 %
8 )J\/CO2Et AICI3, nitrobenzene, 3 h, 130 °C% <5 %

We tried to obtain dimethyl substituted coumarin 51 by the reaction of allene 52 with the
PBD dilactam phenol group (Scheme 11)?. The required allene 52 was synthesized and used
in the reaction with PBD substrate 39 to give the desired intermediate 53 in good yield. Next,
we planned to perform a thermal Claisen rearrangement, lactonization, and double bond
iIsomerization sequence to obtain dilactam 51, however, the desired product was not formed.
The only successful experiment was the reaction of dilactam 39 with malic acid, where the
planned PBD-coumarin hybrid dilactam 37 was formed, but in a low yield (Table 6).
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H o \U)kOEt Oy _OEt H o
HO N~ H I s2 o H_ O  dethylaniine Ox.O N4
_ . = H 3¢ . «
N PPh3, benzene N
N 200 °C, 24h J
53 o 51

o 80 °C, 24h
39 65 %

Scheme 11. Synthesis of dimethyl substituted coumarin 51.

With a sufficient amount of the required coumarin-PBD hybrid dilactam 37 in hand, we
planned to synthesize the corresponding imine 35 required to study the PBD mechanism of
action (Scheme 12). It is known that the reduction of PBD dilactam requires an activation.?®
For this purpose, the nitrogen of amide 37 was protected with a SEM protecting group and the
obtained compound 54 was treated with several reducing agents — NaBH,, LiBH,, and
DIBAL-H, however, the desired imine 35 was not obtained. Analyzing the NMR spectra, we
observed that changes have taken place in the coumarin cycle, apparently, it is not stable
under reduction conditions. Although the planned PBD-coumarin hybrid 35 was not obtained,
a 3- step synthesis method was developed to obtain the corresponding dilactam 37.

SEM

H O .0
0._0 N—¢ "y NaH, SEM-CI, DMF 0 __0O N\ o O O N= G
62 % R I, Horii
L COC T e OO
37 o 54 O 35 O

i) NaBH,4, MeOH
ii) LiBH,, THF
iii) DIBAL-H, DCM

Scheme 12. Imine 35 synthesis attempts.

Since the reduction of the amide group of the PBD-coumarin hybrid 37 is problematic,
direct imine synthesis methods should be used for future studies. Several approaches are
known in the literature.?® Typically, a condensation of an aldehyde or masked aldehyde
(dialkyl acetal or thioacetal) with an amino or azido group in the A ring is employed to effect
the B-ring formation (Scheme 13).

In Method A, the nitro group is first reduced, which enables a subsequent cyclization of
the resulting amino group with the unprotected aldehyde. In Method B, dimethyl thioacetal
can serve as an electrophile in the cyclization. The main advantage of this method is that
racemization of the C11a chiral center can be avoided. In Method C, the aldehyde is protected
as the dimethyl acetal. After cleavage of the protecting group the liberated aldehyde further
reacts with the amino group. The disadvantage of this method could be often observed
racemization. Method D involves a Staudinger / intramolecular aza-Wittig reaction sequence
of the starting azidoaldehyde. The reaction of substrate with triphenylphosphine in situ
furnishes iminophosphorane, which is further reacted in the intramolecular aza-Wittig
reaction. In Method E, the N-protected N10-C11 carbinolamine would first be formed in the
oxidative cyclization. Deprotection would further give the corresponding imine.
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X -
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Scheme 13. Imine 35 potential synthesis methods.

The studies described in this chapter examined two different approaches for the
preparation of PBD-coumarin conjugates. Of the 11 methods tested, only Pechmann
condensation gave the desired hybrid with a 15 % vyield. The developed methodology allows
obtaining the PBD-coumarin hybrid in 3 steps, starting from commercially available
materials. Unfortunately, regioselective reduction of the C11 carbonyl group failed to give the
target N10-C11 imine, which could potentially covalently bind to DNA to form a fluorophore
adduct.

The original publication of the studies described in this chapter can be found in
Appendix 5.
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1.

2.

CONCLUSIONS

Iron pentacarbonyl promoted double bond migration in substrate 1 is
thermodynamically determined: both E-1 and Z-1 give compound 2. This observation
allows the use of a mixture of both ketone 1 double bond isomers for the total
synthesis of the natural product limazepine C. Limazepine C is unstable and tends to
oxidase to limazepine D upon storage.

_<Eh _{fh OH OH
@]
(0] (@]
—_— = — —
N N N~ N__
1 O 2 5 0 o]

Limazepine C Limazepine D

The N10-C11 saturated B cycle of usabamycin A and C can be formed employing a
previously unknown cyclization approach, which involves the reaction of azide 55
with triphenylphosphine followed by intramolecular cyclization and hydrolysis of the
iminophosphorane intermediate.

R H
N 1/ PPhg, toluene, N H
T then KOH, EtOH
NOi/\ N, I
(@]

Usabamycin A R=H
Usabamycin C R=OMe

The highest E/Z selectivity (97:3) in the ketone 6 olefination reaction is obtained
employing the Julia—Kocienski reaction with our newly developed sulfone 17j. This
allows accomplish the total synthesis of the natural product limazepine E in 9 steps
compared to the previously reported 12-step sequence. Our Julia—Kocienski
olefination modification is highly stereoselective not only for ketone 6 but also for
other PBD substrates.

N &0
l}lI \>/S\/
N-N
cHex
cHex

17  cHex

ng <HMDS, THE MeO & C@le

leazeplne E
E/Z 97:3
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4. Our modification of the Julia—Kocienski olefination reaction using sulfone 17j also
improves the selectivity in the olefination of the ketone 22 compared to the classical
phenyltetrazolyl sulfone 17c. Intermediate 23 can be further used for the total
synthesis of the natural product barmumycin.

(@)
1.17, KHMDS, THF \ HO A
\Z;>\/OTBDPS 2. TBAF, THF %\/OH — Q(N

MeO
éoc 22 N

Barmumycin
sulfone 17c: E/Z 2:1

sulfone 17j: E/Z 3:1

5. The preparation of coumarin-PBD hybrid imine 35 is problematic, however, it is

possible to obtain its dilactam 37 using Pechmann condensation of phenol 39 with
malic acid.

H O o aci H O
HO N malic acid N 0 0 N=
H HZSO4 O 0] H . H
R
N X N — X N
39 O 37 O 35 o}
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