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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Temas aktualitate

Purins ka viens no DNS un RNS biivblokiem ir daba visbiezak sastopamais heterocikls ar lielu
nozimi genétiskas informacijas parnese.! Purina atvasinajumi ir svarigi ar dazados metabolisma
procesos, tados ka energijas parnese un intracelulara signalu parraide, un tapéc par tiem ir liela
biokimiku interese.? Dazas purina atvasinajumu klases, pieméram, citokinini un sinefungini, bija
atrastas un izdalitas no bakt€rijam, un savienojumiem piemit augSanu stimul&josa iedarbiba, ka ar1
pretvirusu un pretvéza aktivitates.> Kopuma purina gredzens nodrosina lielisku molekularo kodolu
jaunu savienojumu, kuriem piemit biologiska aktivitate un ir potencials izmanto$anai farmacija,
sintézei. Lielakajai dalai purina atvasindgjumu piemit arT luminiscgjosas ipasibas, ko var izmantot
§tnu att€lveidosana un biologisko procesu pétisana.

Daudzi literatliras avoti apraksta fluorescentu purina atvasinagjumu izmanto$anu. Purina
atvasinajumus izmanto ka organiskas gaismu emit&josas diodes (OLED),*® termiski aktivétas
aizturétas fluorescences (TADF) emiterus,® pH sensorus,” metalu jonu detektorus, ka ari §iinu
attelveidosana.® 12 Pedgjos gados arvien vairak tiek sintezéti fluorescenti purina atvasinajumi ar
jauniem strukturaliem elementiem, kas ietekm& fotofizikalas ipasibas. Tome@r joprojam ir
nepiecieSamiba sintez&t jaunus savienojumus, jo pastav vairaki eso$o struktiiru ierobezojumi — tadi
ka nepietiekama skidiba tidens vide un zema receptoru selektivitate vai reakcijas spgja. Daudzi
vienkarsi purina atvasinajumi, tadi ka 6-metilpurins, 6-aminopurins un 6-merkaptopurins, uzrada
fosforescenci.’** Purinus var modificét pie oglekla un slapekla atomiem — attiecigi C2, C6, C8 un
N7, N9 pozicijas.!® Literatiira ir aprakstitas daudzas augsti selektivas metodes modificé$anai
izveletajas pozicijas, purina C2, C6 un C8 poziciju funkcionaliz€Sanai visbiezak izmanto
nukleofilas aromatiskas aizvietosanas (SnAr)Y° un $kérssametinasanas reakcijas.?’?® N9
pozicijas modificé$anai izmanto tieso alkilésanu, Micunobu (Mitsunobu) vai Cana-Lama (Chan-
Lam) reakcijas.’® 28 Savukart panakt selektivu purina N7 pozicijas modificgsanu ir daudz griitak,
bieZi ir nepieciesams izveidot purina gredzenu, izmantojot de novo sintgzi?’ no atbilstosa imidazola
vai pirimidina atvasinajuma.

Purina atvasinajumi veido metalu kompleksus ar noteiktu metlu joniem (pieméram, Ca?*, Fe?*,
Cu?*, Pd?*, un Zn?*), un ar $o kompleksu veidosanos mainas to fotofizikalas Ipasibas.?® ?° Parasti
kompleksu veidoSanas izraisa emisijas vilpa maksimuma nobidi un fluorescences dz&Sanu, bet
iespgjami arT gadijumi, kad savienojuma fluorescentas IpaSibas uzlabojas p&c kompleksa
izveidoganas.® Sadu savienojumu $kidinasana un fluorescences izmainu novéroana ir metalu jonu
analizes principu pamata skidumos, izmantojot ultravioleta starojuma un redzamas gaismas (UV-
Vis) spektroskopiju. Savienojuma-metala kompleksu veido$anos var novérot ari gadijumos, kad
tiek izmantota 'H-KMR titre3ana.



Triazolilpurini ir ievérojamas fluoresc€joso purina atvasinajumu struktiiras, kas pieder pie
iek§molekularo ladinu parneses (“push-pull”) hromoforu kategorijas.!” Sadiem savienojumiem ir
labas fotofizikalas Tpasibas, sasniedzot kvantu iznakumus Iidz pat 91 %,%% 3, un potenciali tos var
lietot $tinu att€lveido$ana, optoelektronika vai par sensoriem.

Otrs heterocikls, kas, lidzigi purinam, ir plasi izplatits daba un kam ir plass biologisko
aktivitasu klasts, ir indols. Ta atvasinajumiem, piemeéram, serotoninam, ir liela nozime cilvéka
biologija, tas darbojas ka neirotransmiters, savukart mitomicins C ir zinams savu pretvéza Ipasibu
del.*? Ir literatiiras dati par indola atvasinajumiem, kas ir jauni daudzsolosi pretvirusu medikamenti
pret tadiem virusiem ka hepatits C, cilvéka imiindeficita viruss (HIV) un gripa.3® Kop3 pirma Fisera
(Fischer) zinojuma par indola sintézi 1883. gada laika gaita tika izstradatas arvien jaunas $1
savienojuma sint€zes metodes. Pedgjas desmitgades ir pieaudzis literatiiras datu skaits par indola
atvasindjumu sintézi, kas pierada jaunu sintétisko procediiru izstrades nepieciesamibu originalu
indola atvasinajumu iegii§anai.®? Indola gredzens ir fluorescents, tapéc tam ir potencials
% un fluorida jonu noteiksana.®

Nesen zinatnieki sintez€ja purina-indola konjugatus, lai parbauditu to kombingtas 1pasibas.
Viena no $o konjugatu prieksrocibam ir to ierosmes vilpa garums (321 nm), ko var labi atskirt no

lietojumam medicinas kimija, pieméram, pH zondei attélveidoSan

parastas DNS absorbcijas (253 nm).* DaZi purina-indola konjugati tiek izmantoti ka fluorescentas
zondes procesiem §iinas, pieméram, proteinu medigtai dupleksa apmainai pret G-kvadrupleksu,®
Hoogstina (Hoogsteen) bazu paru izveidei®® un Narl atpazisanas sekvences noteik$anai.®® Tika arl
zinots, ka daZiem no tiem piemit potenciilas pretvéza®® ipasibas un tie sp&j regulét lipidu
metabolismu.*°

Saja promocijas darba tika iegiiti dazadi fluorescenti triazolilpurina atvasinajumi, pétits to
lietojums ka potencialiem metala jonu sensoriem un ari to fotofizikalas ipasibas (1. a att.). Tika
izstradats jauns sintétisks cel§ purina-indola konjugatu iegtSanai divos solos no C-C saistitiem
triazolilpurina atvasinajumiem (1. b att.).
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1. att. (a) Vispariga sintez&to triazolilpurina atvasinajumu strukttra. (b) Sint&tiskais cel§ purina-indola
konjugatu iegiianai no triazolilpuriniem. EDG (-OMe, -NMe,); EAG (-CN, -NO,).



Pétljuma meérkis un uzdevumi

Promocijas darba mérkis ir jaunu funkcionaliz€tu purina atvasinajumu sint€ze un iegito
fluorescento savienojumu potenciala lietojuma noteik$ana.
Lai sasniegtu mérki, tika noteikti vairaki uzdevumi.

e Jaunu 2-piperidinil-6-triazolil- un 2,6-bis-triazolilpurina atvasinajumu ar dazadiem
aizvietotajiem triazola gredzena un purina N9 pozicija sintéze, un to fotofizikalo Ipasibu
noteikSana.

e Udeni 3kisto$o triazolilpurina atvasinajumu sintéze un to fotofizikalo Tpasibu
noteikSana.

e Triazolilpurina atvasinajumu ka potencialo Zn?*, Fe?*, Mn?*, Ca*, Cu?* un Hg?* metala
jonu sensoru noteiksana, lietojot *H-KMR titréanas eksperimentus.

o Sintétiska cela izstrade 1,4,7,10-tetraazaciklododecilgrupu saturosa triazolilpurina
atvasinajuma iegiiSanai un ta potenciala lietojuma noteikSana.

o Jauna sintétiska cela izstrade purina-indola konjugatu iegiiSanai, sakot no triazolilpurina
atvasinajumiem, izstradatas metodes darbibas jomas un ierobezojumu noteikSana.

Zinatniska novitate un galvenie rezultati

Promocijas darba gaita tika sintezeti jauni 2-piperdinil-6-triazolil- un 2,6-bis-triazolilpurina
atvasinagjumi un noteiktas to fotofizikalas ipasibas. Tika parbaudita izvéléto 2-piperidinil-6-
triazolilpurina atvasinajumu metalu jonu kompleksu veidosanas organiskajos skidinatajos un tidens
Skidumos. Kompleksveidosanas eksperimentu gaita bija novérota fluorescences dz€Sana, kas
liecina, ka Sie savienojumi ir piemé&roti licto$anai par metala jonu sensoriem, uzradot Ipasi augstu
selektivitati Hg?* jonu kompleksésana. Tika iegits jauns tdeni 8kistoss 1,4,7,10-
tetraazaciklododecilgrupu satuross triazolilpurina atvasindjums ar potencialu izmantoSanai par
fotokatalizatoru un parbaudita ta kompleksa veidoSanas spgja ar Cu?* joniem. Tika izstradats jauns
divu solu sint&tiskais cel§ purtna-indola konjugatu iegtiSanai no triazolilpuriniem, neizmantojot
metalu saturoSus katalizatorus.

Darba struktiira un apjoms

Promocijas darbs ir sagatavots ka tematiski vienota zinatnisko publikaciju kopa, kas veltita
triazolilpurinu modific€Sanai un sintézei, izveleto atvasinajumu fluorescento 1pasibu noteikSanai
un to lietojumu pétisanai. Promocijas darbs ietver Cetras originalpublikacijas SCI Zurnalos, vienu
apskatrakstu, divus patentus un nepublic&tus rezultatus.



Darba aprobacija un publikacijas

Promocijas darba rezultati publicéti Cetros zinatniskos originalrakstos, viena apskatraksta,
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PROMOCIJAS DARBA GALVENIE REZULTATI

Purins ir viens no daba izplatitakajiem slapekli saturosajiem heterocikliem, kas plasi sastopams
dazados dabas produktos un arstnieciskajos savienojumos.® Medicinas kimija no dabas produktiem
izdalitas vielas biezi vien ir jaunu farmakologiski aktivu savienojumu pamats, un tapec ir
nerimstosa interese par jaunu purina atvasinajumu sint€zi un esoso savienojumu modific€Sanu. Ir
vai nu izmantojot un
modific§jot purina gredzena reagetspgjigas grupas, vai cikliz&jot funkcionalizetus pirimidina vai
imidazola prekursorus.*

Promocijas darba aprakstita jaunu purina atvasinajumu sintéze, ka ar to fotofizikalas ipasibas

zinamas divas sintétiskas stratégijas jaunu purina atvasinajumu iegfi$anai —

un metalu jonu komplekseSanas sp&jas. Ir aprakstita arT jauna sintétiska pieeja purina-indola
konjugatu sint€zei no triazolilpuriniem divos solos.

1. Purina gredzena modificéSana

Ta ka tiek sintez@ti dazadi purina atvasinajumi, jo pieaug interese par to iespgjamo izmantosanu
medicinas kimija, intensivi tiek pétita dazadu purina gredzena poziciju reagétspeja. Komerciali
pieejamakas izejvielas §im noliikam ir 2,6-dihlorpurins*? un 2,6,8-trihlorpurins,*® ko parasti iegiist
viena soli attiecigi no urinskabes vai ksantina. Visbiezak izmantotas parvertibas halogénus saturoso
purinu funkcionaliz&Sanai C2, C6 un C8 pozicijas ir $kérssametinasanas un SNAr reakcijas.
reakcijas ar 2,6- un 6,8-dihalopuriniem ir gan Kkimiskas, gan
regioselektivas.'® Ja abi halogeni purina C2 un C6 vai C6 un C8 pozicijas ir hlora atomi, reakcija

ar vienu ekvivalentu metalorganiska reagenta notiek selektivi purina C6 pozicija (1. shéma, a—b).**

Skeérssametinasanas

Tados savienojumos joda ievadiSana mazak reagétsp&jigakajas C2 un C8 pozicijas izraisa reakcijas
norisi tiesi taja pozicija, neskarot C6 poziciju — reakcija notiek kimiski selektivi (1. shéma, c—d).

a cl b cl
N— >N RM(1ekv) f\ N R-M(1ekv.)
4 4
¢ | CI—<
! \N)\ CPdat )\ ) [Pd] kat. ) R = alkil-, aril-, alkénil-
Z 1 3 vai alkinilgrupas
M = metals
c d Z = alkilgrupas vai
¢l ¢l ¢l B-D-ribofuranozilgrupa
>N RM(1ekv) N2>y Nf\N R-M (1 ekv.) f\
Z SRR —
<N \NJ\l [Pd] Kat. <N \NJ\ %N \NJ [Pd] kat. J
Z 5 Z z
1. shéma. 2,6- un 6,8-dihalopurinu vispargja regioselektivitate.
Visparéja regioselektivitate, kas redzama 1.shéma, strada Stilles (Stille),?®?? Negisi

(Negishi)?*-22 un Suzuki-Mijauras (Suzuki-Miyaura)?*-?® reakciju apstaklos. Diaizvietotu produktu
veidosanas galvenokart tiek novérota Stilles reakcija.?® Iespgjamais skaidrojums varétu biit tads,
ka Stilles reakcija nepiecieSama augstaka temperatiira neka citas parvertibas, tadgjadi padarot
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reakciju neselektivu. Aril-, alkil- un alkénilaizvietotajus var ievadit halopurina molekula,
izmantojot Negisi vai Stilles reakcijas, savukart Suzuki-Mijauras Skérssametinasanu parsvara lieto
arilaizvietotaju ievadiSanai.

2,6,8-Trihlorpurina gadijuma Skerssametinasanas reakcijas vairuma gadijumu notiek secigi,
reag@tspéjas seciba samazinas C6 > C8 > C2 pozicijas.*® Literatiira ir zinots par izngmumiem, kad
atseviskiem 2,6,8-trihlorpurina atvasindgjumiem nenovéro $o reagétsp&jas modeli, jo aizvietoSana
vispirms notiek C8 pozicija, kam seko parasti reagétspgjigaka C6 pozicija.*® Ka piemérs minéts
purina atvasinajums, kas N9 pozicija satur glikozidu, kas, visticamak, virza aizvieto$anas reakcijas
norisi uz C8 poziciju.

Halogéna atomus purina gredzena var izmantot ari ka aizejoSas grupas SnAr reakcijas, lai
ievaditu N-7 O-* S-'® P-% un Se-nukleofilus.*® SnAr reakcijas, kamér purina gredzena
reag€tsp&ja paliek nemainiga, halogénu reagétspgja ir apgriezta, salidzinot ar §kérssametinasanas
reakcijam, un fluora atoms ir visaktivakais halogéns (F > Cl > Br > I).%° Lai gan ir zinams, ka
purina C6 pozicija ir visreagétspgjigaka, ir veikti plasi pétijumi par aizejoSo grupu reagetspgju

SNAr reakcijas tiesi $aja pozicija (1. tab.).%!

1. tabula

AizejoSo grupu reagétsp&jas seciba 6-aizvietotos purina atvasinajumos

Nr. | Nukleofils | Piedeva Reag@tspgjas seciba

1. BuNH> - F >RSO,>Br>Cl >
2. MeOH DBU RSO;>F>Br=Cl >
3. | i-PentilSH DBU RSO;>F>Br=1>ClI
4, PhNH; TFA F >RSO,>1>Br>Cl
5. PhNH, - 1>Br>RS0;>CI>F

Purina C6 pozicijas reagétspéja ir atkariga no aizejosas grupas, nukleofila dabas un piedevas.
Starp visiem halogéniem fluors ir labaka izvele SnAr reakcijam ar butilaminu un anilinu skabes
katalizatora klatbitng, ka arT ar O- un S-nukleofiliem (1. tab., 1.—4. rinda). Tikai anilina gadijuma,
nelietojot piedevas, 6-fluorpurina reakcijai nepiecieSams ilgaks laiks — sesas stundas, savukart 6-
jodpurina atvasinajuma reakcija notiek 50 minasu laika (1. tab., 5. rinda). Reakcijas ar O- un S-
nukleofiliem 6-alkilsulfonilaizvietotie purini parspgj fluoru ka aizejoSo grupu, bet to precizs
reakcijas atrums netika noteikts (1. tab., 2.-3. rinda). Lai gan SnAr reakcijas visbiezak izmanto
halogénus, ir zinami ari pieméri, kad izmanto azidus, sulfonilgrupas un 1,2,3-triazolus ka aizejosas
grupas.18 485253

Citas pozicijas, kuras var modificét purina atvasinajumos, ir N7 vai N9 atomi. Ja vairuma
gadijumu N9 pozicija ir reagétspgjigaka, dazos gadijumos tiek noveérota ari N7 produktu veidoSanas
purina gredzena N7/N9 poziciju tautomérijas d€l. Visizplatitakas pieejas N9 pozicijas
funkcionalizgsanai ir alkilé$ana ar alkilhalogenidiem un Micunobu reakcija, tacu $ajas parvertibas
joprojam veidojas neliels daudzums nevélama N7 alkilésanas produkta.'® Plasi pétita téma ir purina
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N9 pozicijas selektiva glikoziléSana, kur svarigi iepriek§ purina C6 pozicija ievest elektronu
nabadzigu virzoso grupu, pieméram, imidazolu,>* tetrametilsukcinimidu® vai O-
difenilkarbamoilgrupas.®® SnClska katalizatora izmanto$ana nodrosina N9 glikozilétus purinus ka
produktus, neizmantojot nekadas virzosas grupas purina C6 pozicija.%’

Peédgjos gados ir zinots par daudzam jaunam sintétiskam pieejam N9 pozicijas selektivai
alkilésanai. Adenina vai 6-hlorpurinu reakcija ar pirmg&jiem spirtiem, izmantojot reagentu P2Os un
KI maistjumu trietilamina un K2COs3 klatbutng, ar iznakumiem lidz 82 % veidojas N9 alkil&ti
produkti.® Lai selektivi funkcionalizétu purina N9 poziciju, izmanto cikliskos &terus un metil-terc-
butiléteri (MTBE) Umemoto (Umemoto) reagenta un UV gaismas klatbiitng.>® N9 aizvietotus
purinus iegist, alkiléSanai izmantojot N,N-dialkilamidus, KI wun terc-butilhidroperoksidu
(TBHP).®° No otras puses, selektivu N7 alkilésanu ir griitak panakt. Sim nolikam tiek izmantoti
specifiski substrati, pieméram, glikozildonori ar bis(trimetilsilil)acetamidu alvas vai titana
tetrahloridu klatbiitng®! vai elektroniem nabadzigi ciklopropana atvasinajumi.5?

Arilaizvietotus N9 purinus parasti iegiist Cana-Lama reakcijas un $kérssametinasanas reakcijas
ar arilhalogenidiem,®® savukart N7 arilétos purinus iegiist purina cikla de novo sintézg, ka izejvielas
izmantojot aizvietotus pirimidinus vai imidazolus.

Jaunaka informacija par selektivu N7/N9 purina alkiléSanu/ariléSanu ir apkopota apskatraksta,
kas pievienots I pielikuma.

1.1. Fluorescentu purinu ipasibas un to spéja veidot metalu kompleksus

Viens no pirmajiem zinojumiem par purina atvasinajumu metalu kompleksiem tika publicéts
1959. gada, un taja tika apkopota informacija par seSu 6-aizvietotu purina atvasinajumu kompleksu
veidoSanas sp&ju ar Ni2*, Co?*, Cu?*, Pb®* un Zn?* joniem.® P&tijums ietvéra purina §kiduma pH
potenciometriskus mérjjumus Gidens-dioksana $kiduma metala jonu klatbiitné vai bez tiem péc
katras NaOH standartskiduma pievienosanas. Analizgjot skiduma mainigas pKa vertibas, skiduma
pH paaugstinoties, tika noteiktas disociacijas konstantes, kas liecina par purina-metala kompleksu
veidoSanos. Pétfjuma tika noskaidrots, ka purinam ir atSkirigas komplekséSanas spéjas ar dazadu
metalu joniem atkariba no aizvietotajiem purina C6 pozicija un izmantota metala jona dabas.
Vélak, 1971. gada, 6-amino-, 6-hlor-, 6-hidroksi- un 6-merkaptopurinu kompleksé$anas modelis
tika parbaudits ar Mn?*, Ca?*, Mg?', Zn?*, Ni?*", Co? un Cu?* joniem fidens 8kidumos, un tika
méritas $o kompleksu stabilitates konstantes.®® lzveidoto 6-aizvietoto purina atvasinajumu un
metala jonu kompleksu stabilitates seciba bija Cu?* > Ni?* > Zn?* > Co?* > Mn?" > Mg?* > Ca?*.
Autori piedavaja modeli, kura veidojas 1 : 1 purina-metala kompleksi un metals tick koordinéts
starp aizvietotdju pie purina C6 atoma un slapekli pie N7 atoma (2. att.).
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2. att. Metalu jonu kompleks€Sanas vieta starp aizvietotaju purina C6 pozicija un slapekli N7
pozicija.

Misdienas viens no plasi izmantotajiem pretvéza lidzekliem ir cis-diamindihlorplatins(IT) vai
cisplatins.®® 87 Sis komplekss galvenokart saistds ar guanina bazu N7 poziciju atomiem, kas aktive
vairakus signalu transdukcijas celus un izraisa apoptozi vai ieprogrammeétas $tnu naves. Lai arT ta
ir viena no plasi pieejamajam pretvéza arst€Sanas iespgjam, ka trikumi minami toksikologiski
kaitgjumi organismam hepatotoksicitates (aknas), kardiotoksicitates (sirds), nefrotoksicitates
(nieres), gastrotoksicitates (kungis) un ototoksicitates (dzirdes zudums) veida. %7

Organisko molekulu kompleksésanas sp&jas ar metaliem var novérot un detektét ar *H-KMR
spektroskopijas metodi, kas ir viens no visnoderigakajiem dinamisko molekularo procesu pétisanas
pan@mieniem.%® 1zmantojot *H-KMR titrésanu, analiz&jama savienojuma $kidumam pakapeniski
tiek pievienots zinamas koncentracijas metala jonu kompleksa $kidums, vienlaikus uzraugot
savienojuma protonu kimiskas nobides izmainas spektra.®
savienojuma spektra maina kimisko nobidi, ir iesp&jams noteikt tuvakas kompleksa veidoSanas

Nosakot, kuri signali analiz&ama

vietas molekula. Kimisko nobizu analize vai to izzuSanas noveéroSana sniedz informaciju par
kompleksa veidosanas modeli. *H-KMR titrésana tiek izmantota, lai noteiktu savienojumu metalu
kompleksu saistiSanas konstantes, reakcijas Iidzsvara konstantes un pKa vértibas, lai gan ir zinamas
griitibas ar rezultatu precizitati pie zemam (0-2) pH un augstam (12—14) pH veértibam, jo Sajos pH
diapazonos aprékinatas vertibas nedaudz atSkiras no rezultatiem, kas iegiiti, izmantojot
potenciometriju, un tAp&c to precizitate ir apsaubama.’®

Purina-metala kompleksa veido$anas pétijumos tiek izmantoti ari fluorescences mérijumi,
nemot vera fluorescences intensitates izmainas kompleksa veidosanas laika. Parasti purina-metala
kompleksu veidoSanas samazina emisijas intensitati vai pilniba dzg§ fluorescenci. Daba
sastopamajiem purina nukleozidiem piemit vajas fluorescentds ipasibas,’? bet tie ir viena no
visizplatitakajam biologiski aktivo savienojumu klasém, tapéc ir javeic papildu modifikacijas
purina strukttra, lai uzlabotu savienojumu fotofizikalas 1paSibas. Parasti struktira tiek ievaditi
akceptori (-CN, -CO2Me, -CONHR (R =alkil-)) un donori (-NHz, -NHMe, -NMe,, -OBn)
aizvietotaji, padarot purinu par “push-pull” hromoforu,” palielinot ta kvantu iznakumu un Jaujot
noverot intracelularos procesus, izmantojot fluorescences izmainas balstitas noveérosanas metodes.
Ir izstradati fluorescenti purina jonu sensori Hg?* un Pd?* joniem tidens vid&®™* un Cu?* joniem
$tinas,® ™ to kompleksu fluorescgjosas ipasibas tika dzéstas péc kompleksa veidosanas (3. att., |-
I11). Tika zinots arT par pret&ju gadijumu, kad uz purina bazes veidotam metala jonu sensoram
uzlabojas fluorescence, pievienojot AI** jonus (3. att., 1V).°
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3. att. Uz purina bazes veidotu metala jonu sensoru I-IV pieméri.

Minétajos pétjjumos fluorescences izmainas tika analiz€tas, izmantojot titréSanas
eksperimentus un UV-Vis spektroskopiju, kas ir metode nepartrauktai savienojuma absorbcijas vai
emisijas intensitates mérisanai, mainot metala jonu koncentraciju. Izmantojot purina ciklu, var
sintezét daudz “push-pull” hromoforu. Viens no iesp&jamiem fragmentiem, ko var ievadit purina
cikla, ir 1,2,3-triazols, kas darbojas ne tikai ka laba elektronus atvelkosa grupa, bet arT veido stabilu
kompleksésanas vietu metala joniem (4. att.). Literattra ir zinots, ka 1,2,3-triazoli ir dala no
kompleksésanas sistémam ar piridinu, izohinolinu un ferocénu’® " kopa ar citiem O-, S- un N-
atomiem molekula. Sadas sistémas veido metalu jonu kompleksus ar Pd?*, Cu?*, Ni?*, Ru?*, Au*
un Ag*joniem, daZiem no tiem piemit pretmikrobu, pretvéza un pretsénisu aktivitate.”®’® Tomér
neviena no mingtajam triazola sisttmam neietvéra purina ciklu. Ta ka promocijas darba autora un
kolégu grupa ieprieks zinoja par 2,6-bis-triazola-purina atvasindjumu potencialu izmantoSanu par
ratiometriskajiem sensoriem,? péttjums rosinaja 1 promocijas darba izstrades laika sintezét jaunus
triazolilpurina atvasinajumus.

R = alkil- vai arilgrupas
X = EDG vai triazols

< )\ M = metals
10

4. att. Metala jonu komplekséSanas vieta starp 1,2,3-triazolu un purina N7 poziciju.

16



1.2. Triazolilpurina atvasinajumu sintéze

1,2,3-Triazola fragments ir atrodams atsevisku medikamentu strukttira un tiek izmantots ka
farmakofors, piem&ram, pretvirusu un pretvéza Ilidzeklos, tados ka cefatrizins, rufinamids un
mubtritinibs.”®®! 1,2,3-Triazola struktiirai ir tiecksme veidot fidenraza saites, ka arT veikt m- un
dipola-dipola mijiedarbibu, un tai nav noslieces uz degradaciju vielmainas rezultata.®? 1,2,3-
Triazola cikls spgj uzradit funkcionalo grupu pazimes, un to izmanto ka amida saites, estera saites
un karbonskabes bioizostéru grupu.®

1,2,3-Triazolus parasti sintez€, izmantojot [3+2] Huisgena (Huisgen) vara vai ruténija
katalizetas azida-alkina ciklopievieno$anas reakcijas.’®8 Atkariba no izejvielu uzbives ir
iesp&jams iegiit divas savienojumu sérijas, proti, caur C-N un C-C saitém saistitus triazolilpurinus
Aun B (5. att.).

R® R®
N N-N
N N
N N
N N
2 2
¢ | ¢ \
N \N)\Rz N SNTOR2
R R
A B

5. att. Caur C-N (A) vai C-C (B) saitém saistito triazola-purina konjugatu struktiiras.

Ieprieks promocijas darba autora un kolégu grupa pétija caur C-N saiti saistitos triazolilpurinus
A28 Ir zinams, ka caur C-N saiti saistitais triazols purina C6 pozicija darbojas ka laba aizejosa
grupa SnAr reakcijas ar dazadiem O-, C-, P-, Se- un N-nukleofiliem.*® 4% 52.53 Bet §aja darba autors
izvelgjas sintezet savienojumus B, kuros triazola un purina cikli ir saistiti ar C-C saiti, tadgjadi
uzlabojot struktiiras stabilitati potencialai izmanto$anai OLED struktiiras.

Ar C-C saiti saistiti triazolilpurina atvasinajumi tika sintez€ti vara kataliz&ta azida-alkina
ciklopievienosanas reakcija (CuAAC), izmantojot attiecigos alkinilpurinus un arilazidus. Pirmkart,
komerciali pieejamais 2,6-dihlorpurins (11) N9 pozicija tika funkcionalizéts ar trim dazadam
alkilgrupam Micunobu reakcijas apstaklos (2. shéma). Tritilgrupu saturosais fragments (a) tika
ievests struktiira, lai pieskirtu savienojumam amorfas Ipasibas, padarot to piemerotaku fotofizikalo
Tpasibu pétijumiem planas kartinas un potencidlas OLED izmantosanas izvértgsanai.® Heptilgrupa
(b) tika izv€leta tas inertas uzvedibas dél, un glicerinu saturo$ais fragments (C) tika izvélgéts, lai
palielinatu galaprodukta $kidibu tideni. P&c tam Sonogasiras (Sonogashira) reakcija molekula tika
ievaditas alkinilgrupas. Ta ka izejviela ir divi hlora atomi, attiecigi purina C2 un C6 pozicijas, $aja
reakeija, tikai mainot reakcijas apstaklus, ir iesp&jams iegiit vai nu 6-alkinilpurinus 13, vai ari 2,6-
bis-alkinilpurinus 14. Ta ka purina C6 pozicija ir reagétspejigaka,'® vispirms 50 °C temperatiira
izveidojas produkts 13, un talakai aizvietoSanai purina C2 pozicija bija nepiecieSama augstakas
temperatiiras izmantos$ana, tapéc temperatiira tika paaugstinata Iidz 100 °C, nomainot $kidinataju
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no tetrahidrofurana (THF) uz dimetilformamidu (DMF). Ir vérts atzimét, ka 6-alkinilpurinu 13
sintéz€ pat 50 °C temperatiira, izmantojot tiesi vienu ekvivalentu trimetilsilil- (TMS) acetiléna,
vienmér tika novérota 2,6-bis-alkinilpurinu 14 veidoSanas lidz pat 10 % no konversijas.

Cl

=—TMs =TMs
N BN N BN
N Pd Kat. Pd Kat. N
AL — ¢ fx ¢
N N cl HF N DMF N N N
! ° ! ° ! \
R 50 c R 100 °C R ™S
13a, 67 % 1h 12a,70%  30min 14a, 68 %
13b, 80 % 12b, 69 % 14b, 45 %
13c, 83 % 12¢, 71 % 14¢, 37 %
Y\/prh OTBS
R: bR:n-C;Hi5 cR: }—<:
o pnh OTBS

2. shéma. 6-Alkinilpurinu 13 un 2,6-bis-alkinilpurinu 14 sintéze.

Talak tika veiktas CuAAC reakcijas starp iegitajiem alkinilpuriniem un aril- (2. tab., 1.—
8. rinda) un alkilazidiem 15 (2. tab., 9.—13. rinda), izmantojot Cul ka katalizatoru. Atbilstosie 2-
hlor-6-triazolilpurini 16a-m tika iegtti ar 56-91 % iznakumu. 4-Azido-N,N-dimetilanilina
gadijuma (2. tab., 3.rinda) reakcija tika veikta, izmantojot CuSO4-5H.O/natrija askorbata
katalitisko sistému attieciga azida palielinata elektronu blivuma dg€l. Vara jodida klatbiitné tas
reducgjas par atbilstoS0 aminu atrak, neka reakcija tiek pabeigta. Péc tam savienojumi
16a-m tika izmantoti SnAr reakcijas ar piperidinu, iegtistot 2-piperidinil-6-triazolilpurinus 17a-m
Piperidins tika izvélets ka elektronu donora dala, kas veido pilnigu “push-pull” hromoforu pretstata
elektronu deficitajam triazola fragmentam, tadéjadi uzlabojot produkta fluorescenci. Savienojuma
16j gadijuma (2. tab., 10. rinda) tika noverota estera aminolize, un attieciga metilestera vieta tika
iegtts piperidilamids.
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2. tabula

Alkinilpurinu 13 un alkil-/arilazidu 15 CuAAC reakcija ar sekojosu SnAr reakciju piperidina
fragmenta ievadiSanai molekula

2

T™MS RN
I
R2 N3 Cul
TN ¢ <
N N/)\ DCM, / DMF,
R! 25°C ’ 100 °C R1
13a-c 0.5-4h 16a-m 1-14h 17am
Nr Rl R Reakcijas 13 —16 | Reakcijas 16 — 17
' iznakums, % iznakums, %
1. O 16a, 66 17a, 67
2. o o @CN 16b, 82 17b, 76
‘&(\/ th
3, o A Hnwe, 16¢, 56° 17¢, 41
. - H-ome 16d, 89 17d, 67
5, O 16¢, 86 17¢, 77
6. n-CrHs = _)-oue 16, 01 17, 81
7. @NOZ 16, 69 179, 71
OTBS
s | - H-ome 16h, 89 17h, 75
OTBS
9. CHoCN 16i, 59 17i, 75
10. o pn | CH2COOMe 16j, 74 17j, 75°
1. | X Cy° 16k, 77 17k, 66
12. o Ph n-CioH23 161, 88 171,89
13. Bn 16m, 83 17m, 83

? Reakcijas 13 — 16 apstakli — CuSO4.5H-0, natrija askorbats, AcOH, DMF, 70 °C.
b Reakcija 16 — 17 novérota estera aminolize, un attieciga metilestera vieta tika iegiits piperidilamids.
¢ Cy — cikloheksilgrupa.

Tika izmantota arT CuAAC reakcija starp 2,6-bis-alkinilpuriniem 14 un atbilsto$ajiem alkil-
/arilazidiem 15, lai iegiitu bis-triazolilpurinus 18a-m (3. tab.). Ir zinams, ka nitrogrupa, kas ievadita
feniltriazola dala (2. tab., 7. rinda), pilniba dzgs$ fluorescenci, savukart 4-azido-N,N-dimetilanilina
gadijuma reakcijas maisijuma nekad netika noverota otra triazola veidoSanas.

19



3. tabula
2,6-Bis-alkinilpurinu 14 un azidu 15 CuAAC reakcija

R2
™S NN
I NN
R2-N3,Cu
</N | N 15 </N | N
FOON TN e
™s O N=y
14a-c 18a-m
Reakcijas 14 — 18
1 2
Nr. R R iznakums, %
1 HO 18a, 60
0 Ph
) Vg mPh ;_QCN 18b, 50
3 18c, 60
4 n-C7His 18d, 44
oTBS %‘<C:j>’OMe
5 — 18e, 38
oTBS
6 CH2CN 18f, 62
7 o . e | CH.COOMe 18g, 67
8. | XY Ko Cy? 18h, 81
9. o Ph n-CioH23 18i, 45
10. Bn 18j, 85

aCy — cikloheksilgrupa.

P&c plasa caur C-C saiti saistitu mono- un bis-triazolilpurinu klasta iegiianas tika nolemts
sintez€t dazus caur C-N saiti saistitos triazolilpurina analogus, lai savstarpgji salidzinatu abu
produktu s€riju fotofizikalas ipasibas. Turklat, ta ka metalu jonu kompleksu veidoSanas
eksperimentus ir labak veikt Gdens vidg, tika nolemts ievadit glicerinu saturo$u fragmentu
izveletajos ar C-N saiti saistitajos triazola-purina analogos. C-N triazolilpurina produktu sintézei
tika izvéleta miisu laboratorija ieprieks izstradata metode.3" 5% 8 87 Pirmaja sol SNAr reakcija starp
ieprieks ieglito purina atvasinajumu 12c un NaNs tika iegiits 2,6-diazidopurins 19 (3. shéma). Talak
CuAAC reakcija starp diazidu 19 un 1-etinil-4-metoksibenzolu tika iegtits 2,6-bis-triazolilpurins
20. Lidziga veida, izmantojot SNAr un CuAAC reakciju secibu, tika sintezets caur C-N saiti saistits
2-piperidinil-6-triazolilpurins 23. SnAr reakcija starp diazidu 19 un piperidinu azida-tetrazola
lidzsvara dgl izveidojas produkts 22, kas v€lak tika izmantots CuAAC reakcija ar 1-etinil-4-
metoksibenzolu. P&dgja soli savienojumos 20 un 23 tika noskeltas terc-butildimetilsilil- (TBS)
aizsarggrupas, izmantojot etikskabi THF/H20 maistjuma, iegiistot attiecigos produktus 21 un 24.
Tie pasi apstakli tika izmantoti arT TBS grupu noskelsanai caur C-C saiti saistitajiem analogiem
17h un 18e (4. tab., 11. un 14. rindas).
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20, 63 % R2 23,73 %
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14 h 14 h

R2

RZ
N N
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N N
=
NS
N
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R R3
21,78 % R? 24,81 %

3. shéma. Ar C-N saiti saistitu bis-triazolilpurina atvasinajumu 21 un mono-triazolilpurina
atvasinajumu 24 sintéze.

Talak tika pétitas mérksavienojumu 17, 18, 21 un 24 fotofizikalas ipasibas (4. tab.). Amorfo
savienojumu 17a, 17d un 17m, kas bija paredzgti potencialai izmantoSanai OLED iekartas, kvantu
iznakumu mérfjumi tika veikti planas kartinas un sasniedza 1idz 35 %. P&tijuma laika tika atklats,
ka tritilgrupu saturoSie purina atvasinajumi tomér ir nepiemé&roti OLED izstradei, jo Sie
savienojumi strauji degradgjas elektriskas stravas ietekmg, tap&c turpmaki eksperimenti un purina
struktiiras modifikacijas potencialai OLED izstradei netika veikti.
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Triazolilpurinu 17, 18, 21 un 24 fotofizikalas 1pasibas

4. tabula

RZ
NN
N

N
¢T1 0

17a,R'=a,R?=a
17b,R'=a,R?=b

R:Z RZ
&
W ,N
N N
N X N—~ N
N
¢ ¢ fx
~ N /N
N N)Y\ 2 ) N N °N
R N-R R3 —
N:N )
18b,R'=a,R2=b R
18¢c, R1=a, R2 = d 21,R'=¢,R?=d

17¢,R'=a,R%?=¢ 18e®, R'=¢,R%=d .
o O
e, R'=b, =a =a

17f,R1=b,R2 = d RE=aX ™ mph b) }—QCN
17m,R'=a,R?’=¢e

17h5 R' = o, R? = d b m-Crttss 0 @NMez

OH
c) ;—<i
OH d) @OMe
e)Bn
Nr. Savienojums Skidinatajs® Aabsmax, | Aemmax, | Kvantu
nm nm iznakums, %

1. 17a DCM 365 443 75

2. plana kartina | 366 447 35

3. 17b DCM 371 452 68

4, 17¢ DCM 311 437 76

5. 17d DCM 363 439 71

6. plana kartina 381 545 12

7. 17e DCM 364 443 81

8. 17f DCM 365 441 74

9. 17m DCM 362 438 75
10. plana kartina 361 443 23
11. 17h® DMSO 363 450 95
12. 18b DCM 282 --- 0
13. 18c DCM 281 394 26
14, 18¢” DMSO 283 452 49
15. 21 DMSO 261 506 24
16. 24 DMSO 362 457 98

aC=10"°mol/L.

b Pec TBS grupas noskelsanas no sakotngja substrata.
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Glicerina fragmentu saturo§u purina atvasinajumu 17h, 18e, 21 un 24 gadijuma tika novérots,
ka tie praktiski neskist tident un dihlormetana (DCM), bet $kist tikai dimetilsulfoksida (DMSO),
tapéc visi fotofizikalie mérTjumi tika veikti DMSO skidumos. 2,6-Bis-triazolilpurina atvasinajums
18b neuzradija fluorescenci, savukart savienojumi 18c, 18e un 21 uzradija mérenus kvantu



iznadkumus diapazona no 24 % lidz 49 %. Pétito devinu 6-triazolil-2-piperidinilpurina
atvasinagjumu 17a-h un 24 gadijuma kvantu iznakumi DCM un DMSO bija robezas no 68 % lidz
98 %.

Originalpublikacija par $aja nodala aprakstitajiem pétijumiem ir pievienota II pielikuma.

1.3. Udeni $kistoSo triazolilpurina atvasinajumu sintéze

Ta ka glicerina fragmentu saturo$ajam savienojumam 24 bija augsts kvantu iznakums, bet
tomer slikta $kidiba Gdeni, tika nolemts hidroksilgrupas aizvietot ar piridinija fragmentiem, kas
lautu veidot salus ar pretjoniem, ta palielinot savienojuma $kidibu Gideni.® ® Sim noliikam no
hidroksilgrupam tika izveidoti tozilatvasinajumi 25, kas p&c tam tika karseti piridina 120 °C
temperatira, kamér veidojas atvasinajums 26 (4. shéma).

MeO MeO,

TsCl, EtsN,
)\ __DMAP )\
HO T beM . Ts0
\/S o° C—istt, \/S

16h TsO
25,76 %

Piridins
120°C, 1h

MeO MeO

\ </ f\)\ jonu apmainas / N </ f\)\

@ svek|
C|® \/68 @OTS\/S
CEN® ©0Ts
- O
27,84 % 26,72 %

4. shema. Udent $kistosu caur C-N saiti saistitu mono-triazolilpurinu 27 sintéze.

Savienojums 26 bija GidenT $kistoss, tomér tas saturgja tozilata anjonus, kas potenciali vargtu
ietekmé&t fluorescenci, tapéc tika nolemts Sos jonus apmainit pret hloridjoniem, izmantojot jonu
apmainas svekus. Savienojumu 24-27 skidiba tdeni tika noteikta, izmantojot kvantitativo
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!H-KMR metodi, iegiistot §adus datus: sav. 24 — 0,21 mg/mL, sav. 25 — 0,19 mg/mL, sav. 26 —
57 mg/mL un sav. 27 — 133 mg/mL.

Fotofizikalas Tpasibas tika noteiktas savienojumiem 26 un 27 (5. tab.). Absorbcijas un emisijas
spektri savienojumam 26 tika registréti H.O, DMSO un DCM un savienojumam 27 acetonitrila
(MeCN), metanold (MeOH), H,O, DMSO un DCM 10 M koncentracija. Abu triazolilpurina
atvasinagjumu kvantu iznakums bija zem noteikSanas robezas (< 0,5 %), savukart izejvielai
24 1075 M koncentracija tas sasniedza 98 % DMSO (4. tab., 16. rinda). Nomainot savienojuma 24
glicerinu saturoSo dalu purina N9 pozicija ar piridinija fragmentiem, vienlaikus ieverojami
uzlabojas savienojuma §kidiba Gideni, bet pilnigi tika dz&sta fluorescence.

5. tabula
Triazolilpurinu 26 un 27 fotofizikalas pasibas
Savienojums 26 Savienojums 27
gkidinétéj § Aabs max, | Aabs min, . Kvantu Aabs max, | Aabs min, . Kvantu

’ nm nm iznakums, % nm nm iznakums, %
MeCN — - - 360 457 <05
MeOH — - — 362 461 <05

H.O 362 457 <05 363 463 <05
DMSO 361 428 <0,5 362 454 <05

DCM 359 565 <05 360 452 <05

4C=10"*mol/L.

Originalpublikacija par $aja nodala aprakstitajiem p&tijumiem ir pievienota III pielikuma.

1.4. Uden1 $kistosi purina atvasinajumi metalu jonu komplekse$anai

Pamatojoties uz literatliras datiem, tetraetilénglikola (TEG) grupas ievadiSana purina
atvasindjumos paaugstina savienojumu 3kidibu @ideni.®®® TEG fragmentu saturodi purina
atvasinajumi 31 un 32 tika iegtiti vairaku stadiju sintézg, sakot ar 2,6-dihlorpurinu (11) (5. shéma).

Izmantojot Micunobu reakcijas apstaklus, ar tetrahidropiranil- (THP) grupu aizsargats TEG
fragments tika ievadits 2,6-dihlorpurina (11) N9 pozicija. P&c tam 6-alkinilpurina atvasinajums 29
tika ieglts SonogaSiras reakcija un talak tika izmantots CuAAC reakcija ar 1-azido-4-
metoksibenzolu, kam sekoja SnAr reakcija ar piperidinu, kas lava iegiit triazolilpurina
atvasinajumu 30. THP aizsarggrupa tika nonemta ar trifluoretikskabi (TFA) metanola, rezultata
tika iegits savienojums 31. P&c tam savienojuma 31 reakcija ar terc-butil-2-bromacetatu ar
sekojosu aizsarggrupas nonemsanu, tika iegtits produkts 32. Savienojumu 31 un 32 $kidiba tident
tika noteikta, mérot piesatinato $kidumu UV absorbciju un salidzinot to ar atbilsto$ajam
kalibrésanas Iikneém. Noteikta savienojumu 31 un 32 skidiba tidenT bija attiecigi 0,24 mg/mL un
110 mg/mL.
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5. shéma. TEG fragmentu saturo$a purina atvasinajuma 32 iegtiSana.

Talak tika pétitas savienojumu 17f, 31 un 32 fotofizikalas ipasibas (6. tab.). Ta ka savienojums
17f neskist Gident, mérijumi tika veikti dazadas polaritates aprotonos $kidinatajos — cikloheksana
(CyHex), dietiléterT (DEE), etilacetata (EA), dimetoksietana (DME), MeCN un DMSO. TEG grupu
saturo$o triazolilpurinu 31 un 32 fotofizikalas ipasibas tika parbauditas ideni. Savienojuma 17f
kvantu iznakums dazados $kidinatajos bija robezas no 48 % lidz 72 %, ta fluorescences dzives laiks
bija no 9 ns Iidz 15,7 ns. Starojuma parejas varbitibas laiks (trad) apzimé atrumu, ar kadu molekula
izstaro fluorescenci, savukart bezizstarojuma parejas varbiitibas laiks (Tnonrad) ir fluorescences
dz&$anas atrums.* Sie ir konkur&josie procesi, un augstam kvantu iznakumam atbilst maksimalais
Trad UN minimalais Tnonrad. Augstakais sasniegtais kvantu iznakums savienojumam 17f bija 72 %
DMSO, kas izskaidrojams ar to, ka viskozakos skidinatajos molekulu kustibas ir 1&nakas, tadgjadi
samazinot fluorescences dzesanu. Zemakais kvantu iznakums 17 % tika noverots savienojumiem
31 un 32 udent. Izteikta fluorescences dzeSana tdeni bija sagaidama hidroksilgrupu augstas
vibraciju energijas del.®® Novérotais kvantu iznakums joprojam tika uzskatits par pietiekamu
turpmakiem metalu jonu noteikSanas eksperimentiem tidens vidg.
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6. tabula
Triazolilpurinu 17f, 31 un 32 fotofizikalas ipasibas

MeO MeQO MeO
N-N N-N N-N
N N N
N~ N N~ N N~ N
< \ 4 \ 4 \
N \N)\O N \N)\O N \N)\O
n-C7H4s
J[OT N
17f HO 331 g//\ o 5 32
a b c
Nr. | Savienojums | Skidinatajs Aabs, | dem, | Kvantu o Trady Tnonrad,
’ nm nm iznakums, % ns ns ns

1 CyHex 365 g;g 61 9 14,8 23,1

2 DEE 360 425 52 9,4 18,1 19,6

3 17f EA 360 425 48 9,3 19,4 17,9
4 DME 360 425 50 9,7 19,4 19,4

5 MeCN 360 435 49 12,4 25,3 24,3

6 DMSO 360 445 72 15,7 21,8 56,1

7 31 H,0 363 462 17 7,1 41,5 8,5

8 32 2 363 | 462 17 71 | 418 8,6
2 Fluorescences dzives laiks.

b Starojuma parejas varbiitibas laiks, Traq = QT—Y
¢ Bezizstarojuma parejas varbitibas laiks, Thonraq = I _TQy.

Tika parbauditas savienojumu 31, 32 un ieprieks iegiita purina atvasindgjuma 17f metalu jonu
kompleks€sanas 1pasibas. Eksperimentiem tika izveleti dzivsudraba(Il) joni. Dzivsudrabs ir
biologiski nedegrad&jams smagais metals, kam ir augsta toksicitate attieciba uz dzivajiem

organismiem. Dzivsudraba savienojumi, saldiideni vai jiras tudeni, veido

metildzivsudrabu, kas uzkrajas jiras produktos un tadgjadi nonak cilvéku uztura.** Dzivsudraba
uzkrasanas cilvéku organisma palielina sirds saslim$anu risku, izraisa Minamatas (Minamata)

iz8kidinot

slimibu, ka ari boja DNS un hromosomas.? Min&to problému dél ir nepieciesams detektet Hg?*
jonus @ident un $tinas. Ir zinami savienojumi, kas sp&j kompleksét Hg?* jonus, balstoties dazados
darbibas mehanismos, tai skaita komplekseSanai izmantojot S-atomus un N-atomus, ka ari
tioacetalu aizsarggrupu nonemsanu kompleksa veidosanas rezultata.*® Promocijas darba izstrades
gaita triazolilpurini tika pétiti, jo Hg?" joniem ir tendence koordinéties ar slapekla atomiem, bet
triazolilpurinu strukttira ir pietiekams daudzums slapekla atomu.

Izmantojot *H-KMR titrésanas metodi, triazolilpurina atvasinajums 17f tika titréts MeCN-d3
$kiduma, izmantojot Hg(ClO4)2-3H,0 ka Hg?* avotu un benzolu ka ieksgjo standartu. Analiz&jama
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parauga *H-KMR spektrs tika registréts pec katras 0,1 ekvivalenta Hg?* jonu pievienosanas reizes
(6. att.).
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1.0 eq.

AlB-188-Hg.10.1.1r
0.8 eq.
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0.7 eq.
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0.6 eq.

AlB-188-Hg.7.1.1r
0.5 eq. ‘

AIB-188-Hg.6.1.1r
0.4 eq.
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AlB-188-Hg.4.1.1r

N—-N
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6. att. Savienojuma 17f *H-KMR titrésanas ar Hg?* joniem eksperiments MeCN-ds $kiduma,
spektra attélots tikai aromatiskais regions.

P&c katras Hg?* jonu porcijas pievienosanas aromitisko protonu signaliem tika novérotas
nobides, visstraujako nobidi novéroja purina C8-H signala gadijuma, kam sekoja triazola CH un
Ari CH signalu nobides. Jau péc pirmas Hg?" jonu porcijas pievieno$anas lenam saka veidoties
nogulsnes, pie 0,5 ekvivalentiem Hg?* jonu tika novérots tikai neliels daudzums savienojuma 17f,
kas pilniba izzuda, pievienojot nakamos 0,1 ekvivalentus Hg?* jonu $kiduma. Visticamak,
izveidojusas nogulsnes bija purina 17f un Hg?* jonu komplekss ar koordinacijas modeli 2 : 1, kur
Hg?* koordingjas starp purina N7 un triazola N3 atomiem (7. att.).

Savienojumu 31 un 32 kompleksu veidosanas ar Hg?* joniem tika parbaudita tident, kompleksi
veidojas attieciba 1: 1, jo Gideni samazinas saistiSanas konstante. Ka bija sagaidams, visiem
parbauditajiem substratiem Hg?* jonu pievienosana dzésa fluorescenci, pieradot $o savienojumu
potencialu izmanto$anai par Hg?* jonu sensoriem. Citu metalu jonu, tadu ki Na*, K*, Mg?*, Ca?*,
Fe?*, Cu?*, Zn?", Hg? un Pb?*, kompleks&sanas ar savienojumiem 17f, 31 un 32 ari tika parbaudita
attiecigi acetonitrila vai tident (8. att.).
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7. att. Iesp&jamais 17f : Hg?* komplekss, pamatojoties uz titréSanas eksperimentu novérojumiem.
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8. att. a) Fluorescences intensitate péc metala jonu pievienoSanas savienojumam 17f acetonitrila.
b) Fluorescences intensitate péc metala jonu pievienoSanas savienojumam 31 (zila josla) un 32
(dzeltena josla) Gden.

Triazolilpurina atvasinajums 17f, neskaitot Hg?* jonus, veido kompleksus ar Fe?*, Cu?*, Pb?*,
Mg?* un Zn?* joniem. Savukart idens vide TEG saturosie triazolilpurina atvasinajumi 31 un 32
stipri koordingjas ar Hg?* un Cu?* joniem (8. b att.), kas izskaidrojams ar vara jonu azafilo dabu,
kas pat Gidens vide dod prieksroku koordinacijai pie slapekla atomiem.” Savukart citi metalu joni,
pieméram, Fe?* un Pb?*, dod prieksroku koordinacijai pie skabekla atoma un ta vieta veido
kompleksus ar fideni. Visiem parbauditajiem savienojumiem bija lieliska komplekséSanas sp&ja ar
Hg?" joniem $kidumos. Sadarbiba ar kolggiem no Taivanas talakie eksperimenti ar savienojumiem
31 un 32 tika veikti $tnas. Savienojums 32, kas saturéja COOH grupu, bija parak reagétspejigs un
pielipa pie $tinu plates, tapec eksperimenti tika turpinati tikai ar savienojumu 31. MDA-MB-231
$tnas tika apstradatas ar HgCl,, kam sekojosi tika pievienots savienojums 31. Lai novérotu
izmainas $tnas, tika izmantota gais$a lauka un fluorescences spektroskopija (9. att.).
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9. att. Fluorescences un gaisa lauka spektroskopijas att€li MDA-MB-231 §tinam mark&tam ar
savienojumu 31 ar vai bez Hg?* joniem.

Stinas veiksmigi ieklava savienojumu 31, un fluorescence tika dz@sta péc apstrades ar
dzivsudrabu. Sis eksperiments apstiprindja savienojuma 31 iesp&jamo izmantosanu par
dzivsudraba jonu detektoru biologiskajas sistémas.

Originalpublikacijas manuskripts par $aja nodala aprakstitajiem pé&tjjumiem ir pievienots 1V
pielikuma.

Savienojumi 17f, 31 un 32 ir aprakstiti ari LVP2024000059 un LVP2024000072 patentu
pieteikumos, kas iesniegti Latvijas Republikas Patentu valde un ir pievienoti V un VI pielikumos.

1.5. Udent $kistosi purina atvasinajumi ka potencialie fotokatalizatori

Sadarbiba ar kolégiem no Vilpas Universitates (VU) un Akvitanijas vilpu un materialu
laboratorijas Bordo Universitatg, kuriem ir pieredze fotokatalitisko sistému pétijumos,®® *° tika
dizaingts jauns potencials purina ciklu un cikléna (1,4,7,10-tetraazaciklododekana) fragmentu
satuross fotokatalizators, kuru izdevas iegit devinu solu sintéze (10. att.).

N ¢} savienotajposms

/

EDG A O‘z}
N
N EAG

B N = EAG - elektronatvelko3a grupa
N ) EDG - elektrondonora grupa

antena un EDG
ay
-
& N—
C /N\) ciklena fragments

10. att. Piedavata meérksavienojuma 33a struktiira.
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Fragments A sastav no tiis dalam — 1,2,3-triazola, savienotajposma un N,N-dimetilanilina.
Triazols strada ka elektronatvelko$a grupa S§is “push-pull” sistémas molekula, savukart N,N-
dimetilanilins p&c ierosinaSanas ir stiprs ladina donors, kas nav savienots ar citam aromatiskam
sisttmam. Fragments B ir N,N-dimetilanilins, kas ir savienots tiesi ar purina ciklu, strada ka stipra
elektrondonora grupa “push-pull” sisttma un ka antena elektronu parnesei. Fragments B ari
pagarina triazolilpurina n-konjuggto elektronu sistému, pazeminot ta absorbcijas maksimuma vilpa
garumu un parverSot to par fragmentu ar izteiktam ladina parneses ipasibam. Cikléna dalu
saturoSais fragments C tika izv€léts, jo tam piemit lieliskas sp&jas kompleksét metala jonus, tadus
ka Cu?*, Ni?* un Zn?* 100101 Saia molekula esoais C fragments ir paredzgts Cu?* jonu koordinacijai
ar visiem Cetriem cikla esosajiem slapekla atomiem, pateicoties labajai koordinacijas tieksmei pret
tiem, termodinamiskajai stabilititei un kingtiskajam inertumam skaba vide.l®? Vispargjs
piedavatais §1 fotokatalizatora darbibas mehanisms ir $ads: 1) p&c fotoierosinaSanas tiek ierosinats
elektrons antena un tas nonak zemakaja neaiznemtaja molekularaja orbitale (LUMO), kam atri seko
elektrona parvietoSana no donora grupas uz brivu vietu antenas augstakaja aiznemtaja molekularaja
orbitale (HOMO); 2) notiek elektronu parnese no antenas LUMO uz metalu cikléna, reducgjot
metala jonus no Cu?* Iidz Cu* (11. att.).

LUMO — LUMO — LUMO —

LUMO — LUMO Al» LUMO —
)

N
Cu HOMO Cu HOMO Cu*

HOMO ‘H’

Donors 'y ‘fhv Donors Donors
HOMO HOMO<H» HOMO%
Antena- Antena- Antena-
akceptors akceptors akceptors

11. att. Piedavatais fotokatalizatora 33a darbibas mehanisms.

Lai iegiitu v€lamo savienojumu, purina ciklu nepiecieS8ams modificét ar A, B un C fragmentiem
C6, C8 un N9 pozicijas. Tika izstradati sesi iesp&jamie sintézes celi mérkprodukta 33a iegfiSanai
atkariba no izvéléto fragmentu ievadiSanas secibas purina gredzena. Vispargjas stratégijas
mérksavienojuma sintézei redzamas 6. shéma. A fragmentu var ievadit, izmantojot CUAAC
reakciju (6. a shéma). Bavbloka 36 sintéze tika veikta Cetros solos, sakot no 1-brom-4-nitrobenzola
(VI pielikums). Purina C8 pozicijas ariléSsanu var veikt, izmantojot palladija kataliz&tu
Skerssametinasanas reakciju, $im noltikam tika izvéleta Stilles reakcija (6. b shéma); bavbloks 39
viegli tika iegiits viena soli.’®® Bavbloku C var ievadit purina N9 pozicija Sn2 reakcija, izmantojot
cikléna atvasinajumu 42, kas iegiits péc literatiira zinamas metodes (6. ¢ shéma).'%
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6. shéma. Retrosintgtiska pieeja A, B un C fragmentu ievadiSanai purinu cikla.

Vispirms ciklénu saturo$a produkta 33a iegiiSanai tika izmantots savienojums 43, kura SnAr
reakcija ar natrija azidu tika iegits 6-azidopurina atvasinajums 44 (7. shéma). Sekojosa CuAAC
reakcija ar 2-(prop-2-in-1-iloksi)etan-1-olu tika iegiits triazolilpurins 45. Savienojuma 45 talaka
modificésana ar 4-brom-N,N-dimetilanilinu, izmantojot vara katalizétas Ulmana (Ulmann) tipa
reakcijas ar dazadam bazém (Cs2CO3, K2COs3) un ligandiem (3,4,7,8-tetrametil-1,10-fenantrolins,
8-hidroksihinolins), bija neveiksmigas. Ta vieta tika izmantots biivbloks 36, un CuAAC reakcija
tika iegtts produkts 46, kura THP aizsarggrupa tika viegli nonemta AcOH/H2O/THF maisfjuma
50 °C temperatara 16 h. Turpmakie §1 savienojuma funkcionalizé$anas méginajumi, izmantojot
Micunobu reakciju vai N9 pozicijas alkilésanu, bija neveiksmigi.
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) @ \(
Cl Nj /
N N NaNg Nf\N Cul, Et3N, AcOH f\ Nf\N
</ ) DMF </N N ) —— </N \NJ

50°C,3h N pe
43 44,70 % 45,63 % 46, 56 %
Cul, Et;N, AcOH, 36 T
DCM
3h,25°C

7. shéma. Pirmais savienojuma 33a sint€zes cels, sakot ar purina C6 pozicijas modific€sanu.

P&c tam tika nolemts mainit modificéSanas secibu un sakt ar purina N9 pozicijas
funkcionalizéSanu. Vispirms Micunobu reakcija starp 6-hlorpurinu (47) un THP aizsargatu
etilenglikolu tika iegtits produkts 48, kas tika izmantots azidéSanas un CuAAC reakcijas, rezultata
triazolilpurins 50 tika ieglits ar 46 % iznakumu (8. shéma). Talak tika m&ginats ievadit halogéna
atomu purina C8 pozicija, lai to varétu izmantot C-C Skerssametinasanas reakcija. Reakcija ar NBS
sagaidamas purina bromeSanas vieta notika elektrofila aizvieto$anas fenilgredzena, un tika ieglits
savienojums 51, savukart litija diizopropilamida (LDA) vai citu bazu izmanto$anas rezultata tika
novérota triazola deprotonéSana. Tika secinats, ka C8 pozicijas funkcionizé$ana javeic agrakas
stadijas.

N /Cl HI;;D/FTF%THP NaN NfN\aN
N ) 3 _ NalNs
(er\l\) THF </ f\) G </N \NJ

H 0°Cmit. 50°C, 16 h

17h THPO THF’O
47 48, 60 % 49, 99 %

Cul, Et;N| DCM
AcOH, 3620 °C, 1 h

SRR
< ) CHCl, < )

THPO THPO
51,59 % 50, 46 %

8. sh&ma. Otrais sintézes cels, méginajumi secigi modific&t purina C6 un C8 pozicijas.
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Treso sintézes cels tika sakts ar ieprieks iegiita savienojuma 48 jodésanas reakciju, kam sekoja
Stilles $kérssametinasanas reakcija ar N,N-dimetil-4-(tributilstannil)anilinu (39), lai ievaditu
nepiecie$amo fragmentu purina C8 pozicija, iegiistot savienojumu 53 (9. shéma). Saja posma tika
nolemts, ka analogi mérksavienojumam 33a jaiegiist ari savienojums 33b, kas pie triazola gredzena
satur n-pentilgrupu, lai varétu pieradit spécigas donoras grupas nozimi aizvietotaja purina C6
pozicija. Lai iegiitu savienojumus 33, tika veikta savienojuma 52 azidé$ana un seciga CuAAC
reakcija ar dazadiem alkiniem. P&c tam THP grupas noskelSana ar tai sekojoSu mezilésanu tika
realiz&ta ar augstu iznakumu. Iegtitie mezilati 57a-b bija inerti SN2 reakcija ar cikléna atvasinajumu
42, un tika nolemts aizvietot mezilata grupu ar bromu un iegiito savienojumu izmantot alkiléSanas
reakcija ar bavbloku 42. Reakcija noritéja péc E2 mehanisma, un eliminé$anas produkti 58a-b
veidojas ka galvenie produkti. Péc reakcijas apstaklu optimizeSanas tika noteikts, ka vislabaka
konversija vélamajiem produktiem 33a-b tiek sasniegta tikai 20 % (33a) un 30 % (33b) limeni,
attiecigi ar 6 % un 23 % iznakumiem izolétajiem produktiem.

<f e f g @f” o
THF ) Tol DMF

0°C,1h 110 °C 60 °C
THPO THPO 16h THPO 1en
48 52,91 % 53,52 %
R! R
N
! §!
Cul, EtgN,
s AcOH
@ f) { >% IL) “MeOHIH,0/ @ f)
o]
16h25°C DCM, 2 h, 25°C
THPO THPO HO
54,93% 55,55 % 56a, 98 %
553, 86 % 56b. 99 %
R! R! R!

N N N
ZT,“ a. LiBr, THF Z»N Z»:N
3h,70°C N \
MsCl, EtN \ b. 42, MeCN \ N—Z>N \ N~Z>N
) _ 3M6h25°%C NO_( ) NO—( J
DCM / NSy 4/ NS

N
0 0
0 0*25 C MsO ﬁN 58a, 57 %
g;: 98 % ~N w 58b, 59 %
,85% O Vi & N—
0
N
\[o/\/ \ h -
33a,6 %
aR'= '
b R' = n-pentil- 33, 23 %

9. shéma. Tresais sintezes cel$ ar purina gredzena modific€Sanas secibu C8 — C6 — N9
pozicijas.
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Izmantojot H-KMR titré$anas metodi, produkts 33a tika titréts MeCN-ds $kiduma, izmantojot
Cu(ClO4)2-6H20 ka Cu?* avotu un benzolu ka iekigjo standartu. Analiz&jama parauga H-KMR
spektrs tika registréts pec katras 0,1 ekvivalenta Cu?* jonu pievienosanas reizes (12. att.).

AUB-645-Cur-MeCN
15 ekv

AIB-645-Cu-MeCN

10ekv

AB-645-CuMeCN
09 ekv

AB-645-Cu-MeCN
08 ekv

AB-645-CurMeCN
07 ekv

AB-645-Cu-MeC
05 ekv

AB-645-Cu-MeCN
05 kv

B-645-Cur MeC
0.45 ekv
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/’J 33a

035 ekv
/D W VNS >

&J

AB-645-Cu-MeCN
03ekv

AB-645-Cu-MeC
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Triazola CH Ary Cikléna protoni

T T T T T T T T T T T T T T T T T T T T T
100 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5 0.0

12. att. Spektru dati savienojuma 33a *H-KMR titréanai ar Cu?* joniem MeCN-ds skiduma.

Registratie 'H-KMR spektri pardda sarez§itu savienojuma 33a kompleks@sanos ar Cu?* joniem.
Vissvarigaka pazime, kas atspogulo Cu?* saistisanos cikléna, ir attélota spektra ar biezu bultinu pie
2,0-2,5 ppm. Sakot no 0,7 ekvivalentiem metala jonu, visi cikléna *H-KMR signali sapliist viena
signala pie apméram 2,2 ppm, kas neparvietojas pie augstakam Cu?* koncentracijam. Sis fakts
liecina, ka metala jons tiek koordinéts cikléna gredzena iek$puse un visi Getri cikla slapekla atomi
ir koordingti ar Cu?* joniem. Vislielakas izmainas, iznemot cikléna dalu, tika novérotas triazola
protona un fenilgredzena aromatisko protonu C8 pozicija nobidg. Pastav liela iespgja, ka molekulai
ir divas konkurgjosas kompleksé$anas vietas — cikléna fragmenta un starp triazolu un purinu.

Originalpublikacija par $aja nodala aprakstitajiem pétjjumiem ir pievienota VII pielikuma.
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2. Triazola gredzena atvérSana un enaminu ciklizacija par indoliem

Ieprieks literatura tika aprakstitas triazola gredzena atverSanas reakcijas ar sekojoSu slapekla
izdaliSanos. Loti augsta temperattra (400-800 °C) (10. a shéma) vakuuma pirolizes apstaklos
triazola gredzens atveras, veidojot karbénu saturosu fragmentu 58, kas talak pargrup&jas dazados
indola 59 vai hinolona 62 atvasinajumos.’®®%" Citos pétljumos ir aprakstita rodija vai nikela
katalizatoru izmantoSana N-toziltriazola atvasinajumu cikla atvérSanai daudz maigakos apstaklos
(70-140 °C), iegiistot metalkarbénu 64, kas talak reag€ ar alkiniem vai nitriliem, veidojot
imidazola vai pirola atvasinajumus 65 (10. b shéma).1% 1% |zmantojot H-fosfina oksidus nikela
katalizatora klatbiitng, N-toziltriazola cikls atveras, rezultata rodas o-
aminovinilfosforilatvasinajumi 66 (10. ¢ shéma).!*® Ja viens no aizvietotajiem pie triazola C
atomiem ir aminogrupa, ir iespgjama Dimrota (Dimroth) pargrupésanas (10. d shéma). ST termiska
gredzena transformacijas reakcija sakas tad, kad triazols 67 veido lidzsvaru ar savu valgjo formu
68 un notiek dubultsaites nobide starp diviem slapekla atomiem, kam seko gredzena saslégSanas,
veidojot triazolu 70.1*
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IR, R? = arilgrupas R\, R, R®=aril- R2= arilgrupas ! R2 = aril- vai alkilgrupas
3 R3= alkilgrupas vai alkilgrupas R3 = aril- vai alkénilgrupas 3 3
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10. shéma. Literatiira zinamas triazola gredzena atvér$anas reakcijas.10>11
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Indols ir viens no nozimigakajiem un izplatitakajiem heterocikliem daba. Tas bieZi atrodams
biologiski nozimigu dabasvielu sastava, pieméram, serotonina un vinblastina.®? Pédéja gadsimta ir

112,113

bijusi interese par dazadu indola atvasinajumu sintézi, un joprojam ir nepiecieSamiba

izstradat jaunas sintézes metodes un celus, lai ieglitu vélamos indola atvasinajumus, ko varétu
izmantot ka farmaceitiskus 1idzeklus.3® 114

1H-indolu sint&€ze no aromatiskajiem enaminiem ir plasi p&tita. Viens no pirmajiem petjjumiem
par So reakciju bija palladija katalizéta intramolekulara oksidativa Skerssametinasana, ko
izstradajusi Gloriusa (Glorius) grupa (11.ashéma).!®® Reakcijas norisei bija nepieciesams
katalitisks daudzums palladija un stehiometrisks vara acetata daudzums, kas tika izmantots ka
oksidetajs kopa ar K.CO3 DMF 80-140 °C temperatiira. Velak vairakas grupas zinoja par reakcijas
apstakliem bez palladija klatbatnes. Lianga (Liang) grupa publicgja pétijumu, kura $ai ciklizacijas
reakcijai joprojam bija nepiecieSams stehiometrisks vara daudzums, bet palladija katalizators tika
aizstats ar Fe(IIT) (11. b shéma).**® ST metode (11. a-b shéma) tika izmantota sintézém, ja indola
C2 pozicija ir metilaizvietotajs, tapéc velak tika atrastas jaunas katalitiskas sistémas C2
arilaizvietotu indolu sintézei (11. ¢c—d shéma).!*"!*® Sim reakcijam bija nepiecieSams vai nu
stehiometrisks vara daudzums (11. d shema)''® un mezitilens ka $kidinatajs 170 °C temperatiira,
vai arT Cul un 1,10-fenantrolina ligands kopa ar litija karbonatu parakuma (11. ¢ shéma). " Ju (Yu)
grupa 2014. gada zinoja par jauniem reakcijas apstakliem (DMF/DMSO 7 : 1 maisijums; 120 °C;
3 ekv. CuClaun 3 ekv. K3POs), kuru rezultata veidojas indola atvasinajumi ar alkiltioaizvietotajiem
C2 pozicija (11. e shema).!®

\EAG 4 EAG
(oL L e
R2 N~ "R! 64 N2
H R* 7 H'
7 72
a) kat. Pd, ekv. Cu, baze (Glorius, 2008)
R' = Me; R? = H, Me, CI, F, CN, OMe, COMe, f) ekv. I(lll) (Zhao, 2009)
CO,Et, CONEt,; EAG = CO,Me R' = alkil- vai arilgrupas, CO,Et; R? = H, Me, OMe,
b) kat. Fe(lll), ekv. Cu(ll), baze (Liang, 2010) Br, F; EAG = CN, NO,, CO,Me, COPh
R'=Me; R? = H, Mg, Cl, Br, I, OMe, COMe; g) kat. I, oksidétajs (Li, 2011)
EAG = CO,Me, CO,Et R = alkil- vai arilgrupas; R? = H, Me, OMe, Br, |,
c) kat. Cu(l), ligands, baze (Cacchi, 2009) CF3; EAG = CO;Me, CO5Et, CO,Ph, CONHPh
R' = arilgrupa; R? = H, Me, F, Cl, Br, I, OMe, COMe, h) kat. n-BuyNI, oksidétajs (Chan, 2013)
CO,Et; EAG = COAr R'= arilgrupa; R? = H, Me, OMe, Br, Cl, I, NO,, CF3;
d) ekv. Cu(l) (Taylor, 2015) EAG = COPh, CO,Et, CONHPh
R = arilgrupa; R? = H, OMe; EAG = CO,Et i) ekv. CBr,, baze (Li, 2021)
e) ekv. Cu(ll), baze (Yu, 2014) R" = alkil- vai arilgrupas; R2=H, OMe, F, CI, alkilgrupa,
R' = SMe, SEt; R? = H, Me, CI, F, Br, Ph; EAG = COMe, CO,Et, COPh

OMe, OEt; EAG = COMe, COAr

11. shéma. Literatiira public&tie p&tijumi par 2,3-aizvietotu 1H-indolu sintéz€m no
enaminiem. 15122

Zao (Zhao) grupa izstradaja reakcijas apstaklus indola atvasindjumu sintSzei no enamina bez
metala klatbiitnes, izmantojot ekvimolaru daudzumu hipervalenta joda reagenta (11. f shéma).*?
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Reakciju rezultata tika iegfiti produkti ar 33-91 % iznakumu, reakcijas notika arT tad, ja
savienojumi satur€ja tadas EAG grupas ka -CN un -NOa. Li (Li) grupa publicgja pétijumu, kura
indola sintézei tika izmantoti elementarais jods ka katalizators un NBS ka oksidetajs. Ir pieradits,
ka $1 reagentu sistéma darbojas labak, ja enamina ka aizvietotajs ir arilgrupa, nevis alkilgrupa
(11. g shéma). Katalitisks n-tetrabutilamonija bromida un stehiometrisks terc-butilhidroperoksida
daudzumi ar7 veicingja $adu indola ciklizaciju, tacu tam bija nepiecieSams daudz ilgaks reakcijas
laiks — 24 stundas (11. h shéma).!?* Jaunakos pétijumus par $o tému ir publicgjusi Li grupa, kam
izdevas veikt indola ciklizaciju CBr4 un bazes klatbGitng (11. i shéma), tacu $ajos apstaklos ka
blakusreakcija iesp&jama aromatiska gredzena brom&sana.??

Lai gan pétijumu apjoms par reakcijam, kuras izmanto aromatiskos enaminus, lai iegltu
indolus, ir iespaidigs, aizvietotaju daudzveidiba indola C2 un C3 pozicijas ir ierobezota, jo nav
zinami aizvietotaji, kas indola C2 pozicija savienoti caur C-N saiti. Heteroarilstruktiiras, kas satur
indola dalas, ir plasi sastopamas biologiski aktivas molekulas un farmaceitiskajos lidzeklos,
piemé&ram, Eudistomin U, Topsentin un Wakayin.'?* 124 Terasta indolu heteroarilésanas reakcija
notiek caur C-H saites aktivaciju, un indola struktiira ir brivas sesas C-H pozicijas.!?* 1% Indola C3
un C2 pozicijas ir visreag€tspgjigakas, un, mainot reakcijas norises temperatiru un reagentus, var
kontrolét C-H aktivacijas regioselektivitati. Lai funkcionaliz&tu indola cikla citas pozicijas,
izmantojot C-H aktivaciju, indola cikla ir jaievada virzoSas grupas. IepriekSminétais motivéja
izstradat jaunu sintétisku celu 1H-indolu, kas satur@tu estera un heterocikliskus aizvietotajus C2 un
C3 pozicijas, sintézei, kas ir aprakstits $aja promocijas darba.

Savienojums 73 ar divam elektronus atvelko$am grupam pie triazola cikla tika iegiits,
izmantojot triazola cikla atvérSanas reakciju. Ka nukleofils tika izvéléts karbazols, jo tas tiek plasi
izmantots fluorescentajos materialos'?® un ir atrodams aktivos dabas alkaloidos.!?” Sajaucot
triazolu 73, t-BuOK un karbazolu DMF 100 °C temperatiira (12. shéma), tika iegits etén-1,1-
diamina atvasingjums 74 ar 64 % iznakumu. P&c tam tika mekleti reakcijas apstakli ieguta
savienojuma 74 ciklizacijai, lai izveidotos indols. Izp&tot literatlira aprakstitas metodes
(11. shéma), tika nolemts izmantot Pd un Cu metalu katalizétas reakcijas, tika izméginati apstakli
bez metala klatbatnes un noskaidrots, ka 12/K>CO3z kombinacija nodro$ina mérka indola 75
veidosanos. Izmantojot secigo pieeju produktu 73 — 74 — 75 parvertibam, produkts 75 tika iegits
ar kopg&jo iznakumu 26 %, savukart viena reaktora sint€ze deva savienojumu 75 ar nedaudz mazaku
(19 %) iznakumu.

NO, O,N

o, ' Karbazol
\ arbazols,

WNﬁ “tBuoK lo KoCOy “NH

NO )k/t
e 73 2 DVF o0 O DMF  MeO N O
100 °C 100 °C o)
74, 64 % O 75 O
no 74: 41 %

viena reaktora sintéze no 73: 19 %
12. shéma. Triazola 73 cikla atverSanas reakcija un ciklizacija par indolu.
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P&c tam tika m&ginats paplasinat aizvietotaju klastu, lai noteiktu §7s sintézes metodes darbibas
jomu un ierobeZojumus, un tika sintezéti triazola atvasinajumi 76a-g, kuriem tika pétitas cikla
atveranas reakcijas (13. shéma). Savienojumu 76a-c gadijuma tika noskaidrots, ka triazola
gredzena atverSanas produkti 77a-c veidojas, tacu tos neizdevas veiksmigi izdalit, jo tie atri

— =

degradgjas izdalisanas un att

iriSanas gaita. Lai $o problému novérstu, reakcijas maisijumam uzreiz

péc triazola gredzena atvérSanas produkta rasanas apstiprinasanas tika pievienots I2 un K.COs, bet

tika noveérota tikai produktu 78a-c veidosanas.

N NO2 karbazols NO2
N* "N t-BuOK HN
R R N O
76a-g
77a-c
a,R= }—QCN
re D)
N / g, R
e,R= CFj

Igee

I, KoCO3
DMF
100 °C N
78a, 20 % 79
78b, 10 %
78¢c,21 %
-(CH3)3CN
= -(CH;)4CH3

13. shéma. Triazola atvasinajumu 76 cikla atverSanas reakcijas shéma.

Triazola atvasinajumu 76d-g gadijuma reakcijas laika atri radas dazadu neidentific&jamu
produktu maisijums. Savienojuma 78b struktiira tika pieradita ar kristalu rentgenstruktiiranalizi
(13. att.). Tika secinats, ka triazola cikla atvérSanas reakcija ar sekojo$u ciklizaciju par indolu
darbojas tikai ar izejvielam, kas satur spécigus elektronus atvelkoSus aizvietotajus triazola

gredzena.

NO,

78b

13. att. Savienojuma 78b kristala rentgenstruktiranalize.
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Talak tika izmantota uz triazolilpurina atvasingjumiem 80 izstradata sint€zes sekvence,
veidojot aromatiskos enaminus 81, kas péc tam tika ciklizéti par 1H-indola atvasinajumiem 82
(7. tab.). Sint€zém tika izmantota gan pakapeniska, gan viena reaktora pieeja.

7. tabula
Triazola atvasingjumu 80 cikla atverSanas reakcijas ar sekojoso ciklizaciju par indola
atvasinajumiem
YQ
Y .
N Karbazols, Z SN KGO Y Z N
t-BuOK H 2, R2bUs
</N Z N TowF A JN\ DMF N7 N O
NTSNTNx 100°C NTSNTX 100 °C N \NJ\X
n-C7Hqs n-C7Hqs n-CoHys
80 81 82
Nr | Izeiviela Aizvietotaji Iznakums 81, % | Iznakums 82, % | Iznakums 82, %
o i X Y 8081 8182 80—[81] 82

1. 80a Cl H 81a, 63 82a, 84 823, 63

2. 80b Cl NO. 81b, 84 82b, 60 82b, 48

3. 80c Cl OMe 81c, 69 82c, 75 82c, 48

4. 80d Cl CN 81d, 88 82d, 57 82d, 70

5. 80e Cl NMe> 8le, 68% - -

6. 80f H H - - 82f, 35

7. 80g H NO; — - 829, 55

N=N
8. 80h %’K/N‘Ph H 81h, 33 - _

2 Reakcija notika 25 °C.

Pétitajas reakcijas tika izmantoti triazolilpurina atvasinajumi 80, kas purina C2 pozicija saturgja
dazadus aizvietotajus. N,N-Dimetilaminogrupu saturosa atvasinajuma 80e gadijuma triazola ciklu
atverSanas reakcija notika, tikai pazeminot temperatiiru, bet ciklizacijas produkts nakamaja solt
netika iegiits, iespg&jams, N,N-dimetilaminogrupas spéciga donora efekta del.

Visos triazola cikla atvér§anas reakcijas gadijumos savienojums 81 radas ka vienigais produkts.
Viena reaktora sintézes gadijuma galaproduktu 82 iznakums bija vai nu ievérojami lielaks, vai tikai
nedaudz zemaks, salidzinot ar kopgjo iznakumu pakapeniska pieeja, tapec savienojumus 80f-g tika
nolemts sintezgt, izmantojot viena reaktora sintézes pieeju. Ja izmanto purina atvasinajumu 80h ar
diviem triazola gredzeniem purina C2 un C6 pozicijas, Sados reakcijas apstaklos tiek atverts tikai
cikls C6 pozicija (7. tab., 8. rinda).

Lai pieraditu produkta 81 dubultsaites konfiguraciju, ka ari parbauditu purina-indola konjugata
82 strukttiru un noskaidrotu, kurs triazola cikls atveras savienojuma 81h gadijuma, savienojumiem
81b, 81h un 82b tika veiktas kristalu rentgenstrukttranalizes (14. att.).
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14. att. Savienojumu 81b, 81h un 82b kristalu rentgenstruktiranalizes atteli.

Talak tika izpétits citu N-nukleofilu lietojums izstradataja reakciju sekvencé. Triazolilpurini
80a un 80b tika izmantoti reakcija ar difenilaminu ka nukleofilu, ka produktus sagaidot etén-1,1-
diaminus 83a-b (14. shéma). Savukart ciklizacijas reakcijas tika novérota N-fenilaizvietotu indolu
84 veidosanas — ciklizacija notika pie nukleofila fenilgredzena, nevis ar anilina fragmentu. Viena
reaktora sint€z€s iznakums bija lielaks neka kopgjais iznakums, izmantojot pakapenisko sintézes
pieeju.

Y,

& (O,
& @ 8
NN Ph,NH, 7 N

Ny _ tBUOK _ N €Oy A

¢TI owe T Coowe T T

NSy 100 °C N

\ ¢l 100°C Mol
n-C7H4s n- C7H15 n-CzHqs
80a:Y=H 83a:Y=H,70% no 83a-b:
80b: Y = NO, 83b: Y = NO,, 45 % 84a:Y =H,54 %

84b:Y = NO,, 14 %

Viena reaktora sintéze no 80a-b:
84a:Y =H, 50 %
84b: Y = NO,, 30 %

14. shéma. N-Fenilsaturosu indola atvasinajumu 84 sint€ze no triazolilpurina atvasinajumiem

80a-b.
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Produktu 84a-b struktiira tika pieradita ar savienojuma 84b kristala rentgenstruktranalizi
(15. att.).

15. att. Savienojuma 84b kristala rentgenstruktiiranalizes attels.

Triazola cikla atvérSanas laika ir iespgjama starpprodukta A veidosanas (10. a shéma), kam
uzbriik nukleofils, veidojot produktus B (15. sheéma). Ciklizacijas reakcijas ar karbazolu eten-1,1-
diamina C dubultsaite ciklizgjas ar arilgrupu pat tad, ja pie cikla ir ar elektroniem nabadzigi
aizvietotaji, pieméram, ciano- un nitrogrupas. Tas liecina, ka N-savienotajposma elastigais raksturs
Sai reakcijai ir svarigaks neka elektroniskie efekti. Difenilaminu saturoSu savienojumu D gadijuma
ciklizacija indolos 84 notiek selektivi, pat ar savienojumu 84a, kas satur tris fenilgredzenus bez
aizvietotajiem, kas lick domat, ka ciklizacija liela nozime ir gan elektroniskajiem efektiem, gan
fenilgredzena pieejamibai.

SR A

difenilamins v
v. karbazols y
Y NH l2, \©\ Iy,
_ K,CO4 & NH K2COg NH
N ~— R-_I NH — R
o N R, =\
H ‘/&\ N
v “
70 Cc D 73

15. shéma. Triazola cikla atvérSana un ciklizacijas reakcijas regioselektivitate.

Originalpublikacija par $aja nodala aprakstitajiem p&tijumiem ir pievienota VIII pielikuma.
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SECINAJUMI

1. Jaunie 2-piperidinil-6-(1H-1,2,3-triazol-4-il)-9H-purina  atvasindgjumi sasniedz kvantu
iznakumus lidz 81 % DCM, 95 % DMSO un 35 % planajas kartinas. Kvantu iznakumi C-C un
C-N saistitiem triazolilpurinu analogiem, kas satur 4-metoksifenilgrupu triazola fragmenta, ir
attiecigi 95 % un 98 %. 2,6-Bis-(1H-1,2,3-triazol-4-il)-9H-purina atvasinajumi sasniedz kvantu
iznakumus 1idz 49 % DMSO, savukart C-N saiti saturosa 2,6-bis-(1H-1,2,3-triazol-1-il)-9H-
purina atvasinajuma kvantu iznakums DMSO ir tikai 24 %, kas ir divreiz mazaks neka ta C-C
analogam.

R? R?
X*N\ X*N\
4 - X=CvaiN X
N 6 R" = alkilgrupas N 6
¢ SN R? = alkilgrupas vai ¢ =N
N N/)iN arilgrupas N N/){X—/“\ 5
&0 po TR
N=p
® I1dz 81 % DCM un 98 % DMSO @ [1dz 26 % DCM un 49 % DMSO

@ Iidz 35 % planajas kartinas
2. Piridinija fragmentu ievadiSana 2-amino-6-triazolilpurina atvasinajuma N9 pozicija, salidzinot
ar 1,3-propandiola grupas ievadiSanu, palielina savienojumu skidibu tident no 0,21 mg/mL lidz
133 mg/mL, bet pilnigi dzges ta fluorescenci.
MeOQ MeO

N N
® =98 % DMSO N’ N’ ©<05%
f\ MeCN, MeOH,
¢ DCM, DMSO,
HO \/S )\ OVS )\ O H,0
Q X = OTs; 57 mg/mL
0,21 mg/mL — Cl; 133 mg/mL
3. 6-Metoksifeniltriazolil-2-piperidinilpurina atvasindjumi ar n-heptilgrupam vai TEG grupam
purina N9 pozicija koording Hg?* jonus starp purina N7 un triazola N3 atomiem, un

kompleksesanas rezultata tiek dz€sta savienojuma fluorescence, tadéjadi min&tos savienojumus

var potenciili lietot ki Hg?" metila jonu sensorus $kidumos vai $Ginas.
OMe

N-N
@ . 7N /
R" = n-C;H45 vai TEG
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4. 6-Triazolil-8-arilpurina atvasindgjumu, kas satur 1,4,7,10-tetraazaciklododekana (cikléna)
fragmentu purina N9 pozicija, var iegtit devinos solos, izmantojot Micunobu, jodésanas, Stilles,
SnAr, CuAAC un alkilesanas reakcijas ka galvenas parvertibas, secigi modificgjot
N9—C8—C6—N9 pozicijas purina molekula. Balstoties KMR titréSanas rezultatos, tika
noteikts, ka purina-cikléna konjugats veido kompleksus ar Cu?* metala joniem ar iespéjamajam
kompleksésanas vietam cikléna un starp triazola N2 un purina N7 slapekla atomiem, dz€Sot
fluorescenci.

5. Triazola cikla atveérSanas reakcijas ar karbazola un difenilamina nukleofiliem veidojas etén-
1,1-diamini, kas atkariba no aizvietotaja dabas pie eténa dubultsaites var tikt talak cikliz&ti par
1H-briviem vai 1-fenilaizvietotiem indola atvasinajumiem. Lai §1 parvértiba notiktu, pie
triazola gredzena ir nepiecieSamas spécigas elektronus atvelkosas grupas. Viena no $adam EAG
grupam ir purins, kas veicina purina-indola konjugatu veidoSanos.

5 QU0
o 0
N A N

R' %\NH

Q N R'= COOMe; Purins _ N/@

2
)N R?=H, EAG R
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GENERAL OVERVIEW OF THE THESIS

Introduction

Purines, being one of the building blocks of DNA and RNA, are one of the most occurring
heterocycles in nature, playing an important role in the transfer of genetic information.! Purine
structures are also present in various metabolic processes, such as energy transfer and intracellular
signaling, and thus, they are of great interest to biochemists.? Some classes of purine derivatives,
for example, cytokinines and sinefungins, have been found and isolated from bacteria and proven
to have growth-stimulating activity or antiviral and anticancer properties.® Overall, the purine ring
provides a great molecular core for the synthesis of new compounds that possess biological activity
and have potential use in pharmaceuticals. Most purine derivatives also possess luminescent
properties, which can be used for cell imaging and studies of biological processes.

Many literature reports describe the use of fluorescent purine derivatives. They are used as
organic light-emitting diodes (OLED),*> as thermally activated delayed fluorescence (TADF)
emitters,® as pH sensors,” as metal ion detectors, and for cell imaging.®*? In recent years, more and
more fluorescent purine derivatives have been synthesized, having new structural patterns that
influence their photophysical properties. Nevertheless, there is still a necessity for synthesizing
new compounds due to several limitations of existing structures — such as insufficient solubility in
aqueous media, and low receptor selectivity or reactivity. Many simple purine derivatives, such as
6-methylpurine, 6-aminopurine, and 6-mercaptopurine, exhibit phosphorescence.**> Purines can
be derivatized at carbon and nitrogen atoms — C2, C6, C8, and N7, N9 positions, respectively.'®
There are many methods described in the literature with high selectivity for derivatization at
selected positions, but usually, the most used reactions for functionalizing purine C2, C6, and C8
positions are nucleophilic aromatic substitution reactions (SnAr)Y° and cross-coupling
reactions.?®?® For the N9 position, either direct alkylation, Mitsunobu, or Chan-Lam reactions are
used.'® 26 But it is challenging to achieve selective derivatization of the purine N7 position, often
requiring construction of the purine ring via de novo synthesis?” from corresponding imidazole or
pyrimidine derivative.

Purine derivatives form metal complexes with certain metal ions (for example, Ca?*, Fe?*, Cu®*,
Pd?*, and Zn?*), and their photophysical properties change with the formation of those
complexes.?® 2 This usually results in the emission wavelength shift and quenching of the
fluorescence, although the situation when the compound increases its fluorescent properties upon
complexation is also present.® Dissolution of such compounds and observation of the fluorescence
change are the principles behind metal ion analysis in solutions by ultraviolet-visible (UV-Vis)
spectroscopy. Formation of the compound-metal complexes can also be observed by using the *H-
NMR titration approach.
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Triazolyl purines are notable structures of fluorescent purine derivatives that belong to the
push-pull chromophore category.’” Such compounds possess good photophysical properties,
reaching quantum yields up to 91 %,%% 3! and potentially can have various applications in cell
imaging, optoelectronics, or as sensors.

Another heterocycle, alongside purine, that is also abundant in nature and has a wide array of
biological activities is indole. Indole derivatives, for example, serotonin, play an important role in
human biology, acting as a neurotransmitter, while mitomycin C is known for its anticancer
properties.*> Report on indole derivatives being a new promising antiviral medicine was made
against such viruses as Hepatitis C, HIV and influenza.®® Since the first report of indole synthesis
in 1883 by Fischer, new synthetic procedures have been developed over the years. In recent
decades, the number of literature references on the synthesis of indoles has increased, which proves
the importance of the development of novel synthetic procedures towards a wide range of new
indole derivatives.®? Indole ring is also fluorescent and has potential applications in medicinal
chemistry as a probe for pH imaging® and the detection of fluoride ions® in cells.

Recently, chemists synthesized purine-indole conjugates to test their combined properties. One
of the advantages of these purine-indole conjugates is their excitation wavelength (321 nm), which
is well separated from the usual absorption of DNA (253 nm).% Some purine-indole conjugates are
used as fluorescent probes for such processes in cells as a protein-mediated duplex to G-quadruplex
exchange,® Hoogsteen base pairing,® and Narl recognition sequence.® It was also reported that
some of them potentially have antitumor®® properties and are able to regulate lipid metabolism.*

In this Doctoral Thesis, various fluorescent triazolyl purine derivatives were obtained, and their
use as potential metal ion sensors was studied alongside their photophysical properties (Fig. 1 a).
The new synthetic pathway towards purine-indole conjugates was developed in two steps from C-
C bonded triazole purine derivatives (Fig. 1 b).

a R?
X-N X=CorN
R'=H or EDG
N Ri = aryl or alkyl
RO - JN\ R4 =HorEDG EWG - electron-withdrawing group
NS\ R R* = alkyl EDG - electron-donating group
4

b ;Rz

N
-N

N 1. triazole rlng opening P _ ;1 H:)kr ?

= alky
</N ZaN 2 indolization R? = EDG or EWG
|

NS

NSy Ay

R
Fig. 1. a— Overall structure of synthesized trlazolyl purine derivatives; b — the synthetic route towards
purine-indole conjugates from triazolyl purines. EDG (-OMe, -NMe,); EWG (-CN, -NOy).
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Aims and objectives

The aim of the Thesis is the synthesis of new functionalized purine derivatives and the
determination of the potential uses for the obtained fluorescent compounds.

To achieve the goal, the following tasks were set:

o Synthesis of novel 2-piperidinyl-6-triazolyl and 2,6-bis-triazolyl purine derivatives with
various substituents at triazole ring and purine N9 position, and the examination of their
photophysical properties.

e Synthesis of water-soluble triazolyl purine derivatives and the examination of their
photophysical properties.

e Evaluation of triazolyl purine derivatives as potential metal ion sensors using *H-NMR
titration experiments with Zn?*, Fe**, Mn?*, Ca?*, Cu?', and Hg?" metal ions.

o Development of a synthetic pathway towards 1,4,7,10-tetraazacyclododecane moiety
containing triazolyl purine derivative and determination of its potential use.

e Development of a new synthetic pathway towards purine-indole conjugates starting
from triazolyl purines and determination of the scope and limitations of the developed
method.

Scientific novelty and main results

During the course of the Doctoral Thesis, new 2-piperidinyl-6-triazolyl and 2,6-bis-triazolyl
purine derivatives were synthesized, and their photophysical properties were measured. Selected
2-piperidinyl-6-triazolylpurine derivatives were tested for metal ion complexation in organic
solvents and water solutions. Quenching of the fluorescence was observed during complexation
experiments, indicating that these compounds are suitable for use as metal ion sensors, especially
demonstrating a great selectivity towards the complexation of Hg?* ions. Novel water-soluble
1,4,7,10-tetraazacyclododecane containing triazolyl purine derivative, with the potential to be used
as a photo-catalyst, was obtained and tested for complexation ability with Cu?* ions. A new metal-
free two-step synthetic pathway towards purine-indole conjugates from triazolyl purines was
developed.

Structure and volume of the Thesis

The Doctoral Thesis has been prepared as a collection of thematically related scientific
publications dedicated to the synthesis and derivatization of triazolyl purines, measuring the
fluorescence properties of selected compounds, and studying their applications. The Thesis consists
of four publications in SCI journals, one review, two patents and unpublished results.
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MAIN RESULTS OF THE THESIS

Purine is one of the most occurring nitrogen-containing heterocycles in nature, widely found in
various natural products and medicinal compounds.® In medicinal chemistry, substances isolated
from natural products often act as a framework for new pharmacologically active compounds, and
because of that, there is a constant interest in the synthesis and derivatization of purine-based
derivatives. Overall, there are two synthetic strategies for the synthesis of new purine derivatives
— either by replacing previous reactive functionalities on a purine ring or by cyclization of a
functionalized pyrimidine or imidazole precursors.*!

In the Thesis, the synthesis of novel purine derivatives is described alongside their
photophysical properties and their metal ion complexation abilities. A new synthetic approach for
the synthesis of purine-indole conjugates in two steps from triazolyl purines is described.

1. Derivatization of the purine ring

Since a variety of purine derivatives is being synthesized due to the increased interest in their
potential use in medicinal chemistry, the reactivity of different positions at the purine ring has been
intensively studied. The most readily and commercially available starting materials for this purpose
are 2,6-dichloropurineg*? and 2,6,8-trichloropurine,*® which are usually obtained in one step from
uric acid and xanthine, respectively. For halopurines, the most commonly used reactions for their
derivatization at C2, C6, and C8 positions are cross-coupling and SnAr reactions.

Cross-coupling reactions at 2,6- and 6,8-dihalopurine derivatives are both chemo- and
regioselective.'® If both halogens at purine C2 and C6 or C6 and C8 positions are chlorines, a
reaction with one equivalent of organometallic reagent occurs regioselectively at purine C6
position (Scheme 1 a—b).* Introduction of iodine at less reactive C2 and C8 positions in such
compounds leads to the reaction occurring at that position, leaving the C6 position untouched —
respectively, the reaction is happening chemoselectively (Scheme 1 c—d).

Scheme 1. General regioselectivity of 2,6- and 6,8-dihalopurines.

General regioselectivity depicted in Scheme 1 works well with Stille,2%?? Negishi?®22
Suzuki-Miyaura®-?® reaction conditions. The formation of disubstituted products is mostly
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observed in Stille reactions.?’ A possible explanation could be that the Stille reaction, in general,
requires higher temperatures than others, thus making the reaction non-selective. By using Negishi
and Stille reactions, aryl, alkyl, and alkenyl substituents could be introduced to the halogenated
purine, while Suzuki-Miyaura cross-coupling is mostly used for the introduction of aryl
substituents.

In the case of 2,6,8-trichloropurine derivatives, cross-coupling reactions in most cases occur
sequentially, the order of reactivity being C6 > C8 > C2 positions.”® There is a report in the
literature on exceptions not following this reactivity pattern in selected 2,6,8-trichloropurine
derivatives, where substitution occurs at the C8 position first, followed by the usually more reactive
C6 position.*® The example includes glycoside at the purine N9 position, which probably directs
the reaction to happen at the C8 position.

Halogen atoms on the purine ring can also be used as leaving groups in SnAr reactions to
introduce various nucleophiles, such as N-,Y” O-* S- P-4 and Se-nucleophiles.*® For SnAr
reactions, while the order of reactivity on the purine ring remains the same, the reactivity of
halogens is reversed in comparison to cross-coupling reactions, and fluorine being the most reactive
halogen (F > Cl > Br > ).%° Although it is known that the C6 position is more reactive, there have
been extensive studies on leaving groups reactivities in SnAr reactions for that position (Table 1).%

Table 1
Orders of leaving groups reactivities in 6-substituted purine derivatives
Entry Nucleophile Additive Reactivity
1 BuNH: F>RSO,>Br>Cl>1
2 MeOH DBU RSO,>F>Br=Cl >
3 i-PentyISH DBU RSO;>F>Br=1>Cl
4 PhNH> TFA F>RSO,>1>Br>Cl
5 PhNH: I >Br>RS0O2>Cl>F

The reactivity of the purine C6 position depends on the leaving group, nucleophile, and the
additive. Among all halogens, fluorine is the best choice for SnAr reactions with butylamine and
aniline in the presence of an acid catalyst, as well as with O- and S-nucleophiles (Table 1, entries
1-4). Only in the case of aniline without any additive, 6-fluoropurine takes the most time to react
— 6 hours, as opposed to the 50-minute reaction time of 6-iodopurine derivative (Table 1, entry 5).
6-Alkylsulfonyl substituted purines surpass fluorine as a leaving group in reactions with O- and S
nucleophiles, but the exact speed of the reaction was not determined (Table 1, entries 2-3). While
halogens are the most commonly used for the SNAr reactions, there are known examples of azides,
sulfonyl groups, and 1,2,3-triazoles being used as leaving groups. 8 48 52,53

Other positions that can be derivatized in purines are either the N7 or N9 atoms. While in most
cases, the N9 position is more reactive, in some cases, the formation of N7 products is also observed
due to the purine ring N7/N9 position tautomerism. The most common procedures for the
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functionalization of the N9 position are alkylation with alkyl halides and Mitsunobu reaction, but
in these transformations, a small amount of undesired N7 alkylation product is still forming.*®
Selective glycosylation of purine N9 position is a well-studied topic that requires the previous
introduction of an electron-poor directing group at C6 position, such as imidazole®
tetramethylsuccinimide,> or O-diphenylcarbamoyl groups.®® The use of SnCl, as a catalyst also
provides N9 glycosylated purines without any directing groups at the purine C6 position.5”

In recent years, many novel synthetic procedures have been reported for the selective alkylation
of the N9 position. In the reaction between adenine or 6-chloropurine with primary alcohols, using
a mixture of P.Os, Kl in the presence of EtsN and K2COs, N9 alkylated products are formed with
yields up to 82 %.% In the presence of Umemoto’s reagent and UV light, cyclic ethers and methyl-
tert-butylether (MTBE) are used to selectively derivatize purine at the N9 position.5° N9-substituted
purines are obtained by using N,N-dialkyl amides, KI, and tert-butylhydroperoxide (TBHP) for the
alkylation.®® On the other hand, selective N7 alkylation is more challenging to achieve. For this
purpose, specific substrates like glycosyl donors in the presence of bis(trimethylsilyl)acetamide
with tin or titanium tetrachlorides®® or very electron-poor cyclopropanes are exploited.®

Aryl-substituted N9 purines are usually obtained in Chan-Lam reactions®® and in cross-
couplings with aryl halides,% while N7-arylated purines are achieved in de novo synthesis of purine
ring using substituted pyrimidines or imidazoles as starting materials.

The most recent information on selective N7/N9 purine alkylation/arylation is summarized in
the review found in Appendix I.

1.1. Fluorescent properties of purines and their ability to form metal complexes

One of the first reports on purine derivative metal complexes was published in 1959, where six
6-substituted purine derivatives were tested for their complexation ability with Ni?*, Co?*, Cu?*,
Pb?*, and Zn? ions.% It involved potentiometric measurements of pH values of water-dioxane
solution of purine in or without the presence of metal ions after each addition of standard NaOH
solution. By monitoring the changing pKa values of the solution, as the solution pH went higher,
dissociation constants were determined, indicating the formation of purine-metal complexes. The
study elucidated that purine has different complexation abilities with metal ions, depending on the
substituents at the purine C6 position and the nature of the used metal ions. Later, in 1971,
complexation patterns of 6-amino-, 6-chloro-, 6-hydroxy- and 6-mercaptopurines were tested with
Mn?*, Ca?*, Mg?*, Zn?*, Ni?*, Co?*, and Cu?" ions in water, and their stability constants were
measured.® Stability of formed metal complexes with 6-substituted purine derivatives followed
the order of Cu?* > Ni?* > Zn?* > Co?" > Mn?* > Mg?* > Ca?*. The authors proposed that 1:1 purine-
metal complexes were formed and the metal was coordinated between the substituent at purine C6
and nitrogen at N7 (Fig. 2).
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Fig. 2. Metal ion complexation site between the substituent at C6 position and the purine N7
position.

Nowadays, one of the widely used anti-cancer drugs is cis-diamminedichloroplatinum(ll) or
cisplatin.% " This metal complex primarily binds with the N7 positions of guanine bases, which
activates several signal transduction pathways and leads to apoptosis or programmed cell death.
While it is one of the widely available anti-cancer treatment options, its drawbacks include
toxicological damage to the organism in the form of hepatotoxicity (liver), cardiotoxicity (heart),
nephrotoxicity (kidney), gastrotoxicity (stomach) and ototoxicity (hearing loss).®% 7

The complexation ability of organic molecules with metals can be observed and determined
with *H-NMR spectroscopy, one of the most useful techniques for the observation of dynamic
molecular processes.®® By using a methodology called *H-NMR titration, a metal ion complex
solution with known concentration is gradually added to the solution of the analyzed compound
while monitoring the change of the compound’s chemical shifts.®® By defining which signals in the
analyzed compound shifted, it is possible to pinpoint the closest complexation sites in the molecule.
Analysis of chemical shifts or observation of their disappearance gives information on the
complexation pattern. *H-NMR titration is used to determine metal complex binding constants,
reaction equilibrium constants, and pKa values of compounds, although some difficulties with the
precision of the results at low (0-2) and high (12—-14) pH values are present — in these pH ranges
calculated values slightly differ from the results gained using potentiometry and thereof their
precision is doubtful.”® ™

Measurements of fluorescence are also used in the studies of purine-metal complex formation
due to the change in the fluorescence intensities when the complexation occurs. Usually, the
formation of purine-metal complexes lowers the emission intensities or completely quenches the
fluorescence. Since naturally occurring purine nucleosides possess weak fluorescent properties,”
while being one of the most widespread biologically active compounds, it is required to make extra
modifications in the molecular structure of purine to enhance their photophysical properties.
Usually, acceptor (-CN, -CO2Me, -CONHR (R = alkyl)) and donor (-NHz, -NHMe, -NMe,, -OBn)
substituents are introduced in the structure, making purine a push-pull chromophore,” increasing
its quantum yield and enabling monitoring of the intracellular processes by using fluorescence-
based observation methods. Fluorescent purine-based ion sensors for Hg?* and Pd?* in aqueous
media® 7 and for Cu®* in cells,® " were developed, with their fluorescent properties quenched
upon complexation (Fig. 3 I-111). A case of a purine-based metal ion sensor, which increases its
fluorescence upon the addition of AI** ions, was also reported (Fig. 3 1V).°
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Fig 3. Examples of purine-based metal ion sensors I-1V.

In the mentioned studies, fluorescence change was analyzed using titration experiments by UV-
Vis spectroscopy, a method of continuously measuring the absorption or emission intensities of a
compound upon the addition of metal ions. The countless number of push-pull chromophores can
be synthesized using a purine base. One of the possible moieties that can be introduced to the purine
is 1,2,3-triazole, which functions not only as a good electron-withdrawing group but also adds a
stable complexation site (Fig. 4) for the metal ion. 1,2,3-Triazoles have been reported to be parts
of the complexation systems with pyridine, isoquinoline, and ferrocene™ 77 alongside other O-,
S-, and N-atoms in the molecule. Such systems make metal ion complexes with Pd?*, Cu®*, Ni?*,
Ru?*, Au*, and Ag*, with some of them possessing antimicrobial, anticancer, and antifungal
properties.”®® None of those systems with triazoles included purine in it, and since our group
previously reported the use of 2,6-bis-triazole purine derivatives as potential ratiometric sensors,?

this encouraged us to synthesize novel triazolyl purine derivatives during the development of this
Doctoral Thesis.

N

N
\ R = alkyl or aryl groups
(Nf\N X = EDG or triazole
| M = metal
NS
N Ny
R

Fig. 4. Metal ion complexation site between 1,2,3-triazole and the purine N7 position.
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1.2. Synthesis of triazolyl purine derivatives

1,2,3-Triazole moiety is found in some medicines and used as a pharmacophore, for example,
in antiviral and anticancer drugs, such as cefatrizine, rufinamide, and mubtritinib.”®% The structure
of 1,2,3-triazole has a tendency to form hydrogen bonds, as well as to provide n-x stacking and
dipole-dipole interactions, and is not prone to metabolic degradation.®? It is able to mimic the
features of other different functional groups, and it is used as an amide bond, ester bond, and
carboxylic acid bioisoster.®®

1,2,3-Triazoles are usually synthesized through [3+2] Huisgen, copper-catalyzed, or
ruthenium-catalyzed azide-alkyne cycloadditions.8% 8 Depending on the starting materials, two
sets of compounds were obtained, C-N and C-C bonded triazolyl-purine conjugates A and B

(Fig. 5).

Fig. 5. General structures of C-N (A) or C-C (B) bonded triazole-purine conjugates.

Previously, our group studied C-N bonded triazolyl purines A.2%® It is known that C-N bonded
triazole at the C6 position of purine acts as a leaving group in SNAr reactions with different O-,
C-, P-, Se- and N-nucleophiles.*® 4% 5253 5o, we opted to synthesize compounds B, where triazole
and purine were connected via the C-C bond, improving structure stability for potential use in
OLEDs.

C-C bonded triazolyl purines were synthesized in copper-catalyzed azide-alkyne cycloaddition
(CuAAC) using corresponding alkynyl purines and aryl azides. Firstly, commercially available 2,6-
dichloropurine (11) was derivatized at the N9 position in the Mitsunobu reaction with three
different alkyl groups (Scheme 2). Trityl group containing moiety (a) was introduced into the
structure to make it more amorphous and suitable for the studies of photophysical properties in
films and the discovery of potential use for OLEDs.% Heptyl group (b) was chosen for its inert
behavior, and glycerol-containing moiety (c) was selected to increase the end-product solubility in
aqueous solutions. Next, in the Sonogashira reaction, alkynyl groups were introduced into the
molecule. Since the starting material has two chlorine atoms at purine C2 and C6 positions, it is
possible to obtain either 6-alkynyl purines 13 or 2,6-bis-alkynyl purines 14, solely changing the
reaction conditions. Since the purine C6 position is more reactive,'® product 13 formed first at
50 °C temperature, and the further substitution at the purine C2 position required a higher
temperature, thus resulting in an increase in temperature to 100 °C and the change of solvent from
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tetrahydrofuran (THF) to dimethylformamide (DMF). It is worth noticing that in the synthesis of
6-alkynyl purines 13, even by lowering the temperature and using exactly one equivalent of TMS
acetylene, the formation of 2,6-bis-alkynyl purines 14 always was observed up to 10 % of
conversion.

cl
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N
<
N
NN el
1
ROH
' | THF
T™S DIAD \ ™S
I ! I
=—-TMsS =—TMS
/N N Pd cat. /N N Pd cat. /N N
- A THF - “ DMF - “
NT >N ¢l ! NT N7 ¢l ' NTON SN
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13a, 67 % Th 12a,70% 30 min 14a, 68 %
13b, 80 % 12b, 69 % 14b, 45 %
13c, 83 % 12¢, 71 % 14c¢, 37 %
o Ph oTBS
aR: th bR:n-C;His cR: }—C
O Ph OTBS

Scheme 2. Synthesis of 6-alkynyl purines 13 and 2,6-bis-alkynyl purines 14.

With alkynyl purines in hand, CuAAC reactions were carried out with aryl (Table 2, entries 1—
8) and alkyl (Table 2, entries 9-13) azides 15 using Cul as a catalyst. Corresponding 2-chloro-6-
triazolylpurines 16a-m were obtained in 56-91 % vyields. In the case of 4-azido-N,N-
dimethylaniline (Table 2, entry 3), the CUAAC reaction was performed using CuSO4.5H>0O/sodium
ascorbate catalytic system due to the electron-rich nature of the corresponding azide. In the
presence of the copper iodide, it was reducing itself to the corresponding amine way faster than the
reaction was complete. Next, compounds 16a-m were used in SnAr reactions with piperidine,
yielding 2-piperidinyl-6-triazolylpurines 17a-m. Piperidine was introduced to the structure as an
electron-donating moiety, forming the complete push-pull chromophore in opposition to electron-
deficient triazole, thus enhancing product fluorescence. In the case of compound 16j (Table 2, entry
10), aminolysis of the ester was observed, and piperidylamide was obtained instead of the
corresponding methyl ester.
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Table 2

CUuAAC between alkynyl purines 13 and alkyl/aryl azides 15, followed by an SnAr reaction with

piperidine
R2
T™MS \ N N
I N
R2 N3 Cul
TN <, =<
N N/)\ DCM, / DMF, /
R 25°C 100 °C R1
13a-c 0.5-4h 16a-m 1-14h 17am
1 2 Reaction 13 — 16, | Reaction 16 — 17,
Entry R R yield, % yield, %
1 HO 163, 66 17a, 67
2 o o | H-on 16b, 82 17b, 76
Y15(\/ th
32 O Ph @NMez 16c, 56 17c, 41
4 H{H-ome 16d, 89 17d, 67
5 O 16e, 86 17e, 77
6 n-CrHus H{ H-ome 16,91 17, 81
7 - Hno, 169, 69 17g, 71
OTBS
8 F{ H-om 16h, 89 17h, 75
}—<:OTBS °
9 CH:CN 16i, 59 17i, 75
10° o o |_CH2COOMe 16j, 74 17}, 75
11 | XY Cy 16k, 77 17k, 66
12 o Ph n-CioHaz3 161, 88 171, 89
13 Bn 16m, 83 17m, 83

2 For the reaction 13 — 16, reaction conditions were CuSQO4.5H,0, sodium ascorbate, AcOH, DMF, 70 °C.
b For the reaction 16 — 17, aminolysis of the ester was observed, and piperidylamide was obtained instead

of the corresponding methy!| ester.
¢ Cy — cyclohexyl group.

We also used CuAAC reaction between 2,6-bis-alkynyl purines 14 and corresponding
alkyl/aryl azides 15 to result in bis-triazolyl purines 18a-m (Table 3). The nitro group that was
introduced to the phenyl triazole moiety (Table 3, entry 7) fully quenched the fluorescence, and in
the case of 4-azido-N,N-dimethylaniline, formation of the second triazole was never observed in
the reaction mixture.
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Table 3
CuAAC between 2,6-bis-alkynyl purines 14 and azides 15

RZ
T™MS Nf'}‘\
I NN
R2-N,Cul
</N ‘ \/N 15 _ </N ‘ \/N
N N)\ DMF, 50°C '\ N)\(\N_R2
R N ms 051h R Ny
14a-c 18a-m
Entry Rl R2 Reactlc.m 14 — 18,
yield, %
1 H > 18a, 60
‘H(\/prh
2 Ioben | ) 18b, 50
3 18c, 60
4 n-C7H1s ! ( ) l8d, 44
s | - 18¢, 38
€,
OTBS
6 CH2.CN 18f, 62
7 o o, | CHaCOOMe 18g, 67
g | X mph Cy? 18h, 81
9 Nn-CioH23 18i, 45
10 Bn 18, 85

&Cy — cyclohexyl group.

After acquiring a wide range of C-C bonded mono- and bis-triazolyl purines, we decided to
synthesize some C-N bonded triazolyl purine analogs for comparison of their photophysical
properties among themselves. Since ion complexing tests are better achieved in aqueous media, we
chose to introduce a glycerol-containing moiety into selected C-N bonded analogs. For the
synthesis of C-N triazolyl purine products, we used an approach developed in our laboratory
before.3 5% 85 87 |n the first step, we used previously obtained purine derivative 12¢ in SNAr
reaction with NaNs, acquiring 2,6-diazidopurine 19 (Scheme 3). Next, in the CUAAC reaction
between diazide 19 and 1-ethynyl-4-methoxybenzene, we obtained 2,6-bis-triazolylpurine 20.
C-N bonded 2-piperidinyl-6-triazolylpurine 23 was synthesized in a similar manner using the
sequence of SnAr and CUAAC reactions. In the SnAr reaction, diazide 19 reacted with piperidine,
and due to azide-tetrazole equilibrium, product 22 formed and was later used in the CUAAC with
1-ethynyl-4-methoxybenzene. The last step was the cleavage of the tert-butyldimethylsilyl (TBS)
protecting groups in compounds 20 and 23, using acetic acid in THF/H20, yielding products 21
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and 24, respectively. The same TBS deprotection protocol was used for their C-C bonded analogs
17h and 18e (Table 4, entries 11 and 14).
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Scheme 3. Synthesis of C-N bonded bis-triazolyl purine 21 and mono-triazolyl purine 24.

Next, the photophysical properties of target compounds 17, 18, 21, and 24 were studied
(Table 4). Quantum yield measurements of amorphous compounds 17a, 17d, and 17m, which were
designed for potential use in OLEDs, were taken in the thin films and reached up to 35 %. During
the research, the trityl group containing purine derivatives proved to be unsuitable for the
development of OLED devices due to the rapid degradation under the influence of electrical
current, so we did not perform any experiments or further purine structure modifications for the
potential OLED development.
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Photophysical properties of triazolyl purines 17, 18, 21 and 24

Table 4

R? R2

- i & &
SN SN N,N N,N
N NN
N N
¢ 1L <1 </ x </ x
’,\1‘ NTON ’,\1‘ N ~N-R? 3 N 3 O
R R N=N R \§< R
17a,R'=a,R?=a 18b,R'=a, R2=b L N
17b,R'=3,R2=b 18¢c,R'=a,R?=d 21,R'=c,R*=d 24,Ri=cR°=d
17¢,R'=a,R?=¢ 18e®, R'=¢,R%=d .
17d,R' = a,R2 = d o o R®=a)
17¢,R'=b,R?=a T=a)y T
17f,R'=b,R?=d mph b) }—QCN
1 2 _
17m,R'=a,R“=¢ b) n-CH1s

17h® R'=¢, R%2=d

) ’—QNM%

OH
o }—<:OH d) @OMe

e)Bn
Aabs max, Aem max, Quantum
Entry Compound Solvent? am m yield, 9%
1 17a DCM 365 443 75
2 in the film 366 447 35
3 17b DCM 371 452 68
4 17c DCM 311 437 76
5 174 DCM 363 439 71
6 in the film 381 545 12
7 17e DCM 364 443 81
8 17f DCM 365 441 74
9 DCM 362 438 75
17m - -
10 in the film 361 443 23
11 17h? DMSO 363 450 95
12 18b DCM 282 0
13 18c DCM 281 394 26
14 18¢P DMSO 283 452 49
15 21 DMSO 261 506 24
16 24 DMSO 362 457 98
4C=10"° mol/L.

b TBS group being cleaved from the initial substrate.
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In the case of glycerol containing purine derivatives 17h, 18e, 21, and 24, we observed that
they were practically insoluble in water and dichloromethane (DCM), but soluble in
dimethylsulfoxide (DMSO), so all measurements were taken in DMSO. 2,6-Bis-triazolyl purine
derivative 18b did not exhibit fluorescence, while compounds 18c, 18e, and 21 showed moderate
quantum yields in the range of 24-49 %. In the case of the nine studied 6-triazolyl-2-piperidinyl
purines 17a-h and 24, quantum yields in DCM and DMSO were in the range of 68-98 %.

The original publication of the research described in this chapter can be found in Appendix II.

1.3. Synthesis of water-soluble triazolyl purines

Since glycerol moiety containing compound 24 possessed an excellent quantum yield but had
poor solubility in water, we decided to transform hydroxyl groups into pyridinium moieties, which
form the salts with counter ions, increasing compound solubility in water.88° For this purpose, we
exchanged hydroxyl groups for tosylates and then heated tosylate derivative 25 in pyridine at
120 °C temperature until pyridinium tosylate salt 26 was formed (Scheme 4).

MeOQ, MeO

N N
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Scheme 4. Synthesis of water-soluble C-N bonded mono-triazolyl purine 27.
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Although compound 26 was already soluble in water, it still possessed two aromatic tosylate
anions that potentially could impact fluorescence, so we decided to exchange these ions for
chlorides using ion exchange resin. The solubility of compounds 24-27 in water was determined
by using quantitative *H-NMR (24 — 0.21 mg/mL, 25 — 0.19 mg/mL, 26 — 57 mg/mL, 27 — 133
mg/mL).

Photophysical properties were measured for compounds 26 and 27 (Table 5). Absorption and
emission spectra were measured for compound 26 in H.0, DMSO, and DCM and for compound
27 in acetonitrile (MeCN), methanol (MeOH), H.0, DMSO, and DCM at 10™* M concentration.
The quantum yields for both triazolyl purine derivatives were below the detection range (< 0.5 %)
while starting material 24 had a 98 % QY in DMSO solution at 10> M concentration (Table 4,
entry 16). Upon derivatization of glycerol containing moiety of compound 24 at the purine N9
position with pyridinium salts, while the solubility of compounds in water was greatly enhanced,
the fluorescence was quenched.

Table 5
Photophysical properties of triazolyl purines 26 and 27
Compound 26 Compound 27

Solvent® Xabs max, | Aem max, QEJantum Aabs max, | Aem max, anntum

nm nm yield, % nm nm yield, %
MeCN - — - 360 457 <05
MeOH - - - 362 461 <05
H.0 362 457 <0.5 363 463 <05
DMSO 361 428 <05 362 454 <05
DCM 359 565 <05 360 452 <05

4C=10"*mol/L.

The original publication of the research described in this chapter can be found in Appendix I1I.

1.4. Water-soluble purine derivatives for metal ion complexation

According to the example in the literature, the introduction of the tetraethylene glycol (TEG)
moiety into the purine derivative should increase compound solubility in water.%* ** TEG moiety
containing purine derivatives 31 and 32 were synthesized in multiple steps from 2,6-dichloropurine
(11) (Scheme 5).

TEG moiety protected with the tetrahydropiranil (THP) group was introduced into 2,6-
dichloropurine (11) N9 position using the Mitsunobu reaction conditions. Next, 6-alkynyl purine
derivative 29 was synthesized in the Sonogashira reaction and later was used in the subsequent
CuAAC reaction with 1-azido-4-methoxybenzene, followed by SnAr reaction with piperidine,
yielding triazolyl purine derivative 30. The THP group was deprotected with trifluoroacetic acid
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(TFA) in MeOH, resulting in compound 31. Next, in the reaction between compound 31 and tert-
butyl-2-bromoacetate, followed by the removal of the protecting group, product 32 was obtained.
Solubilities in water of compounds 31 and 32 were determined by measuring and comparing the
UV absorptions of their saturated solutions with corresponding calibration curves. The resulting
solubility in water was 0.24 mg/mL for compound 31 and 110 mg/mL for compound 32.
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HO ™S l .
Cul, PCl,, © Cul, EtgN, AcOH

DIAD, Ph p PhoP, EtN N>\ DCM, 25 °C
< el e e R G
C| THF, THF, 0=25°C THF, NS¢
50 °C 2. DMF

‘L/ior L//Or H e
THPO 3 28,69% THPO s 29,72%

MeO, MeO, MeQ,

Q. QN &

\ N N-N
N N &k N

N 7z TFA NaH THF, 20 °C
— N —_
N )\ MeOH, HPOL THF,
60° F O 20°C ( Q
THPO‘L// r L// J—//
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Scheme 5. Synthesis of purine derivative 32 with the TEG moiety.

The photophysical properties of compounds 17f, 31, and 32 were studied (Table 6). Since
compound 17f was insoluble in water, measurements were made in aprotic solvents of different
polarities — in cyclohexane (CyHex), diethyl ether (DEE), ethyl acetate (EA), dimethoxy ethane
(DME), MeCN and DMSO. The TEG group containing triazolyl purines 31 and 32 were tested in
water. Quantum yields of compound 17f in different solvents were in the range of 48—72 %, its
fluorescence lifetime being from 9 ns to 15.7 ns. Radiative fluorescence decay (trad) represents the
speed by which a molecule emits fluorescence, while non-radiative fluorescence decay (tnonrad) IS
the speed of fluorescence quenching.®? Both processes are competing, and for high quantum yield,
Trad Should be faster than tnonrad @and Vvice versa. The highest quantum yield achieved was 72 % for
compound 17f in DMSO, which is explained by the fact that in more viscous solvents, molecular
motions are slower, thus lowering fluorescence quenching. The lowest quantum yield was 17 % in
water for compounds 31 and 32. This rapid quenching of fluorescence was expected due to the
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high-energy vibrations of hydroxyl groups.®® But the observed quantum yield was still considered
sufficient for further metal ion sensing experiments in water.

Table 6
Photophysical properties of triazolyl purines 17f, 31 and 32
MeO, MeO, MeOQ,
Q. Q, Q,
N N N
N—Z>N N~Z>N N =
<,N \NJ\N <N \NJ\N SN ‘ Q
n-C;Hqs
o
17f HOL/ C1 >7/\ ‘L/ r
Entry | Compound Solvent Aas, Rem, | Quantum T’ | Tnomra,”
nm nm yield, % ns ns ns
1 CyHex 365 415 61 9.0 14.8 23.1
395
2 DEE 360 425 52 9.4 18.1 19.6
3 17f EA 360 425 48 9.3 194 17.9
4 DME 360 425 50 9.7 194 19.4
5 MeCN 360 435 49 12.4 25.3 24.3
6 DMSO 360 445 72 15.7 21.8 56.1
7 31 H,0 363 462 17 7.1 415 8.5
8 32 363 462 17 7.1 41.8 8.6
 Fluorescence lifetimes.
b Radiative fluorescence decay lifetimes, Tr,q = é.
¢ Non-radiative fluorescence decay lifetimes, t,onraqa = n _TQy.

Compounds 31 and 32, alongside previously synthesized 17f, were tested for their ability to
complex metal ions. For the experiments, mercury(ll) ions were chosen. Mercury is a non-
biodegradable heavy metal that possesses high toxicity for living organisms. Mercury compounds,
upon dissolution in freshwater or seawater, create methylmercury, which accumulates in marine
products and is easily ingested by humans.® Accumulation of mercury into humans increases the
risk of heart complications, causes Minamata disease, and damages the DNA and chromosomes.®
Due to the mentioned issues, there is a necessity for the detection of Hg?* ions in water and living
cells. There are known compounds capable of complexing the Hg?* ions with different
complexation mechanisms, including S-atom complexation, deprotection of thioacetals, and N-
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atom complexation.®® Since Hg?* ions have a tendency towards coordination of nitrogen atoms,
and triazolyl purines structure possesses a sufficient amount of nitrogen atoms, our triazolyl-purine
conjugates were examined.

By using the *H-NMR titration technique, triazolyl purine 17f was titrated in MeCN-ds using
Hg(ClO4)2-3H,0 as an Hg?* source and benzene as an internal standard. *H-NMR spectra of the
analyzed sample were taken after each addition of 0.1 eq. of Hg?" ions (Fig. 6).

AIB-188-Hg.11.1.1r

1.0 eq.
ea rio

AIB-188-Hg.10.1.1r

0.8 eq.

AlB-188-Hg.9.1.1r

0.7 eq. Ls
AlB-188-Hg.8.1.1r
0.6 eq. Ly

AIB-188-Hg.7.1.1r
0.5 eq. h

AlB-188-Hg.6.1.1r

0.4 eq.
r5
1 A i (S H OMe
AlB-188-Hg.5.1.1r .
0.3 eq. H L
J L Jh‘\_/] NL Hr
J L

AIB-188-Hg.4.1.1r \

0.2 eq. | . ’}\7 4JU‘J7 ¥M N Z~H 3

AIB-188-Hg.3.1.1r N~
0.1 eq. ' ﬁ N M H (/ JN\ Ly

_Jk e ‘~ _,/‘ (S N \N N
AIB-188-Hg.1.1.1r n-é7H15

0eq.

Purine CH Ar, Ar,

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
11.0 10.8 10.6 10.4 10.2 10.0 98 9.6 94 9.2 90 88 86 84 82 80 78 76 74 72 70 68 66 64 62 60 58 56 54 52

Fig. 6. 'H-NMR titration of compound 17f with Hg?* ions in MeCN-ds, aromatic region is shown.

After each addition of Hg?* ions, aromatic proton signals shifted, and the most rapid shift was
observed by the purine C8-H signal, followed by the triazole and Ar: signals. Upon the first
addition of ions, precipitate started forming slowly, and at 0.5 eq. of Hg?* ions, only traces of 17f
were found, completely disappearing at 0.6 eq. The most likely formed precipitate is compound
17f and Hg?* ion complex with a coordination pattern 2 : 1, with the Hg?* coordination site being
between purine N7 and triazole N3 atoms (Fig. 7).

Compounds 31 and 32 were also tested for the complexation pattern to the Hg?* ions, but the
formed complexes in water were with a 1 : 1 ratio, as a result of reducing binding constant in water.
As expected, for all tested substrates, every addition of Hg?* ions quenched the fluorescence,
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making them potential metal ion sensors. Other metal ions such as Na*, K*, Mg?*, Ca%*, Fe?*, Cu?*,
Zn?*, Hg?*, and Pb?* were tested for their complexation potential with compounds 17f, 31 and 32
in water or acetonitrile (Fig. 8).
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Fig. 7. Possible 17f : Hg?* complex based on the observations in the titration experiments.
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Fig. 8. a— Fluorescence intensity upon addition of metal ions to the compound 17f in acetonitrile;
b — fluorescence intensity upon addition of metal ions to the compounds 31 (blue bar) and 32
(yellow bar) in H20.

Triazolyl purine derivative 17f has shown a complexation pattern towards Fe?*, Cu?*, Pb?*,
Mg?*, and Zn?* ions, similar to that observed with Hg?* ions. In agueous media TEG containing
triazolyl purine derivatives 31 and 32, besides Hg?*, strongly coordinated only with Cu?* ions
(Fig. 8 b), which is explained with azafilic nature of copper, that even in aqueous media prefers to
coordinate with nitrogen,® while metal ions such as Fe?*, Pb?*, and Zn?* prefer to coordinate with
oxygen and are making complexes with water instead. All tested compounds displayed excellent
complexation ability towards Hg?* ions in solutions. Next, the experiments with compounds 31
and 32 were performed on the living cells in collaboration with Taiwan colleagues. However,
compound 32, which contained -COOH moiety, was too reactive and adhered to the cultural plate,
and experiments were continued only with compound 31. MDA-MB-231 cells were treated with
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HgCl., followed by compound 31. Bright-field and fluorescence spectroscopy were used to observe
changes in the cells (Fig. 9).

Control
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Fig. 9. Bright-field and fluorescence spectroscopy of MDA-MB-231 cells stained with compound
31 with or without Hg?" ions.

Cells successfully internalized compound 31, and the fluorescence was quenched after treating
them with mercury. This experiment confirmed the potential use of derivative 31 as a mercury ion
detector in biological systems.

The manuscript of the research described in this chapter can be found in Appendix IV.

Compounds 17f, 31, and 32 are part of the LVP2024000059 and LVP2024000072 patent
applications submitted to the Patent Office of the Republic of Latvia and can be found in
Appendices V and VI.

1.5. Water-soluble purines as potential photocatalysts

In collaboration with colleagues from Vilnius University (VU) and Laboratoire Ondes et
Matiere d'Aquitaine in Bordeaux University, who have experience in the studies of photocatalytic
systems,®® % a new potential photocatalyst based on purine containing cyclen (1,4,7,10-
tetraazacyclododecane) moiety was designed and synthesized in 9 steps (Fig. 10).
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Fig. 10. Structure of the designed target compound 33a.

Moiety A consists of several parts — triazole, alkyl linker, and N,N-dimethylaniline. Triazole
acts as an electron-withdrawing group in the push-pull system in this molecule, while N,N-
dimethylaniline moiety is a strong charge donor, not connected to any other aromatic system.
Moiety B consists solely of N,N-dimethylaniline, which is connected to the purine ring directly,
acting as a strong electron donor group for the push-pull system and as an antenna for the electron
transfer. Moiety B also extends the n-conjugated electron system of triazolyl purine, lowering its
absorption wavelength and transforming it into a fragment with well-expressed charge transfer
properties. The cyclen part of the moiety C was chosen due to its excellent ability to complex metal
ions such as Cu?*, Ni%*, and Zn?*.1% 101 |n this molecule, moiety C is meant for the coordination
of Cu?* ions to all four nitrogens in cyclen due to good coordination strength towards them,
thermodynamical stability, and kinetic inertness in acidic media.’®® General mechanism of the
envisioned operation scheme of this photocatalyst is: 1) upon photoexcitation, an electron from the
antenna is excited and goes to its lowest unoccupied molecular orbital (LUMO), quickly followed
by an electron from the donor group occupying a free spot in the antenna’s highest occupied
molecular orbital (HOMO); 2) electron transfer from LUMO happens from the antenna to the metal
in cyclen position, reducing it from Cu?* to Cu* (Fig. 11).
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Fig. 11. Proposed mechanism of action for the photocatalyst 33a.
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To synthesize the desired compound, the purine core requires derivatization at the C6, C8, and
N9 positions with A, B, and C moieties. We designed six possible synthetic routes towards the
target product, depending on the introduction order of the chosen moieties into the purine ring. The
general synthetic strategies for the synthesis of the goal product are presented in Scheme 6. Moiety
A was planned to be constructed via CUAAC reaction (Scheme 6 a). The synthesis of building
block 36 was done in 4 steps starting from 1-bromo-4-nitrobenzene (see Appendix VII). Arylation
of the purine C8 position was planned to be achieved via a palladium-catalyzed cross-coupling
reaction, and we chose the Stille reaction (Scheme 6 b); building block 39 was easily obtained in
one step.1% Building block C could be introduced to the purine N9 position via Sn2 reaction using
cyclen derivative 42, which was obtained by using known literature methods (Scheme 6 c).1%

36
2
" R? Pd cat.

N C-C couplmg
O 2 3% &
SnBuj
37 38 39
S
. f\ R3
Rz{/ i Alkylat|on f\ H
R2 N
% 0o+ ﬁN
40 —N J
N
\NK\ 3 Br K/N\

Scheme 6. Retrosynthetic approach for the introduction of A, B, and C moieties into the purine
core.

In our initial synthetic route towards cyclen moiety-containing product 33a, we used compound
43 in the SNAr reaction with sodium azide and obtained 6-azidopurine derivative 44 (Scheme 7).
Subsequent CUAAC reaction with 2-(prop-2-yn-1-yloxy)ethan-1-ol resulted in triazolyl purine 45.
Further derivatization of compound 45 with 4-bromo-N,N-dimethylaniline by using copper-
catalyzed Ullmann-type reactions with different bases (Cs2COs, K3POs, K2COsz) and ligands
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(3,4,7,8-tetramethyl-1,10-phenanthroline,  8-hydroxyquinoline) was unsuccessful. Instead,
building block 36 was used, and in the CUAAC reaction, product 46 was obtained, in which the
THP-protecting group was easily cleaved in AcOH/H>O/THF mixture at 50 °C temperature in 16 h.
Further derivatization attempts of this compound using the Mitsunobu reaction or alkylation of the

N9 position were unsuccessful.
e O
cl N / N

N N NaNg f\N Cul, Et3N, AcOH f\ Nf\N
< ) owr - < ' oom Ve </N N

50°C, 3h DCM
@ | @ e Q ®
43 44,70 % 45, 63 % 46, 56 %
Cul, Et3N, AcOH, 36 T
DCM
3h,25°C

Scheme 7. The first synthetic route, starting with the derivatization of the purine C6 position.

Then, we decided to change the derivatization sequence and start the modification at the purine
N9 position. First, the Mitsunobu reaction between 6-chloropurine (47) and THP-protected
ethylene glycol yielded product 48, which underwent azidation and CuAAC reactions, and
triazolylpurine 50 was obtained in 46 % yield (Scheme 8). Next, we tried to introduce a halogen
atom to the purine C8 position for further C-C cross-coupling reaction. In the reaction with NBS,
the phenyl ring was brominated instead of purine, leading to the formation of compound 51, while
the use of lithium diisopropilamide (LDA) and other deprotonation reagents resulted in the
deprotonation of triazole. We concluded that the derivatization of the C8 position should be done
earlier.
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Scheme 8. The second synthetic route, attempts to modify subsequently purine C6 and C8
positions.

We started the third synthetic route with the iodination of previously obtained compound 48,
followed by a Stille cross-coupling reaction with N,N-dimethyl-4-(tributylstannyl)aniline (39) to
introduce the necessary moiety into the purine C8 position, obtaining compound 53 (Scheme 9). In
this stage, we decided that alongside target compound 33a, we would also synthesize compound
33b, which contained the n-pentyl group in the triazole ring, so we could prove the importance of
the strong donor group in the substituent at the purine C6 position. To acquire desired products 33,
the sequence of azidation and CuUAAC reactions with different alkynes was performed with
compound 52. Further, THP group cleavage with the following mesylation resulted in high yields.
Acquired mesylates 57a-b were inert in the Sn2 reaction with cyclen derivative 42, and we decided
to substitute the mesylate group with bromine and then use it in the alkylation reaction with
building block 42. The reaction proceeded via the preferred E2 mechanism, forming the elimination
products 58a-b as the main products. After screening the reaction conditions, we noticed that the
best conversion to desired products is achieved only in 20 % (for 33a) and 30 % (for 33b), with
6 % and 23 % isolated yields, respectively.
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Scheme 9. The third synthetic route, order of purine ring derivatization being C8 — C6 — N9
positions.

By using the 'H-NMR titration technique, product 33a was titrated in MeCN-ds using

Cu(ClO4)2-6H20 as a Cu®* source and benzene as an internal standard. *H-NMR spectra of the
analyzed sample were taken after each addition of 0.1 eq. of Cu?* ions (Fig. 12)
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Fig. 12. 'H-NMR titration of compound 33a with Cu?* ions in MeCN-ds.

'H-NMR spectra show compound 33a complicated complexation pattern with Cu?* ions. The
most important sign that reflects the binding of Cu?* to the cyclen is depicted in the spectrum by a
thick arrow at 2.0-2.5 ppm. Starting from 0.7 equivalents of metal ions, all *H-NMR signals of
cyclen merge into a single signal at about 2.2 ppm, which does not shift at higher Cu®
concentrations. This fact indicates that the metal ion is coordinated inside the cyclen ring and all 4
nitrogens of the cycle are coordinated to Cu?* ions. The largest changes, except for the cyclen
fragment, were observed in the shift of the triazole proton and the aromatic protons at C8 of the
phenyl ring. There is a strong possibility that the molecule has two competing complexation sites
— in the cyclen fragment and between the triazole and the purine.

The unpublished results of the research described in this chapter can be found in Appendix VII.
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2. Triazole ring opening and cyclization of the enamines into indoles

Triazole ring opening reactions with the release of nitrogen gas were reported before. At very
high temperatures (400—800 °C) (Scheme 10 a) under flash vacuum pyrolysis conditions, the
triazole ring opens with the formation of carbene species 58 that further rearrange into various
indoles 59 or quinolones 62.1%5-197 Other studies report the use of rhodium or nickel catalysts for
the opening of N-tosyl type triazole derivatives at much milder conditions (70—140 °C) that results
in metallocarbene 64, which reacts further with alkynes or nitriles with the formation of imidazole
or pyrrole 65 (Scheme 10 b).1%8:19 N-Tosyl type triazoles in the presence of nickel catalyst open
using H-phospine oxides resulting in the formation of a-aminovinylphosphoryl derivatives 66
(Scheme 10 ¢).1%° If one of the substituents at the triazole C atoms is an amino group, then the
Dimroth rearrangement is possible (Scheme 10 d). This thermal ring-transformation reaction starts
when triazole 67 forms an equilibrium with its open form 68, where a double bond shift happens
between two nitrogen atoms, followed by a ring closure with the formation of triazole 7011
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Scheme 10. Triazole ring opening reactions known in the literature, 111!
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Indole is one of the most significant and prevalent heterocycles in nature, being present in a
wide array of biologically significant natural compounds, such as serotonin and vinblastine.®> The
synthesis of various indole derivatives has always been a topic of interest in the last century,!? 113
and there is still a necessity for the development of new synthetic methods and pathways towards
desired indole derivatives with potential use as pharmaceuticals.®* 114

The synthesis of 1H indoles from aromatic enamines has been extensively studied. One of the
first reported examples of this transformation was palladium-catalyzed intramolecular oxidative
coupling developed by the Glorius group (Scheme 11 a).1'> The course of the reaction required a
catalytic amount of palladium and a stoichiometric amount of copper acetate that was used as an
oxidant alongside the excess of K.COs in DMF at 80-140 °C. Later, palladium-free reaction
conditions were reported by multiple groups. Liang’s group published the research where this
cyclization reaction still required a stoichiometric amount of copper, but the palladium catalyst was
substituted by Fe(l11) species (Scheme 11 b).'® These methods (Scheme 11 a—b) included methyl
substituent at the indole C2 position, so later new catalytic systems were developed for the
synthesis of C2 aryl-substituted indoles (Scheme 11 c—d).1*" 118 Transformations required either a
stoichiometric amount of copper (Scheme 11 d)'® in mesitylene as a solvent at 170 °C or they were
catalyzed by Cul and required the presence of 1,10-phenanthroline ligand alongside an excess
amount of lithium carbonate (Scheme 11 ¢).!” Yu group in 2014 developed reaction conditions
(DMF/DMSO 7 : 1 mixture; 120 °C; 3 eq. of CuCl, and 3 eq. of KsPO,) that resulted in the
formation of indoles with alkylthio substituents at the indole C2 position (Scheme 11 e).}®
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a) cat. Pd, eq. Cu, base (Glorius, 2008)
R'=Me; R? = H, Me, CI, F, CN, OMe, COMe,
CO,Et, CONEty; EWG = CO,Me

b) cat. Fe(lll), eq. Cu(ll), base (Liang, 2010)

R' = Me; R? = H, Me, Cl, Br, |, OMe, COMe; g) cat. I, oxidant (Li, 2011)
EWG = CO,Me, CO,Et R' = alkyl, aryl; R? = H, Me, OMe, Br, |, CF3;

¢) cat. Cu(l), ligand, base (Cacchi, 2009) EWG = COzMe, CO2Et, CO2Ph, CONHPh
R' = aryl; R? = H, Me, F, Cl, Br, I, OMe, COMe, h) cat. n-BuygNlI, oxidant (Chan, 2013)
CO,Et, EWG = COAr R" = aryl; R? = H, Me, OMe, Br, Cl, I, NO,, CFy;
EWG = COPh, CO,Et, CONHPh

i) eq. CBry, base (Li, 2021)
R" = alkyl, aryl; R? = H, alkyl, OMe, F, ClI, Br, Ph;
EWG = COMe, CO,Et, COPh

f) eq. I(Ill) (Zhao, 2009)
R" = alkyl, aryl, CO,Et; R? = H, Me, OMe, Br, F;
EWG = CN, NO,, CO,Me, COPh

d) eq. Cu(l) (Taylor, 2015)
R' = aryl; R? = H, OMe; EWG = CO,Et
e) eq. Cu(ll), base (Yu, 2014)
R' = SMe, SEt; R =H, Me, CI, F,
OMe, OEt; EWG = COMe, COAr

Scheme 11. Reported studies on the synthesis of 2,3-substituted 1H-indoles starting from
enamines, 5122
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The Zhao group developed metal-free conditions for enamine conversion to indoles using an
equimolar amount of hypervalent iodine reagent (Scheme 11 f).12° Reactions yielded products in
33-91 % yields and also worked with such EWG as -CN and -NO2 groups. The Li group published
work where elemental iodine was used as a catalyst and NBS as an oxidant for indole synthesis.
This system of reagents is proven to work better for aryl than alkyl substituents in enamine
(Scheme 11 g). A catalytic amount of n-butylammonium bromide and a stoichiometric amount of
tert-butyl hydroperoxide also promoted this indole cyclization but required a much longer reaction
time — 24 h (Scheme 11 h).??* The most recent studies on the topic are from the Li group that
succeeded in the indole cyclization in the presence of CBrs4 and a base (Scheme 11 i), but under
those conditions, bromination of the aromatic ring was possible as a side reaction.*??

Although the amount of research on aromatic enamine transformations into indoles is
impressive, the diversity of substituents at indole C2 and C3 positions is limited, lacking in
substituents connected via the C-N bond to the indole C2 position. Heteroaryl structures that
contain indole moieties are found extensively in bioactive molecules and pharmaceuticals, for
example, Eudistomin U, Topsentin, and Wakayin.*?*2* The usual way of heteroarylation of
indoles includes C-H activation, and the indole core possesses six free C-H bonds.!?*2° Indole C3
and C2 positions are the most reactive, and by changing reaction temperature and substrate, the
regioselectivity of C-H activations could be controlled. To derivatize other positions through C-H
activation, the introduction of the directing groups into the indole core is required. This all
prompted the development of a new synthetic pathway for the synthesis of 1H-indoles, which
contain ester and heterocyclic substituents at C2 and C3 positions, reported in this Doctoral Thesis.

Compound 73, which possessed two electron-withdrawing moieties connected to triazole, was
synthesized using a triazole ring-opening reaction. For this transformation, we chose carbazole as
a nucleophile due to its extensive use in fluorescent materials*?® and its presence in active natural
alkaloids.*?” By mixing triazole 73, t-BuOK, and carbazole in DMF at 100 °C (Scheme 12), we
obtained ethene-1,1-diamine derivative 74 in 64 % yield. Afterwards, we sought reaction
conditions for the indole cyclization from the obtained compound 74. After examination of the
reported methods in the literature (Scheme 11), we applied some of the Pd and Cu metal-catalyzed
reaction conditions alongside metal-free approaches and found out that the 12/K>CO3 combination
led to the formation of target indole 75. Using a stepwise approach for the reaction sequence 73 —
74 — 75, product 75 was obtained in a 26 % total yield, but the one-pot approach gave compound
75 in a bit lower 19 % vyield.
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74,64 % O 75 O

from74: 41 %
one-pot from 73: 19 %

Scheme 12. Triazole 62 ring-opening reaction with carbazole and cyclization into indole.

After that, we tried to expand the scope of the substituents and synthesized triazoles 76a-g for
the ring-opening reactions (Scheme 13). In the case of compounds 76a-c, we have found out that
while triazole ring-opening products 77a-c were forming, they were never successfully isolated,
rapidly degrading during isolation and purification processes. So, we started adding |2 and K.COs
to the reaction mixture after confirming the triazole ring opening and observed only the formation
of products 78a-c.

B N NO,
N NO2 Carbazole NO, /©/
N” °N +-BuOK HN Iy, KoCO3 0o HN
= O DMF R N RJ/J\N O

-

O
;(@
O

77a-c 78a,20 % 79
78b, 10 %

}_@ 78¢,21 %
!—Q f,R= -(CH,);CN
‘—Q ; i:> g, R= -(CH;)4CH3
N
rs Y
Scheme 13. Ring-opening reactions of triazoles 76 with carbazole.

In the case of triazole derivatives 76d-g, they rapidly degraded during the reactions into various
unidentifiable mixtures of products. The structure of compound 78b was proven by a single-crystal
X-ray analysis (Fig. 13). We concluded that the triazole ring-opening reaction, followed by a
cyclization reaction into indole, works only with starting materials that possess strong electron-
withdrawing substituents at the triazole ring.
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Fig. 13. X-ray crystallographic analysis of compound 78b.

Next, we applied the developed synthetic sequence to triazolyl purines 80, creating aromatic
enamines 81 that we subsequently cyclized into 1H-indole derivatives 82 (Table 7). Both stepwise
and one-pot approaches were used.

Table 7
Ring-opening reactions of triazoles 80 with subsequent ring cyclization into indoles
Y
Carbazole, Z N
N tBuOK |2 KoCO4
</ TOMF ToMF , z N
100 °C 100 °C
"C7H15 ”C7H15 nC7H15
80 81 82
Entr Starting Substituents Yield of 81, % | Yield of 82, % | Yield of 82, %
y Material X Y 80—-81 8182 80—[81]—82
1 80a Cl H 81a, 63 82a, 84 82a, 63
2 80b Cl NO2 81b, 84 82b, 60 82b, 48
3 80c Cl OMe 81c, 69 82c, 75 82c, 48
4 80d Cl CN 81d, 88 82d, 57 82d, 70
5 80e Cl NMe; 8le, 68° - -
6 80f H H - - 82f, 35
7 80g H NO2 - - 82g, 55
N=N
8 80h %J\/N‘Ph H 81h, 33 - _

2 The reaction performed at 25 °C.

In the reaction, we used triazolyl purines 80, with different substituents at the purine C2
position. In the case of the N,N-dimethylamino group containing derivative 80e, the triazole ring-
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opening reaction occurred only by lowering the temperature, while the cyclization product in the
next step was not obtained, probably due to the strong donor effect of N,N-dimethylamino group.

In all cases, the triazole ring-opening reactions produced compounds 81 as the only products.
The yields of the final products 82 were either significantly higher or just slightly lower in the case
of one-pot reactions when compared to the stepwise approach, so for starting materials 80f-g, we
decided to use only the one-pot approach. If purine derivative 80h with two triazole rings at C2
and C6 positions is used, then, under our reaction conditions, only one triazole at C6 position is
opened (Table 7, entry 8).

In order to prove the double bond configuration of the formed products 81, to verify the
structure of the target purine—indole conjugates 82, and elucidate which triazole ring opened in the
case of compound 81h, single crystal X-ray crystallographic analyses were performed for
compounds 81b, 81h and 82b (Fig. 14).

Fig. 14. X-ray crystallographic analyses of compounds 81b, 81h, and 82b.

Next, we explored the application of other N-nucleophiles in our developed reaction sequence.
Triazolyl purines 80a and 80b underwent reactions with diphenylamine as a nucleophile, yielding
expected ethene-1,1-diamines 83a-b (Scheme 14). In the cyclization reactions, however, the
formation of N-phenyl substituted indoles 84 was observed — cyclization occurred at the phenyl
ring of the nucleophile instead of the aniline moiety. The total yield of the one-pot approach was
higher than that of using the same reactions in a stepwise approach.
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N*N\ /@/ N
N Z =N
PhoNH, AN\ N

t-BuOK H I, K,CO3

</N Z )‘N\ DMF </N ~ JN\ DMF A /‘NK
NS\ Ngr 100°C NTSN el 100 °C NSNS
n-C7Hss n-C7H4s5 n-C7Hqs
80a:Y=H 83a:Y=H,70 % from 83a-b:
80b: Y = NO, 83b: Y = NOy, 45 % 84a:Y = H, 54 %

84b:Y = NO,, 14 %

One-pot process from 80a-b:
84a:Y =H, 50 %
84b: Y = NO,, 30 %

Scheme 14. Synthesis of N-phenyl-containing indole derivatives 84 from triazolyl purines 80a-b.

The chemical structure of products 84a-b was proven by crystallographic analysis of compound
84b (Fig. 15).

Fig. 15. X-ray crystallographic analysis of compound 84b.

During triazole ring opening, the formation of intermediate A is possible (Scheme 10 a), which
is attacked by a nucleophile, forming products B (Scheme 15). In cyclization reactions with
carbazole, a double bond of ethene-1,1-diamine C cyclizes with the aryl moiety, even with
electron-deficient substituents like CN and NO2 groups on it. This indicates that the flexible nature
of the N-linker is more important for this transformation than electronic effects. In the case of
diphenylamine-containing compounds D, cyclization into indoles 84 occurs selectively, even with
compound 84a, which contained three phenyl rings without any substituents, making us suggest
that both electronic effects and accessibility to the phenyl ring play an important role in it.
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Scheme 15. Triazole ring opening and regioselectivity of cyclization reactions.

The original publication of the research described in this chapter can be found in
Appendix VIII.
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CONCLUSIONS

1. Quantum vyields of novel 2-piperidinyl-6-(1H-1,2,3-triazol-4-yl)-9H-purine derivatives reach
up to 81 % in DCM, 95 % in DMSO and 35 % in thin layer films. Quantum yields for C-C and
C-N bonded triazolylpurine analogs that contain 4-methoxyphenyl group at the triazole are
95 % and 98 %, respectively. Quantum vyields of 2,6-bis-(1H-1,2,3-triazol-4-yl)-9H-purine
derivatives reach up to 49 % in DMSO, whereas the quantum yield of C-N bonded 2,6-bis-(1H-
1,2,3-triazol-1-yl)-9H-purine derivative is only 24 % in DMSO, which is twice lower than for
its C-C analog.

R? R?
X-N X-N
4~X,N X=CorN &X,N
6 R'= alkylgroups 6
N SN 2 _ N SN
</ ‘ R? = alkylgroups or </ ‘
N N/)%N arylgroups N N/)QX-/A\
N=N
QY up to 81 % in DCM or 98 % in DMSO QY up to 26 % in DCM or 49 % in DMSO

QY up to 35 % in thin layer films
2. The introduction of pyridinium moieties to the N9 position of 2-amino-6-triazolyl purine
derivatives, when compared to the introduction of 1,3-propandiol group, increases the
compound’s solubility in water from 0.21 mg/mL to 133 mg/mL but completely quenches the
fluorescence.

MeO, MeO
N N
/N ! N
® =98 % DMSO N ©<05%
MeCN, MeOH
(Nf\JN\ N (Nf\)\N\ DZM,YDNTSO,’
Ho, NTON O -N NN O H,0
)
\/S O \/GS
HO XZN®
/A X =OTs; 57 mg/mL
0.21 mg/mL . Cl; 133 mg/mL

3. 6-Methoxyphenyltriazolyl-2-piperidinyl purine derivatives with n-heptyl or TEG moieties at
the purine N9 position coordinate Hg?* ions between the purine N7 and triazole N3 atoms. As
aresult of complexation, the fluorescence of the compound is quenched; thus, these compounds

can potentially be used as Hg?* metal ion sensors in solutions or living cells.
OMe

N-N
N
4 R' = n-C;H5 or TEG
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4. 6-Triazolyl-8-aryl purine derivative that contains 1,4,7,10-tetraazacyclododecane (cyclen)
moiety at the purine N9 position can be synthesized in 9 steps using Mitsunobu, iodination,
Stille, SnAr, CUAAC, and alkylation reactions as main transformations, sequentially modifying
the N9—C8—C6—N9 positions of the purine core. NMR titration studies indicate that the
purine-cyclen conjugate forms complexes with Cu?* metal ions with possible complexation
sites in the cyclen moiety and between the triazole N2 and purine N7 nitrogen atoms, quenching

fluorescence.
O
—~ N
o
N
@N’L{
N

O
H

5. Triazole ring-opening reactions using carbazole and diphenylamine nucleophiles result in the
formation of ethene-1,1-diamines, which can be cyclized into 1H-free or 1-phenyl substituted
indoles, depending on the nature of the substituents at the ethene double bond. For this
transformation to happen, a strong EWG is required at the triazole ring. One such EWG is
purine, which promotes the formation of purine-indole conjugates.

Q N R'= COOMe; Purine \h /\N/@
1

2=
N R? = H, EWG RE
R1
X 2 -
| JR \ k2
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