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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Temas aktualitate

Purina strukttru modificéSana ir plasi pétita, jo Sie savienojumi parstav priviligéto struktru
klasi medicinas kimija.! Lielakai dalai modificétu purinu piemit ne tikai biologiska aktivitate,
bet daudziem biezi tiek novérota ari fluorescence, ko plasi lieto §tnu vizualiz€Sanai biologiskos
pétijumos.? Attiecigajiem atvasinajumiem ir jabit fident Skistosiem un ar zemu citotoksicitati.
To var panakt ar atbilstosam funkcionalam grupam, piemé&ram, aminogrupu, hidroksilgrupu vai
ribozilfragmentu pie purina cikla. No otras puses, purina atvasindgjumu izmanto$ana
optoelektronika ir pétita daudz mazak. Optisko materialu izstrade ir svarigi sasniegt augstu
emisijas efektivitati, izmantoto savienojumu stabilitati un zemas izmaksas. levadot purina cikla
tadas optoelektronika biezi izmantotas grupas ka karbazolu, tiofénu vai cianogrupu, var iegiit
savienojumus ar piemérotam Ipasibam izmantoSanai organiskds gaismu emitgjosas diodes
(OLED).

Kops pirma piedavata OLED dizaina 1987. gada® ir veikti plasi pétfjumi augstas
efektivitates baltas vai sarkanas, zalas un zilas krasas diozu izstradé displeju veidosanai.
Salidzinot ar Sobrid plasi izplatitajiem $kidro kristalu ekraniem (LCD), OLED piemit vairakas
prieksrocibas: tiem ir augstaka energoefektivitate, lielaki krasu atveidoSanas un spektra lidzibas
indeksi, augsts kontrasts, ka arT plana un viegla uzbiive, kas lauj radit lokanus displejus. OLED
ir raksturiga arT dabiska krasu gamma, kas sniedz pozitivu efektu gan estétiska, gan veselibas
zind.* OLED galvenie trilkumi ir augstakas izmaksas, Tsaks dzives laiks, it Tpasi zilas krasas
gadijuma, ka ari degrad€Sanas, nonakot saskarsmé ar skabekli. Viens no veidiem izmaksu
samazinasanai ir tadu materialu izmantoSana, no kuriem iesp&jams izgatavot OLED ar skidumu
metodi, kas ir 1étaka par uzne$anu vakuuma.® Tie§i amorfizéjosu grupu ievadisana purina
struktiira pavers iesp&ju planu kartinu izveidei ar $kiduma metodi.

Lidz Sim optoelektronika ir zinami dazi pieméri purina atvasinagjumu lietoSanai par
sensoriem® vai fluorescentiem,” fosforescentiem® vai termiski aktivétas aizkavétas
fluorescences (TADF)® emiteriem. Min&tajos pétfjumos®® iegiitas iekartas ir ar vajakam
Tpasibam neka attiecigie komercialie produkti. Pamatojoties uz mazo pétfjumu apjomu, ir
japaplasina zinaSanas $aja joma, jadizainé jaunas struktiras ar elektrondonoriem un
akceptoriem aizvietotajiem, jaattista jaunas metodes vai japielago zinamas pieejas savienojumu
ieglisanai, par pamatu izmantojot daba plasi sastopamo purina heterociklu.

Literatra ir zinamas metodes aizvietotaju ievadiSanai pie purina cikla atomiem C(2), C(6)
un C(8) pozicijas, izmantojot nukleofilas aromatiskas aizvieto$anas (SNAr™ 2! un parejas

metalu  Kkatalizétas $kérssametinasanas reakcijas.?22®

Tomér daudzu interes€joSu
elektrondonoru un elektronakceptoru aizvietotaju ievadiSana nav aprakstita, kas prasa pielagot
zinamas metodes vai izstradat jaunas. Ja vajadzigo aizvietotaju nav iesp&jams ievadit tiesa
veida, dazos gadijumos to ir iespgjams konstruét, izmantojot funkcionalo grupu parvertibas,
pieméram, 1,2,3-triazolu saslédzot vara katalizéta azida-alkina dipolaras ciklopievieno$anas

(CuAAC) reakcija.?t



Purina cikla atomi C(2), C(6) un C(8) pozicijas nav savstarp&ji simetriski, katrs no tiem ir
ar raksturigu augstaku vai zemaku reag€tsp&ju. Izmainas aizvietotaju izvietojuma ietekmé
savienojumu absorbciju, emisijas vilna garumu un efektivitati, tapéc nepieciesams iegiit dazadi
aizvietotus purina atvasinajumus, lai atrastu savienojumus ar labakajam pasSibam. Ja meklétas
strukttiras nav iesp&jams iegiit, izmantojot purinu ierasto regioselektivitati, ir jaizstrada metodes
selektivitates apgrieSanai. Viens no veidiem ir izmantot azida-tetrazola lidzsvaru, kas lauj veikt
aizvietosanu pie atoma C(2) pozicija.?’

Literattira ir zinamas metodes purina slapekla N(9) un N(7) atomu funkcionaliz€Sanai ar
alifatiskiem un aromatiskiem aizvietotdjiem, un parasti slapekla atoms N(9) pozicija ir
reagétspejigaks. Alifatiskus aizvietotajus var ievadit, izmantojot alkilhalogenidus vai
Micunobu reakciju,® savukart aromatiskus aizvietotdjus var ievadit vara Kkatalizeta
Skérssametinasanas reakcija ar diariljodaniem? vai Cana-Lama $kérssametinasana.® Lai
ievaditu purina heterocikla interes€josos aizvietotajus — karbazolu saturosas, elektroniem
bagatas sistémas, ka ari trifenilmetilgrupu, kas veicinatu savienojumu amorfas ipasibas, ir
japielago mingtas metodes.>!

Ne visas velamas parvertibas ir iesp&jams realizet ar saslégtu purina gredzenu. Gadijuma,
ja cita purina pozicija ir ar augstaku reagétsp&ju vai parvértibu nav iesp&jams realizét stérisku
traucgjumu del, to var méginat paveikt ar de novo sintézi. Vispirms var ievadit vajadzigos
aizvietotajus pirimidina vai imidazola ciklos, tad — saslégt purina gredzenu. De novo sintéze un
imidazola cikla saslégSana iepriek§ modificétam pirimidinam paver iesp&ju sintezes izstradei
aromatisku aizvietotaju ievadiSanai pie mazak reagétsp&jiga slapekla atoma N(7) pozicija
(1. shéma).
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1. shéma. Purina cikla numeracija un vélamas reakcijas.

Promocijas darba gaita ir iegiiti ar dazadiem aizvietotajiem mérktiecigi funkcionaliz&ti
luminescenti purina atvasinagjumi ar amorfiz€jo$am grupam, kam ir noteikts potencials
lietojums ar $kidumu metodi iegiistamas OLED iekartas. Darba apskatitas purina-karbazola
konjugatu TADF 1pasibas un potencialais lietojums OLED iekartas. Ir izstradati jauni sintzes
celi specifiski funkcionalizétu N(9)-arilpurinu, N(9)-alkilpurinu un azolilpurinu iegti$anai.
Izmantojot de novo sintézi, ir radits jauns sintézes cel§ N(7)-arilpurinu iegiisanai.



Petijjuma merkis un uzdevumi

Par promocijas darba mérki tika izvirzita jaunu purina atvasinajumu sintéze, lai iegiitu
savienojumus ar amorfam Tpasibam, augstu emisijas efektivitati un atbilsto§am fizikalam
Tpasibam potencialam lietojumam OLED izveidg.

Darba mérka sasnieg$anai definéti vairaki uzdevumi.

1. Izstradat metodes reakciju veikSanai, kas lautu ievadit elektrondonoras un

elektronakceptoras grupas pie purina cikla atomiem:
* meklét jaunus sint€zes celus purina funkcionalizé$anai, izmantojot 2,6-
diazidopurina azida-tetrazola tautoméro formu Iidzsvaru;
= atrast reakcijas apstaklus aizvietotu un neaizvietotu azolu ievadiSanai purina
C(2) un C(6) pozicijas;
= uzlabot un atrast jaunus reakcijas apstaklus dazadu arilaizvietotaju ievadiSanai
purina N(9) un N(7) pozicijas.

2. legit purina atvasinajumus ar lietojumu optoelektronika OLED izveidg:

= jegit amorfus, fluorescentus purina atvasinajumus un noteikt to fotofizikalas
pasibas;

* sintez8t purina atvasindgjumus, Kam raksturiga termiski aktivéta aizkavéta
fluorescence.

Zinatniska novitate un galvenie rezultati

Promocijas darba gaita izstradatas jaunas organiskas sint€zes metodes azolu aizvietotaju
ievadiSanai purina gredzena, ka arT N(7) arilpurinu iegisanai de novo sintéz€ no aizvietotiem
pirimidiniem. Ietekm&jot azida-tetrazola tautoméro formu Ilidzsvaru 2,6-diazidopurinam,
izstradatas sint€zes metodes ar regioselektivitates mainu purina C(2) un C(6) pozicijas. Radits
jauns struktiru dizains iek8molekularas ladinu parneses (“push-pull”) tipa fluorescentiem
purina atvasindjumiem un steriski trauc€tiem purina-karbazola konjugatiem, izstradatas
sintézes metodes attiecigo savienojumu iegiiSanai. “Push-pull” tipa purina atvasinajumiem
raksturiga fluorescence, $os savienojumus var potenciali lietot ka organiskos lauka efekta
tranzistorus. Purina-karbazola konjugati, ka arT purina un karbazola atvasinajumu maisijums
cieta faze veido eksipleksus, kam ir raksturiga termiski aktivéta aizkavéta fluorescence. Sos
savienojumus var potenciali lietot ka aktTvas matricas materialus OLED.

Darba struktiira un apjoms

Promocijas darbs ietver tematiski vienotu zinatnisko publikaciju kopu, kas veltita
pétljumiem par purina atvasindjumiem ar lietojumu materialzinatn€ optoelektronikas problemu
risinaSanai. Taja apkopotas ¢etras originalpublikacijas SCI Zurnalos un viens apskatraksts.



Darba aprobacija un publikacijas

Promocijas darba galvenie rezultati publicéti Cetros zinatniskajos originalrakstos.
Promocijas darba izstrades laika sagatavots viens apskatraksts. P&tfjumu rezultati prezentti 13
konferences.
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PROMOCIJAS DARBA GALVENIE REZULTATI

Purins ir daba viens no izplatitakajiem slapekla heterocikliem, ta biezak zinamie piemeri ir
adenins un guanins — divas no DNS un RNS slapekla bazém. Traubes sintéze ir visplasak
zinama purinu atvasinajumu kimiska iegtiSanas metode, tacu, nemot véra $adu savienojumu
plaso sastopamibu daba, daudzi atvasinajumi tiek iegiiti partikas parstrades procesa vai no
citiem biologiskiem avotiem. Pieméri $o savienojumu lietojumam arpus laboratorijas ir purina
nukleotidu, piem@ram, guanozina monofosfata ka garsas pastiprinataja un kofeina ka stimulanta
izmantosana.?

Promocijas darba izstradatas metodes jaunu purina atvasinajumu iegtiSanai, izméeritas $adu
savienojumu fotofizikalas 1pasibas un noteikts lietojums materialzinatné optoelektronikas joma.
Sakotngji tika veikta purina cikla atomu funkcionalizé€Sana ar elektrondonoram un
elektronakceptoram grupam, lai iegiitu fluorescentas “push-pull” sistémas. Talak purina
slapekla atoms N(9) pozicija tika modificéts ar elektroniem bagatiem heterocikliem, ka saistoSo
grupu izmantojot neitralu aromatisku sisttmu. legiitajiem atvasinagjumiem ir potencials
lietojums ka organiskiem lauka efekta tranzistoriem vai aktivam matricam OLED.

1. Aizvietotaju ievadiSana purina gredzena

Pateicoties augstai interesei par purina modificéSanu medicinas kimija, ir izstradatas
dazadas metodes aizvietotaju ievadiSanai. Visplasak izmantotas metodes ir SnAr un
Sk&rssametinasanas reakcijas aizvietotaju ievadiSanai pie purina cikla atomiem C(2), C(6) un
C(8) pozicijas. Ir zinamas gan selektivas, gan neselektivas metodes purina slapekla N(9) un
N(7) atomu funkcionalizé$anai ar alifatiskiem un aromatiskiem aizvietotajiem. Ka citu pieeju
izmanto de novo sintézi, kura lieto ieprieks attiecigi funkcionaliz&tu pirimidinu vai imidazolu,
savukart otru ciklu, lai iegtitu purinu, saslédz, kad tas ir izdevigak sint€zes realiz€Sanai.

Purina C(6) pozicijas atoms ir reag@tsp&jigakais, to var funkcionalizét ar azidiem,!!
alkilaminiem,*® arilaminiem,®®* azoliem,** alkiltioliem,”® ariltioliem,*® sulfinatiem,®®
o 18 jzmantojot SnAr reakciju
(2. sheéma). Alifatiskos aminus pie purina cikla atoma C(6) pozicija var ievadit zema

alkoksidiem,'® fenolatiem'” un 1,3-dikarbonilatvasinajumiem,
temperatiira Cu(I) veicinata SnAr reakcija.’® Visbiezak $aja parvertiba aizejosa grupa ir
halogéns, bet literatiird ir aprakstitas ari metodes, kuras izmanto azidu, sulfonilgrupu,®® 1,2,4-
triazolu vai 1,2,3-triazolu.?! Ar C-N saiti saistitus azolus var ievadit arT modificétos Appela
apstaklos, izmantojot hipoksantinu.’* DaZadus aromatiskus un alifatiskus aizvietotajus var
ievadit, izmantojot parejas metalu katalizetas SkerssametinaSanas reakcijas (3. shéma).
Izmantojot Suzuki-Mijauras,?? Negisi?® 22* vai Stilles??®2% reakciju apstiklus, purina
gredzend iesp&jams ievadit aromatiskus aizvietotdjus. Izmantojot Negii??® 23 2% vai Kumadas

22a, 26

reakcijas®?® 2® apstaklus vai trialkilaluminija reagentus, purina gredzena iesp&jams ievadit

alifatiskus aizvietotajus. Izmantojot Sonogasiras reakcijas®?®

apstaklus, purina gredzena
iespgjams ievadit alkinilaizvietotajus. Lietojot stehiometrisku reagentu attiecibu, alkilgrupas
pie atoma C(6) pozicija var ievadit, izmantojot organokupratus.??® Jodpurinu gadijuma,

izmantojot Cu(1)® vai paladija® katalizi, ir iesp&jams iegiit purina dimérus. Dimerizé§anas
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reakcija ir raksturiga purina atvasindgjumiem, kuru atomiem C(2) vai C(6), vai C(8) pozicija ir
jodaizvietotajs.

Y: --F  --Ng Y Nu Nu:

! --NHR -1-azols R
' ! 85 f(l N N ' 0
--Cl —:_SOZR_:_N/N:N 1l\|l|\\ \>8 u N\k\ \> --OR —E—SOZR —E
—E—Br —:—I I \) 2 N/A N\g N/ N\ —:-SR | %
! 3 1 Z 2 Z I --N3 R

2. shéma. Purina cikla numeracija un iespgjamas SnAr reakcijas.t%

Suzuki—Mijauras reakcija Negisi reakcija
Ar—X
Y: --g| *E*N/ﬁ Ar—B(OH), v . Alk—ZnX
l =N HetAr*B(OH)z FaCl Alkenil—ZnX
noBr Y AIkeniIBOH --B Ar—ZnX
- N N B(A & N e v HetAr-znx R
-— N aBAr, |
"o N k > u k\ S| A N\> Zn(CN); \>
| 1]
-0-$-R N [[f;ﬁ’]] NN | deznx k o K
3 3 z 4 z s ‘z INi] No Y
Stilles reakcijaA X Kumadas reakcija
1 r—
Y. 4-cCl Alk,Sn v ! Ar—MgXx
- | AlksSn-Alkenil caCl Alkenil—MgX R
B 3
BT cesnaks Y AkSn-Hetar R g Alk—MgX
= NN AlkgSn-Ar AN “ > | N N\>
2 k ) L. s k pa L
10-8R N Tpa ‘ N INi N~ N
3 3 z [Cu 4 z -1~SMe Z  [Fe] 4 Z
Sonogasiras reakcija R Trialkilaluminija reagentu reakcijas
‘
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| Y ‘ ‘ Y: 'E*CI Y
~\Br —— AlkAl
- N\N\R*N\N *E*BrN‘\ M
a_ - - N
! U N> pa Y - KN/ TP K
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3. shéma. Skérssametinasanas iesp&jas C(6) pozicijas funkcionalizesanai.?> 2

Atoms purina C(2) pozicija ir mazak reagetspgjigs par atomu C(6) pozicija. SnAr reakcija
atomu C(2) pozicija var funkcionaliz&t, ja reakcija nav iesp&jama pie atoma C(6) pozicija. SNAr
14,35 alkiltioliem,%8
ariltioliem,%" alkoksidiem® un fenolatiem.®® Aizvietosanas reakcijas pie atoma C(2) pozicija

reakciju var realizét ar azidiem,'! alkilaminiem,®* arilaminiem,? azoliem,

notiek skarbakos apstaklos neka C(6), tap&c ir iesp&jams realizet secigas reakcijas ar dazadiem
reagentiem vai vienlaikus veikt aizvietosanu abas pozicijas. Skérssametinasanu gadijuma var
veikt aizvieto$anu pie atoma C(2) pozicija, izmantojot Suzuki-Mijauras,??® Negisi,
Kumadas,®® Sonogasiras® vai Stilles*! reakciju apstaklus, ka arT trialkilaluminija reagentus,?®
ja C(6) pozicija nav pieejama, vai arT vienlaikus ievadit grupas gan pie C(6), gan C(2) atomiem.
So selektivitati var apgriezt, ja aizvietotaji purina cikla pie C(6) atoma ir hlors, bet pie C(2)
atoma ir jods. Sada gadijuma Suzuki—Mijauras,*? Negisi,** Sonogasiras** un Stilles* reakcijas
notiek selektivi C(2) pozicija. Joda izmantoSana lauj apgriezt selektivitati arT starp atomiem
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C(6) un C(8) pozicijas, bet gadijumos, ja pie atomiem gan C(2), gan C(8) pozicijas ir
jodaizvietotajs, reakcija notiek pie atoma C(2) pozicija.**

Atoms purina C(8) pozicija ari ir mazak reag€tsp&jigs par atomu C(6) pozicija. C(8) pozicija
iesaistas SNAr*® un skérssametinasanas®’ reakcijas, lidzigi ka C(2) pozicija, ta¢u atoms C(8)
pozicija ir ar skabaku protonu, ko var selektivi deprotonét vai litijét,*® ka ari iesaistit C-H
aktivacijas reakcijas. Dazadus aromatiskos un alifatiskos aizvietotajus var ievadit purina
gredzena, izmantojot parejas metalu kataliz€tas C-H aktivacijas reakcijas (4. shéma).
IekSmolekularas reakcijas ar C(8) pozicijas C-H aktivaciju ir iesp&jams ieglt arl annel&tus

purinu atvasinajumus.®® 4°

Alkenil—Br R R: -E-Ar
Ar—Cl (Pd] :
Ar—Br | [[c':\l::]] Y --Alk R
Ar—I N | -
Pd(OH),/C N)j \ --SAr TV —r
—_ R ]
Ar—SO,Na Ar MgX )\)i > - iN/ N>_ ‘ N

S-S X ' . \
Ar” “Ar AIk—MgX 7 \Z -1-Alkenil R

4. shéma. C(8) pozicijas C-H aktivacijas reakcijas.*®

Salidzinot purina slapekla atomus N(7) un N(9) pozicijas, atoms N(9) pozicija ir daudz
reagétspejigaks un ka nukleofila komponente dos galveno produktu. VisbieZzak izmantotas
metodes, lai ieglitu N(9) aizvietotus alkilpurinus, ir alkiléSana ar alkilhalogenidiem un
Micunobu reakcija.?® Specifiskus aizvietotajus var iegiit paladija katalizéta alilacetata un purina
Skerssametinasanas reakcija,?® % skandija katalizeta reakcija ar diazoatvasinajumiem,®® ka ari
atverot epoksida ciklu.5? Slapekla atoma N(9) pozicija alkilésanas reakcijas parasti rodas arl
neliels daudzums N(7) pozicijas alkilé$anas produkta. VisbieZak izmantota purina cikla N(9)
slapekla atoma arilésanas metode ir Cana—Lama reakcija, kura notiek purina atvasinajuma
Skerssametinasana ar arilborskabem. Citas vara katalizétas metodes izmanto arilhalogenidus®
vai jodanus, ko var izmantot ari alkenilaizvietotaju ievadisanai.?® Ja ievaddmajai aromatiskajai
grupai ir pietieckami spécigi elektronus atvelko$i aizvietotaji, ir iesp&ams veikt ariléSanu
saskana ar SnAr reakcijas mehanismu.>* AriléSanas reakcijas atkariba no aizvietotaja pie C(6)
atoma biezi ir pilnigi selektivas N(9) pozicija.

Slapekla atoms purina N(7) pozicija ir mazak reag@tsp&jigs. Izmantojot Grinjara reagentus
ka bazi reakcija ar alkilhalogenidiem, iegiist lielakoties N(7) pozicijas alkilésanas produktu.®
Selektivi N(7) aizvietotus alkilpurinus var iegiit, alkilgjot reducétus purinus 10, kas ir aizsargati
N(9) pozicija (5. shéma).% Purina slapekla atoma N(7) pozicija arilésanas produkta veidosanos
parakuma atkariba no aizvietotaja pie C(6) var panakt optimizétos Cana—Lama reakcijas
apstaklos.%’

1 1
DIBAL-H R 1) aizsarggrupas R
)I y B% R-X N \>va| NaBH, N > N> nonemsana N X N>
> V
* * N 20 Yy NT TN
R 12

5. shéma. 7,8-Dihidropurinu 10,11 izmanto$ana 7-alkilpurinu iegiisanai.>?
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Gadijumos, kad aizvietotaju ievadiSana purina gredzend ir sareZgita, to var panakt,
izmantojot de novo purina sintézi, kura saslédz pirimidina vai imidazola gredzenus (6. shéma).
Saslédzot pirimidina ciklu, purina atvasindjumu ar vélamajam funkcionalajam grupam N(9),
N(7) un C(8) pozicijas iesp&jams sintezgt, izveloties attiecigu imidazola izejvielu 13, 14, 17, 18.
Aizvietotaju Y var ievadit C(2) pozicija ar atbilstoSu reagentu pirimidina cikla saslégSanai,
savukart aizvietotdajs Z var but tikai —OH vai —NH> atkariba no izmantotas imidazola
izejvielas.®® Sasledzot imidazola gredzenu, purina atvasinajumu ar vélamajam funkcionalajam
grupam N(9), N(7), C(2) un C(6) pozicijas var iegut, izvEloties attiecigu pirimidina izejvielu
15, 19. Aizvietotaju Q var ievadit C(8) pozicija ar atbilstoSu reagentu imidazola cikla
saslégsanai.*® 7-Arilpurinu de novo sintéze, saslédzot imidazola ciklu uz pirimidina prekursora,
nav plasi pétita. Tas rosinaja attistit $adu metodi promocijas darba izstrades gaita.

Q z oy

R R
' R
NC ] N
N ' N
X N N QcHo N R
I 2,—Q vai JK/[ />—Q —_— Nl)\I />—Q - )l\ _
H,N” N N NH YJ\N/ N QC(OEt); Y~ "N” "NH,

13 N 14

Y7 X 16 (QC0),0 15
o} o] z L/ z
NC__N J )=Ne NH
\ X N YTOX NN a N N2
| Qi | >~ —— P H—Q —— R
H,N Nh H,N~ N Yy N7 N QCOOH vy~ H
17 18 R 20 R 19

6. shema. Purina de novo cikla saslégana no pirimidina vai imidazola atvasinajumiem.%® 5

1.1. Purina reakciju selektivitates kontrole ar azida-tetrazola lidzsvaru

Azida-tetrazola Iidzsvars ir iesp&ams azolos, kuros azidogrupa atrodas blakus slapekla
atomam (7. shéma). Sadu savienojumu tautoméram formam var pastavét lidzsvars, tadu atkariba
no savienojuma strukttiras un citiem faktoriem (1. tab.) var tikt noverota tikai azida vai tikai
tetrazola forma. Azida-tetrazola tautoméro formu klatbiitne var ietekm@t savienojumu
reag@tsp&ju un reakciju selektivitati, tapec ir svarigi izprast lidzsvara ietekmi uz reakcijam un
faktorus, kas to ietekm&. Azida grupa var iesaistities SnAr reakcijas®® vai dipolard
ciklopievieno$ana,?* ka arT citas reakcijas, kuras tetrazols neiesaistas. Anneléta tetrazola cikla
izveidoSanas, kas var aktivet vai dezaktivét savienojumu reakcijam kada cita reakcijas centra,
izmaina savienojuma elektroniskas Tpasibas.

S
N

N

P ¥
\ “”

7. shéma. Azida-tetrazola tautoméro formu lidzsvars.
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1. tabula

Azida vai tetrazola tautoméras formas veicinosie faktori

Fakiors Azida tautoméras formas Tetrazola tautoméras formas
ipatsvara palielinasana ipatsvara palielinasana

Heterocikls, aizvietotaju efekti | Ar elektroniem nabadzigs | Ar elektroniem bagats

Skidinataja polaritate Nepolars Polars
Temperatiira Paaugstinata Pazeminata
Steriski trauc&umi tetrazola | Ir Nav

cikla tuvuma

Lai gan diazidopurinu gadijuma var eksistét piecas tautoméra lidzsvara formas (8. shéma),
visbiezak tiek noverota diazida tautomera forma AA, jo purins ir elektroniem nabadzigs cikls.
Kristaliska forma Sie savienojumi pastav diazida tautoméraja forma, tacu polaros $kidinatajos
var noverot arT vienu no tetrazola tautomérajam formam AT1, kuras klatbiitne ir jau ieprieks

miisu zinatniskaja grupa izmantota purina parastas reagétspéjas apgriesanai.?’ ¢
IN‘N
N
N N,
PP
Ny~ N7 N %
(‘/ AT1 R
N3 —N
N3 Ns )
N-N">x—N N N ~— N
Sy = N = YT =
N = N\ N/ N 7 N N NG ,/\‘ N
R R N=N R N=N R
AT3 AA AT2 ™

8. sheéma. Diazidopurina teoretiskie azida-tetrazola tautomero formu lidzsvari.

Jaunaka informacija par azidu-tetrazolu lidzsvaru dazados heterociklos apkopota
apskatraksta 1. pielikuma.

Nemot vera iepriek§mingto informaciju, tika piedavata parvertibu virkne, ar kuru varétu
iegiit “push-pull” tipa fluorescentus purina atvasinajumus. Sadiem savienojumiem ir potencials
lietojums optoelektronika ka ar $kidumu uzklajamiem materialiem. Sim nolikam
savienojumam ir japiemit amorfam TipaSibam, kuras var veicinat, ievadot molekula
trifenilmetilaizvietotajus.®*

Alkilaizvietotajs pie slapekla atoma N(9) pozicija tika ievadits Micunobu reakcija, kura
veidojas ar neliels daudzums blakusprodukta, jo reakcija notiek ari ar slapekla atomu N(7)
pozicija. Iegita savienojuma 22 SnAr reakcija ar NaNs produkts 23 veidojas ar gandriz
kvantitativu iznakumu. Izmantojot starpprodukta 23 iepriekSmin&tas AT1 tautoméras formas
reag€tspéju, savienojums 24 tika ieglts SnAr reakcija ar piperidinu ar C(2)-selektivitati.
Reakcijas veikSana DMF 20 °C temperatiira palielinja tetrazola tautoméras formas Ipatsvaru
starpprodukta 23. Sados apstaklos reakcija notiek lielakoties C(2) pozicija, tatu pilniba novérst
aizvietoSanos pie purina C(6) atoma neizdevas.

16



Lai nonaktu Iidz pretgji aizvietotajam regioizoméram 27, ar sakotngjo izejvielu 21 vispirms
tika veikta SnAr reakcija ar NaNs, kas $aja gadijuma deva savienojumu 25 ar zemaku iznakumu
neka N(9) aizvietota purina gadijuma, jo veidojas arT monoazidoaizvietots purina atvasinajums.
Nakamaja stadija tika veikta SnAr reakcija ar piperidinu, kas $aja gadijuma notiek pie atoma
C(6) pozicija. Reakcijas selektivitates apgrieSana vargja notikt, jo ar izmainam savienojuma
struktiira (N(9) pozicija neatrodas elektrondonora alkilgrupa) un reakcijas apstakliem
(paaugstinatu temperatiiru) tika veicinata azida forma. Reakcijas gaita notika azida
degradesanas, kas pazeminaja iznakumu, bet C(2) aizvietoSanas netika noverota. Alternativi,
savienojumu 26 var€tu méginat iegiit, vispirms veicot savienojuma 21 SnAr reakciju ar
piperidinu un tad tam sekojosu azidéSanu C(2) pozicija. Tacu Sis cel§ netika izvelets, jo
elektrondonoru grupu ievadisana dezaktivé purtnu SnAr reakcijam, kas nozimé, ka azidéSana
ir javeic skarbos apstaklos. Iegiitajam savienojumam 26 pie atoma N(9) pozicija Micunobu
reakcija tika ievadita trifenilpentilgrupa (9. shéma). Substratam 26 ir iesp&jama arT Staudingera
reakcija, kuras produkts tika novérots ar Micunobu apstaklos lietoto fosfinu. So blakusreakciju
izdevas noverst, veicot Micunobu reakciju lielaka atskaidijuma.
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s T t > o s xt ’
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9. shéma. Diazidopurina funkcionalizé$ana ar piperidinu purina cikla atomu C(2) vai C(6)
pozicija.

Originalpublikacija par $aja apak$nodala aprakstitajiem pétijumiem — 4. pielikuma.

1.2. Purinu funkcionalizeé$ana ar azoliem C(2) vai C(6) pozicijas

Azoli ir slapekli saturo$i heterocikli, kas ir elektroniem nabadzigi un “push-pull”
fluorescentas sistémas var kalpot ka elektronu akceptori.?” Azolu aizvietotajus purina gredzena
var iegit, saslédzot heterociklu ar atbilsto$u funkcionalo grupu vai ievadot ciklu aizvieto$anas
reakcija. Saja nodala tiks apskatiti purina-azolu konjugati, kas ir saistiti ar C-N saiti.

Dazadi aizvietotus 1,2,3-triazolilpurinus var vienkarsi iegut, veicot Cu(I) katalizétu alkina-
azida ciklopievienoganas reakciju ar azidopurinu un aizvietotu alkinu.?* Sada reakcija ar labiem
iznakumiem tika ieghti Cetri 2/6-(1,2,3-triazolil)purina atvasindjumi ar aromatiskiem
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aizvietotdjiem. “Push-pull” sistému izp€tei interesantas ir aromatiskas sistémas ar
elektrondoram un elektronakceptoram grupam, tapec tika iegiiti atvasinajumi ar metoksigrupu
28b un 29b, dimetilaminogrupu 28c un 29c, cianogrupu 28d un 29d vai bez papildu grupam
28a un 29a. Ciklopievienosanas reakcijas 20 °C norit tiri, bez azida reduc€Sanas, toties reakcijas
atrums ir Iéns un samazinas, picaugot konversijai. Reakcijas temperatiiras paaugstinasana
izraisa blakusproduktu veidoSanos. Savienojums 24 un elektronakceptoras grupas saturosi
alkini izradijas reag€tspgjigaki par savienojumu 27 un elektrondonoras grupas saturoSiem
alkiniem, ka rezultata savienojuma 29¢ reakcijas maistjums tika izturéts 11 dienas, lai sasniegtu
vajadzigo konversiju (10. shéma).
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10. shéma. 1,2,3-Triazola ievadiSana purina C(2) vai C(6) pozicijas.

28d, 81% 29d, 86%

Lai gan SnAr reakcijas ar azoliem pie atoma C(6) pozicija ir apskatitas plasak, dazadus
azolus var ievadit purina cikla atoma C(2) pozicija SNAr reakcija skarbos apstaklos, ka tas tika
paradits ar pirazolu un benzimidazolu citu autoru darbos.!*3** Purina atvasindjumiem ar
azolaizvietotajiem C(2) pozicija tika sagaiditas fluorescentas ipasibas, tapéc tika ieplanots tajos
ieviest trifenilmetilgrupu amorfu Tpasibu veicina$anai. Soreiz §im mérkim tika izvéléts
savienojums 35, jo tas ir vienkarsak iegiistams neka 5,5,5-trifenilpentanols. STizmaina struktiira
neietekmé fluorescenci, jo abos gadijumos n konjuggtas sist€mas, kuras notiek ierosinasana un
emisija, ir identiskas. Lai ieglitu savienojumus 32 ar dazadam azolu grupam, slapekla atomu
N(9) pozicija izejviela 21 vispirms nacas aizsargat ar THP aizsarggrupu. Talak ar piperidinu
tika veikta SNAr reakcija, kas notiek selektivi pie atoma C(6) pozicija. Savienojumam 31 var
veikt SNAr reakciju ar imidazolu vai 1,2,4-triazolu, vai 4-fenil-1,2,3-triazolu. IepriekSmin&ta
reakcija nenotiek ar tetrazolu, jo Sis heterocikls ir parak vaj$ nukleofils, ko var izskaidrot ar
augsto NH skabumu. Attiecigu reakciju veicot savienojuma 31 analogam, kas ir N(9)
funkcionalizéts ar savienojumu 35 Micunobu reakcija, aizvietosanas pie atoma C(2) pozicija
notika, tacu tika noveérota ari estera grupas SkelSana. Izméginajuma ar N(9) neaizvietotu purinu
azola aizvietoSanas pie atoma C(2) pozicija nenotika. 1,2,4-Triazola un 4-fenil-1,2,3-triazola
gadijuma S$aja reakcija var veidoties regioizoméru maisijums. 1,2,4-Triazola gadijuma tika
noverota tikai 32b veidosanas, savukart reakcija ar 4-fenil-1,2,3-triazolu veidojas regioiziomeéri
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32c un 32d lidzigos daudzumos. Savienojumiem 32a,b tika nonemtas THP aizsarggrupas, lai
tos Micunobu apstaklos funkcionalizétu ar savienojumu 35 un iegiitu galaproduktus 36a,b
(11. shéma).

O s, 0 Y

N/EN\ p-TsOH NJ\IN\ NN KaPO, /t p-TsOH
/H\N/ N>m CI/H\N/ N> EtOH /k > Y /t\ > Meoh

cl
H 20°C Cl o
3h 160 °C 60 °C
21 30,73% / O 30min  31,95% ,/Q 323' oo 0
14h  32p,51% 14h
32c, 35%
. 32d, 32%
| /§ \ NS | N: | ,N\
DIAD ay: j—N\J bY: —;—N\/\JN cY: AN N YN l
PhP > N= =l N~
=1 \> gy i i
1) (COCI),; DMF (kat.)
36 o
33a, 539 O, tad 20 °C on Zﬁf/‘; Ph-Ph DCM;20°C;2h  Ph HO
[33b] 12h o’ ~——_Oon Pn
) /\/OH
HOOC HO PR °
o Et;N; DCM 0
34 :
P b 20°C; 12 h 35, 56%

11. shéma. Azolu ievadiSsana purina C(2) pozicija SNAr reakcija.

Lai identificétu savienojumus 32c,d, tika veikta savienojuma 32c¢ sintéze, ietekmgjot azida-
tetrazola tautoméro formu lidzsvaru. Ieprieks iegiitais savienojums 30 tika funkcionalizéts par
diazidu 37. Sekojosa SnAr reakcija ar piperidinu tika veikta toluola paaugstinata temperatiira,
lai veicinatu azida tautoméro formu, ka rezultata aizvietoSana parsvara notick pie atoma C(6)
pozicija, tacu tapat veidojas salidzinosi liels C(2) pozicijas aizvietoSanas produkta daudzums,
un savienojums 38 tika iegits ar 56% iznakumu. Dipolaras ciklopievienosanas reakcija var
veidoties tikai savienojums 32¢ (12. shéma), un, salidzinot to ar savienojuma 31 SNAr reakcija
iegitajiem produktiem, tika veikta 32¢ regioselektivitates pieradisana.

@o%o

N

Cl N
)\IN NaN, Cul; Et;N
N N s )i N AcOH
Cl/H\N/ N> Me,CO )\ > To| )\N DCM N\ )\ >

o 50°c 9 20 °C C
16h  37,98% 1 h 38, 56% >/,32c 7%

12. shéma. Savienojuma 32 iegiiSana ar citu sintézes celu.

Tetrazola ievadisana SnAr reakcija neizdevas, tapec tika apsveérta $T cikla saslégSana uz
aminogrupas savienojuma 39 péc literatlird zinamas metodes citu savienojumu klasés.®?
Aminogrupu pie purina atoma C(2) pozicija var vienkarsi iegit, katalitiski reducgjot azidogrupu
savienojuma 26. Tetrazola konstrug$ana C(2) pozicija notika ar labu iznakumu. legttajam
savienojumam 40 Micunobu reakcija ar dazadam grupam tika funkcionaliz&ts slapekla atoms
N(9) pozicija (13. shéma). Trifenilmetilgrupu saturosais fragments veicina savienojuma 4la

amorfas Tpasibas, hloretilgrupas ievadiSana paver iespgjas talakai funkcionalizé$anai, savukart
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3,5-dikarbazolilbenzola fragments purina atvasinagjuma 41c varétu uzlabot savienojuma
Tpasibas lietojumam elektronika, jo §is fragments bieZi tiek izmantots optoelektronika. 5

NaN3
Hy; Pd/C HC(OEt)3 PhaP
NN ——— | NN DIAD
i LY Eon /k > AcOH /K > . )\ >
N o THF Ney
Ny~ N 20°C H,N" N7 80 °C
H N N 0 tad 20 °C N J R
1h 0, 6 h N/ o, —
26 39,96/0 40, 66% - 12h 412, 85%

o) 41b, 63%
A w : f‘ 41c, 77%
aR: —! Ph bR: —i ¢R :
xo Ph T\
Ph

O

13. shéma. Tetrazola cikla konstruésana pie purina atoma C(2) pozicija.

Originalpublikacijas par $aja apak$nodala aprakstitajiem pétijumiem — 2. un 4. pielikuma.

1.3. Arilaizvietotaju ievadiSana purina N(9) vai N(7) pozicijas

Aromatisku aizvietotaju ievieSana pie purina slapekla atoma N(9) un N(7) pozicijas ir
potenciali noderigs pétijumu virziens gaismu emitéjosu Ssavienojumu izpétei, jo S$adi
atvasinajumi lielakoties sastav no saistitiem aromatiskiem cikliem ar vai bez komplekséta
parejas metala.®* Purina slapekla atoma N(9) pozicija ariléSanai ir zinamas literatiiras
metodes,?® 4985354 tagy slapekla atoma N(7) pozicija ariléSana ir apskatita daudz mazak.> Ja
ariléSanas reakcijas nav iesp&jams ievadit vajadzigo arilaizvietotaju, to var panakt purina de
NoOVO sint&z& no aizvietota imidazola®® vai pirimidina.*®

Sakotn&jais izpétes objekts bija savienojums 44a,%° Kkas tika iegiits, katalitiski arilgjot
savienojumu 42 ar difeniljodanu® ar tam sekojosu cianogrupas ievadianu pie atoma C(6)
pozicija, izmantojot sulfinata aktivetu SNAr reakciju ar KCN.® Diariljodanu izmantoSanai
slapekla atoma N(9) pozicija ariléSana tika dota prieksroka, jo ST reakcija ir selektiva un ar
augstu iznakumu. Talakie izp&tes objekti bija ar karbazoliem aizvietoti benzola gredzeni, ko ar
diariljodaniem neizdevas ievadit, jo karbazola gredzens ir parak spécigs elektronu donors.
Mgeginot iegit ar karbazolu aizvietotus nesimetriskus diariljodanus, tika novérota tilitgja
degradesanas. Savienojumus 44b-d izdevas iegiit Cana—Lama reakcija ar attiecigi aizvietotam
arilborskabém, péc tam ievadot cianogrupu (14. shema). Cana-Lama reakcija tika izvéléta
ariléSanali, jo ta bija vieniga metode, kas deva vajadzigos produktus, tacu metodei ir arT nopietni
trikumi, pieméram, iznakumi 51-57% un ekvimolars katalizatora daudzums.
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Purina slapekla atoma N(7) pozicija arilésana ir literatlira maz pétita. 7-Arilpurinu iegti$ana,

&

14. shéma. 6-Ciano-9-arilpurinu 44a-d iegtisana.

izmantojot de novo sintézi ar imidazola gredzena saslég$anu, nav zinama, tapéc tika nolemts
izpétit o metodi. Optimalu reakcijas apstaklu meklé$ana tika veikta, izmantojot izejvielas 45
un 47, jo So pirimidinu simetrija lava izvairities no blakusreakcijam. Atslégas solis $aja
parvertibu sekvence bija arilaminu ievadiSana pie pirimidina atoma C(5) pozicija, jo ta ir izteikti
mazak reagétspéjiga neka C(4/6) pozicijas. Sakotn&jie méginajumi ar pirimidina atvasinajumu
45 lava iegit intermediatu 48, tacu, veicot optimizaciju, noskaidrojas pieejas trikumi. SnAr
reakcija ar anilinu notiek ar zemaku iznakumu, ja tiek izmantoti $kidinataji, bet veikt reaciju
bez Skidinataja vajadzigaja daudzuma (20 ekv.) ar citiem anilina atvasinajumiem bija
ekonomiski neizdevigi. Savienojuma 46 dehidroksihloréSanu ar POCIs neizdevas talak
optimiz&t — citi hlor&josi reagenti un $kidinataji deva vai nu zemaku iznakumu, vai arT tikai
degradésanos. Savukart izm&ginajumi ar diariljodaniem un Cu(I) katalizi lava iegit pirimidina
atvasinajumu 48 no izejvielas 47 viena soll. ledvesmojoties no Cu(0) katalizes pieméra
literatira,®® izdevas panakt pilnigu konversiju un iegiit pirimidina atvasindjumu 48 ar 81%
iznakumu. Talaka SnAr reakcija tika veikta, izmantojot piesatinatu amonjaka $kidumu i-PrOH,
lai novérstu hidrolizi. Péd&jam solim ir zinamas daudzas imidazola saslégsanas metodes,*
savukart ar substratu 49 pilnigu konversiju bez blakusproduktu veidoSanas izdevas panakt
skabes katalizeta reakcija ar ortoesteri,
(15. shéma).

ieglistot purina atvasinagjumu 50 kvantitativi
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15. shéma. 7-Fenil-6-hlorpurina (50) iegiisanas seckvence de novo sinteze.

Parbaudot ariléSanas apstaklus ar dazadiem diariljodaniem un aizvietotiem pirimidina
atvasinajumiem 47, noskaidrojas, ka ar So metodi iesp&jams ievadit gan elektroniem bagatas,
gan elektroniem nabadzigas aromatiskas sistémas, gan heterociklu, ka redzams savienojuma
48d gadijuma (2. tab.). Izmainas pirimidina aizvietotajos, kas nevar iesaistities reakcija,
neizraisa negativas izmainas ariléSana, ka redzams savienojumiem 48e-g. Vienigais
parbauditais izn€mums ir 5-amino-4-hlorpirimidins, kas degrad&jas reakcijas apstaklos.
Reakcija ar elektrondonoru grupu saturosiem ariljodaniem jodana degradésanas ir pastiprinata,
un netika sasniegta pilniga konversija. Reakcija ar elektronatvelkoSu grupu saturoSiem
ariljodaniem jodana degradé$anas ir minimala, tadu reag@tspgja ari samazinas, un reakcijas laiks
ir japalielina I1dz 48 h.

Talak monoaizvietoSanas SnAr reakcija ar amonjaku labakie rezultati tika iegiti 80 °C
temperatira. Ar elektroniem bagatiem substratiem 48b,e vajadzgja ilgaku reakcijas laiku
pilnigas konversijas sasniegSanai. Savienojumiem 48f,g reakcija notika gan pirimidina atomu
C(2), gan C(4/6) pozicijas, tapec 49f,g tika iegiits ar nedaudz zemakiem iznakumiem.
Aizvietosanas produkts C(2) pozicija veidojas nelielos daudzumos, jo C(4/6) pozicija ir
reagétspejigaka (2. tab.).

22



2. tabula

Aizvietotu pirimidinu 49a-g iegtisanas apstakli

)I Dlarlljodans )i )\/E
)\ NMP i- PrOH

47a-d so°c 48a-g 8o°c 49a-g
.. Reakcija
Reakcija 47>48 48->49
Nr. | X | Y Izna- Izna-
Diariljodans Ar t(h)| kums | t(h) | kums
(%) (%)

QTf -
1 |cl|H @'@ @ 2 | 48,81 | 16 | 49a,91
QTS N
2. [cl| H Q/I\Q\ @\ 2 | 480,65 | 48 | 49b, 90
OMe
MeO OMe
oTf .
Jolv] oo |
oTf ,
TN
4 |cl| H :(5\ » 48 | 48d,61 | 16 | 49d, 80
N Cl

5. | Cl | Me 2 48e, 71 24 | 49e, 93
48f, 78 16 | 49f, 73

oT o
“Thc ' @ , ,
7 Tarla 2 | 489,71 | 16 | 49g, 75

Imidazola saslégsanas reakcijas, kuras R = H, vislabakie iznakumi tika sasniegti, izmantojot
ortoesteri (3. tab., 1., 4.-9. rinda). Veicot So parveértibu ar skudrskabi, neizdevas noveérst
hidrolizi pie atoma C(6) pozicija. Lai nenotiktu hidrolize pie atoma C(6) pozicija reakcijas ar
ortoesteri, elektroniem nabadzigaku substratu gadijuma tika izmantots beziidens HCI dioksana

48 | 48c,66 | 16 | 49c, 97

(2]
N

paaugstinata temperatiira. Imidazola cikla saslégSana, izmantojot ortoesteri, ja R # H, notiek
slikti vai nenotiek vispar. Pie atoma C(8) pozicija var ievadit alifatiskus aizvietotajus, saslédzot
ciklu ar anhidridu. Trifluormetilgrupu var ievadit pie atoma C(8) pozicija divu stadiju procesa
ar (CFsCO)20, kura sakotngji veidojas trifluoracetamids, tad paaugstinatd temperatiira tiek
saslegts cikls.%” Cikla saslégsanas gaita notiek hidrolize pie atoma C(6) pozicija. Lai iegiitu
produktu 50c, hloru pie atoma C(6) pozicija atjauno dehidroksihloré$anas reakcija ar POCls.
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Aizvietotu 7-arilpurinu 50a-i iegtiSanas apstakli

3. tabula

g
N™™ ~Ar
A —
b
Y7 N ONH, v

X

Ar

NN
| R
)\N/ N/>_

49a-g 50a-i
Nr | X | Y | R Ar Reagents Isl:::;s Piedeva (OE) (I) %:”ES
L || H|H HC(OED); | DCM | ag.HCI | 20 | 16 | 0%
2. [Cl| H | Me © Ac:0 - IR
SCIEIE: SO D | P |2 | 2ea | 10r
s la|H|H @\ HC(OEt)s | DCM | aq.HCI | 40 | 16 | S0
i OMe
5. [cl| H | H \"CLNOZ HC(OENs | DCE | MO a0 | 3 | 2%
6. [Cl|H|H TlfNj\Cl HO(OED: | DCE | (G| 80 | 3 |
7. |cl| me| H HC(OEN)s | DCM | ag.HCI | 20 | 16 | °09
. |H|cl|H © HC(OEN)s | DCM | aq.HCI | 20 | 16 | SO
9. |cl|cCl|H HC(OE)s | DCE diifg'ma ol By 5708L

* Summarais iznakums 2 stadijas

Originalpublikacijas par $aja apak$nodala aprakstitajiem pétijumiem — 3. un 5. pielikuma.
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2. Purina atvasinajumu fotofizikalas ipasibas un lietojums

Veiktie pétijumi par purinam un 6-metilpurina pasibam ierosinata stavokli parada, ka
fotoierosinasanas rezultata izveidotais singleta stavoklis atri iesaistds starpsistému parejas
procesa un izveidojas relativi stabils tripleta stavoklis ar dzives laiku 1,7 ps istabas temperatiira,
vai dzives laiku pat 1 s 77 K temperatiira.%® So savienojumu tripletu kvantu iznakums ir 88%.%°
Citos pétijumos tika apskatita purina C(2) un C(6) poziciju aizvietotaju ictekme uz ierosinata
stavokla relaksacijas celu un atrumu, ka arT piedavats relaksacijas mehanisms 9-metilpurinam
no ierosinata singleta stavokla uz tripletu caur diviem starpstavokliem.”

Purina atvasinajumi dazadu funkciju veikSanai ir iesaistiti OLED struktiiras, tac¢u kopuma
tamlidzigu pieméru ir maz. Viens no $§adiem piemériem ir fluorescentas purina “push-pull”
sist€mas izmanto$ana OLED. Ierices ar purina atvasinajumu 51 sasniedza 3,1% argjo kvantu
efektivitati. Fluorescentu sisttmu maksimala iesp&ama efektivitate ir 25%, jo ierosinato
singleta un tripleta stavoklu sadalfjums ir 1:3.” Cita pieméra divi purini ir savienoti ar
aromatisku tiltu, un atkariba no aromatiska cikla Ipasibam var iegtit donora-akceptora-donora,
akceptora-donora-akceptora vai neitralu fluorescentu sistému. Sadiem savienojumiem,
piem@ram, 52, ir potencils lietojumam OLED vai sensoros.® Adenins un guanins tika
parbauditi ka elektronus blok&josie un caurumus transportgjosie slani OLED strukttra. No
izmé&ginatajiem purina un pirimidina atvasinajumiem ierice ar adeninu izradija labako stravas
vadi$anu un emisijas efektivitati.®® Dazi pieméri ar termiski aktivétu aizkavéto fluorescenci ir
zinami purina atvasinajumiem, kas ir saistiti ar elektroniem bagatu fenoksazinu, kur
aromatiskas sist€mas ir izgrieztas arpus plaknes. Ar purina atvasinajumu 53 tika iegtits OLED
ar 16% argjo kvantu iznakumu.® Nesen publicéti ir arT pirmie fosforescentie iridija kompleksi
ar purina atvasinajumu ligandiem, pieméram, savienojums 54 (1. att.). Neitrali iridija kompleksi
emité gaismu oranZi-sarkanaja regiond, savukart katjonie kompleksi emité gaismu dzelteni-
zalaja regiona.?

51 Ph
1. att. Literatiira zinami purina atvasinajumi ar lietojumu OLED.®

OLED sastav no diviem elektrodiem — katoda un anoda, starp kuriem atrodas vairaki
organisku materialu slani, kas nodrosina caurumu un elektronu parvietosanos uz emisijas slani
(EML), kura notiek ladinu rekombinacija un emisija (2. att.). Vienam vai abiem elektrodiem ir
jabiit caurspidigiem, lai izstarotd gaisma varétu izkliit arpus iekartas. Ka pieme@rus biezi
izmantotiem materialiem var minét LiF/Al katodu un indija alvas oksida (ITO) anodu.”® Dazadi
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paligslani nodros$ina efektivu caurumu un elektronu noklasanu 1idz EML un rekombin&Sanos
taja. Caurumu un elektronu ievadiSanu sistéma regulé ar caurumu injekcijas slani (HIL), kura
energijas Iimeni ir pieskanoti anodam, un elektronu injekcijas slani (EIL), kura energijas limeni
ir pieskanoti katodam. Caurumu transporta slani (HTL) un elektronu transporta slani (ETL)
izmanto, lai saskanotu elektronu un caurumu mobilitati, to energijas Iimeni ir pieskanoti EML.
Lai sekmétu rekombinacijas notik§anu EML, daZkart izmanto elektronus blok&josu slani (EBL)
vai caurumus blokg&josu slani (HBL), kas kalpo ka energétiskas barjeras un kavé elektronu vai
caurumu aizpliidanu uz pretgjo elektrodu.”® EML sastav no aktiva matrica icjauktas emitgjosa
savienojuma, retos gadijumos 3o slani veido tikai no emitera.™

EML LiF/Al

katods

HTL

2. att. OLED strukttiras un darbibas mehanisma atspogulojums.

Daudz plasak fluorescenti purina atvasindjumi ir izmantoti jonu sensoros™ fluorescentai
iezZim@&$anai’® un $inu vizualizésanai.”?’ lzmantojot tamlidzigus sensorus, iesp&jams ari
noteikt jonu koncentraciju atkariba no fluorescences pastiprinaSanas vai dzéSanas. Vielam ar
lietojumu $tnu vizualizéSana svarigakie parametri ir biosavietojamiba, caurlaidiba caur
membranam, citotoksicitate un ietekme uz §inu vairosanos. Siem mérkiem var izmantot art
savienojumus ar zemaku emisijas kvantu iznakumu, ja tie ir nepiecieSami kvalitativai analizei

(3. att.).
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77b

3. att. Stinu vizualizéana ar purina-zelta nanoklasteriem (a
atvasinajumu (b).?

vai “push-pull” purina

2.1. Fluorescentu purinu atvasinajumu fotofizikalas 1pasibas

Organiskas “push-pull” fluorescentas sistémas sastav no elektronu donora un akceptora, kas
ir savienoti ar 7 sistémas konjuggtu tiltu. Pievadot $adai molekulai energiju, pieméram, ar UV
starojumu, ta tiek ierosinata. Ierosinata stavokli elektrons no augstakas aiznemtas molekularas
orbitales (HOMO), kas atrodas uz elektrona donora un ta tuvuma, ir parvietojies uz zemako
neaiznemto molekularo orbitali (LUMO), kas atrodas uz elektrona akceptora un ta tuvuma.
Ierosinatais elektrons ir ar pretgju spinu neka otram §1 para elektronam, tas ir, singleta stavokli.
Lai atgrieztos pamatstavokli, ierosinata sistéma atdod energiju videi fotona veida — notiek
fluorescence. Ja molekulu, kurai ir iespgjama fluorescence, ierosina ar elektribu, veidojas gan
singleta, gan tripleta ierosinatie stavokli. Sada gadfjuma emisija notiek tikai no singleta
stavokliem, savukart tripleta stavokli atdod videi energiju, visbiezak siltuma veida, un arl
atgriezas pamatstavokli (4. att.).”® Ierosinita stavokla geometrija var atikirties no
pamatstavokla. Ierosinatais stavoklis var izgriezties no sakotngji planara stavokla un notikt
fluorescence péc izgriezta ick§molekulara ladina parneses (TICT) mehanisma.”® Pretgja
gadfjuma sakotngji neplandra struktiira ierosinatd stavokll var klit vairak planara un
fluorescence notiek péc planara iek§molekulara ladina parneses (PICT) mehanisma, kam ir
raksturiga augsta Stoksa nobide.?® “Push-pull” sistémas fluorescences kvantu iznakumu,
fluorescences laiku, Stoksa nobidi un citas fotofizikalas TpaSibas var izmainit, modificgjot

elektronu donoru, akceptoru vai 7 sistémas konjuggto tiltu.”® Slapekli saturosi heterocikli ir
81

o ¢

plasi apskatiti ka elektronu akceptori $adas “push-pull” sisteémas.
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4. att. Ar elektribu ierosinatas fluorescences shematisks atspogulojums — fluorescence (F)
no singleta stavokla un bezstarojuma relaksacija (R) no tripleta stavokla.

1.2. apaksnodala sintez&tajiem purina atvasinajumiem tika izmeéritas fotofizikalas Ipasibas
un veikti izméginajumi lietojumam OLED. Tika apskatita savienojumu absorbcija, emisija,
kvantu iznakumi, energijas limeni un citi dati.

Iegiitic savienojumi 28a-d, 29a-d, 36a,b un 4la satur trifenilmetilgrupas, kas veicina
amorfas Tpaibas,® lai tos varétu iekartas uzklat ar $kidumu metodém, kas ir vieglak
realiz€jamas neka uznesana ar vakuumu. [zm&ginajumi ar min&tajiem savienojumiem paradija,
ka Sie savienojumi patiesam veido planu amorfu slani uz stikla, uzklajot no skiduma. DSC
mérfjumi ar savienojumiem 28a,d un 29a,b,d paradija, ka tie ir amorfi ar stiklo$anas
temperatiram 82-102 °C. Cianogrupu saturoSiem savienojumiem ir raksturiga augstaka
stikloSanas temperatiira. Termogravimetriska analize savienojumiem 28d un 29d parada, ka 2-
amino-6-triazolilpurini 28 ir termiski stabilaki par 6-amino-2-triazolilpuriniem 29, jo
sadaliSanas temperatiiras ir attiecigi 298 °C un 258 °C.

Iegatie “push-pull” purina atvasinajumi 28a-d, 29a-d, 36a,b un 41la,c ir fluorescenti, un
atkariba no azola un piperidina izvietojuma purina C(2) un C(6) pozicijas izteikti mainas to
absorbcijas un emisijas spektru maksimumu izvietojums. Savienojumiem 28a-d zemakas
energijas absorbcijas maksimums, kas atbilst ick§molekularai ladinu parnesei, atrodas ap
365 nm (5. att), savienojumiem 29a-d S$is maksimums atrodas ap 305 nm (6. att.).
Savienojumiem 28a,b,d emisijas maksimums atrodas 440-450 nm, savienojumiem 29a,b,d tas
atrodas tuvaja UV regiona 390400 nm. Iznémumi ir dimetilaminogrupu saturosie purina
atvasinajumi 28c un 29c, kuru emisijas maksimumi ir nobiditi batohromi par aptuveni 60 nm,
salidzinot ar pargjiem atvasinajumiem. Tas tika skaidrots ar izteiktu solvatohromiju, kas ir
raksturiga dimetilaminogrupu saturodiem savienojumiem.®? Savienojumu 36a,b un 4la,c
absorbcijas un emisijas spektri minimali atSkiras no analogisko savienojumu 29a,b,d spektriem.
Savienojuma 41c gadijuma absorbcijas spektra tika novérota ari karbazolam raksturiga
absorbcija, ka arT dazi maksimumi emisijas spektra, kas attiecas uz karbazolu (4. tab.). M&rjjumi
savienojumiem 28a un 29a paradija, ka abiem regioizom&riem ir raksturiga pozitiva
solvatohromija.
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4. tabula

Purina atvasinajumu absorbcijas, emisijas un kvantu iznakumu eksperimentalie dati

Nr. | Savienojums | Aapsmaxs (MM)* | Aemmax, (NM)* | @ (DCM) ¢;;r(g:lz;1;a
1. 28a 364 446 0,91 0,32
2. 28b 360 439 0,78 0,28
3. 28¢c 365 511 0,74 0,03
4, 28d 367 448 0,90 0,40
5, 29a 320 (plecs) 394 0,31 0,22
6. 29b 320 (plecs) 399 0,17 0,15
7. 29¢ 330 (plecs) 455 0,30 0,03
8. 29d 330 (plecs) 388 0,44 0,20
9. 36a 305 (plecs) 356 0,01 0,12
10. 36b 300 (plecs) 373 0,07 0,45
11. 41a 310 (plecs) 398 0,66 0,42
12, 41c 292, 323,338 | 362, 378, 397 0,51 0,20

*Mearits 5 - 10° M DCM gkiduma.

Fluorescentajiem savienojumiem DCM $kiduma un plana kartina tika noteikti kvantu
iznakumi, ko vargja paveikt amorfo IpaSibu d€]. Savienojumi 28a-d, 29a-d un 4la,c deva
sagaidamus rezultatus — fluorescences kvantu iznakums $kiduma sasniedza pat 91%, bet plana
kartina bija ieverojami mazaks, jo Skiduma molekulas ir savstarp&ji izoletas un nenotiek
fluorescences dz&$ana. Savienojumiem 36a,b tika noveérots pret§js efekts — fluorescences
kvantu iznakums izteikti pieaug plana kartina. To var izskaidrot ar aromatisko gredzenu rotaciju
Skiduma, kas dz&s$ fluorescenci, bet tiek noversta cieta faze. 2-Amino-6-triazolilpuriniem 28a-
d $kiduma tika noveroti vid&ji augstaki kvantu iznakumi neka 6-amino-2-triazolilpuriniem 29a-
d, tacu Siem savienojumiem arf tika novérots lielaks kvantu iznakuma kritums, parejot uz cieto
fazi plana kartina (4. tab.).

Savienojumiem 28a-d un 29a-d tika noteikta jonizacijas energija un fotovaditspgjas
slieksnis, no ka tika izrékinata afinitates energija (A. Vembris, CFl). M&rfjumos noskaidrojas,
ka jonizacijas energija gandriz nemainas atkariba no aizvietotaju izvietojuma C(2) un C(6)
pozicijas, bet mainas atkariba no donora vai akceptora aizvietotaja pie feniltriazola.
Fotovaditspgjas slieksnis mainas gan atkariba no aizvietotaju izvietojuma, gan donora vai
akceptora aizvietotaja klatbiitnes. STs vértibas ir izteikti augstakas 6-amino-2-triazolilpuriniem
29a-d (3.07-3.45 eV), salidzinot ar apgrieztajiem regioizom&riem 28a-d (2,75-2,95 eV).

Siem savienojumiem tika noteikti ari tripletu energijas limeni, kas ir svarigi tadam
potencialam lietojumam ka OLED aktivas matricas. Savienojumiem 28a-d tripletu limenu
vertibas ir 2,52-2,54 eV, savienojumiem 29a,b,d —2,87-2,95 eV, savienojumam 29¢c — 2,75 eV.
Savienojumu 29 1pasibas ir atbilstosas teor&tiskajam lietojumam aktivo matricu materialos zili
fosforescgjosiem emiteriem.

DFT aprekini paradija, ka neitralu vai elektronakceptoru aizvietotaju gadijuma pie
feniltriazola savienojumiem 28a,d HOMO orbitales ir centrétas uz purina, LUMO ir centrétas
uz feniltriazola, savukart 29a,d HOMO un LUMO orbitales ir delokaliz&tas pa visu konjugéto

30



sistému. Sis izkartojums liecina par izteiktaku “push-pull” raksturu savienojumiem 29a,d, ka
arT zemaku tieksmi ierosinatam stavoklim relaksgties bez emisijas. Elektrondonoru aizvietotaju
gadfjuma pie triazola savienojumiem 28b,c un 29b,c HOMO orbitales ir centrétas uz
feniltriazola, LUMO orbitales — uz purina.

Purina atvasinagjumi 28a,d un 29a,d tika izm&ginati ka emiteri OLED, jo tie uzradija
augstakos kvantu iznakumus. Savienojums 29b tika izm&ginats ka aktivo matricu materials
OLED ar Flrpic emiteri, jo tam bija augstaka tripletu energija. Emiteru gadijuma netika
novérota elektroluminescence, savukart eksperimenta ar purina atvasingjumu ka OLED aktivas
matricas materialu, kapinot spriegumu, ierices efektivitate strauji kritas, salidzinot ar
kontroleksperimentu, kurd aktiva matrica ir polivinilkarbazols (PVK). Sos rezultatus var
izskaidrot ar augstu stravas blivumu OLED, izmantojot purina atvasindjumus iekarta. Augsto
ladinu vaditsp&ju var izskaidrot ar ieglito atvasinajumu planaro struktiiru un dipolo dabu,
ieglitos savienojumus iesp&jams nakotné izmantot ka organiskos lauka efekta tranzistorus.

Organisko lauka efekta tranzistoru izpéte ir pétljumu virziens, kas megina aizstat
neorganisko amorfo siliciju pusvaditajos. Izmantojot mazmolekularus savienojumus vai
polimérus, var iegiit ar §kiduma metodém veidojamu lokanu elektroniku. Sadiem materialiem
viens no svarigakajiem parametriem ir ladinu vaditsp&ja, kas nodroSina energoefektivitati,
darbibu iericés ar zemu energijas padevi un stabilu ierices temperatiru. Sadas ierices var
konstrugt divos veidos — ar aizvara elektrodu virs pargjiem slaniem vai zem tiem (7. att.). Ja
aizvara elektrods atrodas virs pargjiem slaniem, tad ka pamatne tiek izmantots poliméra
substrats, pretéja gadijuma ka pamatne var kalpot aizvara elektrods. Pargjie struktiirelementi ir
izteces un noteces elektrodi, organisks pusvaditajs un izolators. 8

7. att. Organiska lauka efekta tranzistoru shematisks atspogulojums ar aizvara elektrodu
virspusé (pa kreisi) un apaksa (pa labi). Polim&ra substrats (melns), izteces un noteces
elektrodi (peleki), organisks pusvaditajs (oranzs), izolators (zils), aizvara elektrods (balts).2®

Originalpublikacijas par $aja apak$nodala aprakstitajiem pétijjumiem — 2. un 4. pielikuma.

2.2. Termiski aktivéta aizkavéta fluorescence purinu atvasinajumos

Sakotné&jie OLED ar fluorescentiem emiteriem spgj lietderigi izmantot tikai 25% pievaditas
energijas, jo, izmantojot elektribu, tikai ceturtdala ierosinato molekulu ir singleta stavokli, kas
ir spgjigas emitét gaismu, savukart pargjas ir tripleta stavokli, un energija netiek lietderigi
izmantota. So situdciju uzlaboja fosforescenti metalu kompleksi, kas sp&j izmantot visu
pievadito energiju, tacu Sajos kompleksos tiek izmantoti dargi un izsiksto$i parejas metali —
visbiezak iridijs, dazkart platins, kuru lietojumu cenSas mazinat. Termiski aktivéta aizkavéta
fluorescence (TADF) ir p&tijumu joma, kas ir attistijusies pédgja desmitgadé un var potenciali
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aizstat fosforescentus parejas metalu kompleksus. TADF apskata savienojumus, Kkas spgj
realizét visu pievadito energiju, izmantojot apgrieztu starpsistému pareju (RISC), kura
ierosinata molekula pariet no tripleta stavokla uz singletu. Sada gadfjuma molekulas, kas ir
sakotngji ierosinatas singleta stavokli, rada fluorescenci (F), savukart molekulas no sakotngja
tripleta stavokla caur RISC nonak singleta stavokli un veido aizkavéto fluorescenci (DF)
(8. att.).8

E

RISC

Soc 1

S, y

8. att. TADF emisijas shematisks atspogulojums.

Lai RISC process varétu notikt, spina-orbitas sadarbibas (SOC) vértibai jabiit péc iesp&jas
augstakai, savukart starpibai starp singleta un tripleta limeniem (AEsy) ir jabit pietickami zemai.
Augstaku SOC var sasniegt struktiiras, kas satur smagos atomus. Zemu AEst panak, samazinot
HOMO un LUMO orbitalu parklasanos. Molekulas ar kovalenti saistitiem donoru-akceptoru
pariem to panak ar steriskiem traucEumiem, kas partrauc konjugaciju starp donoru un
akceptoru. Cita alternativa ir eksipleksu sisttmu izmantoSana ar atseviSkam donora un
akceptora komponentem® (9. att.). Sadus savienojumus var modificet, lai iegiitu vajadzigas
fizikalas 1paSibas, ieklaujot aktivo komponenti poliméros vai dendrim@ros, lai tos var€tu
izmantot OLED izgatavosanai ar §kidumu metodi.?® Purina gredzenam ir raksturigs atrs
starpsistému parejas process’® ar augstu tripletu kvantu iznakumu,% kas ir atbilstosi parametri
TADF sistému izpétei. Karbazols ir plasi izmantots ka elektronu donors TADF emiteros un
OLED aktivas matricas, pateicoties ta augstajai stabilitatei, labai caurumu vaditspg&jai un tripleta
energijas limeniem, kas ir augstaki neka fluorénam vai bifenilam.%

32



® Ghal Q 0
N -
N N
! N/* Oaond
SsSlE i s ot
9. att. Steriski traucétu savienojuma 51 un eksipleksu para 52 + 53 pieméri, kuriem ir
iespgjams RISC.84

Petijumi tika veikti ar 6-ciano-9-fenilpurinu (24a), jo cianogrupa samazina purina elektronu
afinitati, savukart fenilgrupa nover§ N(9)-N(7) tautomerizaciju. M&rfjumi savienojumam
paradija vaju fluorescenci, toties izteiktu fosforescenci pie 77 K temperatiiras, kas liecina par
tripleta stavokli esoSu molekulu klatbGtni pietickama daudzuma, kas atbilst energijas limenu
teoretiskajos aprékinos atrastajam.
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10. att. 6-Cianopurina komponente 44a un kovalenti saistitie konjugati 44b-d.

Savienojums 44a tika izmeginats eksipleksu sistema ar PVK un 9-fenilkarbazolu (9-PhChz)
$0 donoru atbilstoso energijas limenu d&l. Fiziskiem maisijumiem var rasties tehniskas
problémas ar molekulu sakartojumu, Ka rezultata eksipleksu paru veidosanas ir mazak ticama.
Alternativa ir kovalenti saistiti eksipleksu pari, kuros ladinu parneses process nevar notikt
iekSmolekulari. Tika iegiti savienojumi 44b-d (10. att.), kuros cianopurins un karbazols ir
savienots caur benzola gredzenu, kas ir izgriezts arpus plaknes. Steriski traucéts aromatisks
fragments traucé m-elektronu sisttmu konjugacijai, gan kopuma strada ka donora-donora’-
akceptora sistéma,®” kas nelauj notikt iek§molekularam procesam. legiita savienojuma 44b
rentgenstruktiira parada, ka purins un karbazols ir koplanari, savukart benzola gredzens ir par
50° izgriezts no plaknes (11. att.).
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11. att. Savienojuma 44b XRD struktiira divas projekcijas ar benzola gredzenu arpus plaknes.

Nesaistita purina un karbazola maisijumam $kiduma novéroja karbazola emisijas dzesanu,
kas liecina par ierosinata stavokla parnesi no karbazola uz purinu. Kovalenti saistitajiem 44b-
d istabas temperattra tika novérota vaja fluorescence, bet 77 K temperatiira savienojumiem
44c,d fosforescence ir vairakas reizes intensivaka par fluorescenci, kas liecina par
starpmolekularu procesu. Savukart iek§molekuldro procesu nomic izjaukta konjugacija. Sadu
noverojumu pamato arT absorbcijas spektri, kas kovalenti saistitajiem savienojumiem ir veidoti
no savienojuma 44a un karbazola komponensu summas bez papildu absorbcijas joslas kopgjai
sistémai. Savienojumam 44b 77 K tika novérota salidzinamas intensitates fluorescence un
fosforescence, kas liecina par paaugstinatu iek§molekulara procesa varbitibu.

Merfjumi plana kartina (5. tab.) paradija, ka emisija notiek no eksipleksiem 473-528 nm
regiona ar kvantu iznakumu lidz pat 41% un skabekla klatbatné tiek novérota emisijas dzésana.
Temperatiiras pazeminasana diapazona 300-77 K veicina kvantu iznakuma pieaugumu
lielakaja diapazona dala. Sis novérojums ir pretruna ar sagaidamo rezultatu TADF, tatu tika
izskaidrots ar tripleta stavokla paaugstinatu stabilitati zemas temperaturas, kas ir svarigi
ierosinata stavokla relaksacija. ST sakariba nav lineara, un TADF efekts tika novérots ar kvantu
iznakuma lokalu maksimumu 100-180 K. Fotoluminescence sastav no vairakam dazada ilguma
komponent&m, kas ir raksturigi eksipleksu sistémam. Atraka komponente paraugos ir 31-55 ns,
kas ir lénak neka tipiska fluorescence, tatad tika novérota aizkavéta emisija. Zemas
temperatiras atraka komponente tiek ietekm&ta maz, savukart nakama komponente tiek
paildzinata apméram par 80 ns, kas ir raksturigi TADF. Atraka un lénaka komponente veidojas
péc dazadiem mehanismiem, kas ir sagaidams eksipleksu sistemas, jo attalums starp donoro un
akceptoro komponenti ir mainigs. Divkomponentu sisteémas attiecibu starp lénako un atrako
komponenti iesp&jams ietekmét, izmainot donora-akceptora daudzuma attiecibu. Eksperimenti
ar 44c polimetilmetakrilata matrica dazadas koncentracijas paradija emisijas nobidi uz zilo
regionu un kvantu iznadkuma samazina$anos, picaugot 44c atSkaidijumam.
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5. tabula

Eksipleksu sistému fotofizikalas Ipasibas plana kartina

- AL, b Es, d AEsr,

Nr. Sistéma (m)? D t, (ns) t, (%) (&V)° Er, (eV) (V)
44a/ 49 21

1. 9-PhCbz 473 0,25 137 56 2,98 2,95 0,03
(1:1) 682 16
44a/ 31 12

2. PVK 528 0,08 140 56 2,81 2,95 -0,14
(1:1) 692 32
34 21

3. 44b 501 0,17 149 79 2,97 2,92 0,05
54 39

4, 44¢c 502 0,41 246 6l 2,82 2,94 -0,12
55 27

5. 44d 497 0,13 183 73 2,85 2,94 -0,09

2 Emisijas maksimums.

b Fotoluminescences komponensu procentuals sadalfjums.
¢ Fluorescences aktivacijas energija istabas temperatiira.

d Fosforescences aktivacijas energija 77 K.

e AEST = Es — ET.

Kovalenti saistitam TADF molekulam var bt dazadi emisijas mehanismi atkariba no cietas
fazes morfologijas.® Mérfjumos ar savienojumu 44c tika noskaidrots, ka amorfa fazé notiek
iepriek$ apskatita TADF emisija, savukart kristaliska fazé notick fluorescence ar emisijas
maksimumu 471 nm, kvantu iznakumu 52%. Emisijas mehanisma izmaina kristaliska fazg tiek
skaidrota ar stipraku donora-akceptora konjugaciju, ko veicina konformacijas fikséSana
kristaliskaja rezgi.

Iegiitic purina atvasinajumi ir atbilstosaki OLED aktivas matricas lomai, jo to
fotoluminescence dzeSas, picaugot temperatiirai. OLED izméginajumi tika veikti ar
savienojumu 44d, jo tas uzradija labako ladinu mobilitati. Tika iegtuts OLED ar zalo TADF
DACIPN emiteri ar 44d ka aktivo matricu ar maksimalo argjo kvantu iznakumu 11,6% un
spozumu virs 50000 cd/m?. Izmantojot zemu emitera koncentriciju (5%), tika novérota
nepilniga energijas parnese uz emiteri. OLED ar aktivo matricu 44d paradija augstakus argjos

kvantu iznakumus neka iepriek§ publicétos rezultatos ar zinamam aktivam matricam.%

Originalpublikacija par $aja apak$nodala aprakstitajiem pétijjumiem — 3. pielikuma.
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SECINAJUMI

Izmantojot azida-tetrazola lidzsvaru, pie 2,6-diazidopurina mazak reagétsp&jiga atoma C(2)
pozicija ir iespgjams veikt SnAr reakeiju ar anﬁniem

xﬁ xﬁ i At !

Trifenilmetilgrupas saturoSu aizvietotagju izmantoSana veicina amorfas TpaSibas
savienojumiem un Jauj izveidot purinu atvasinajumu paraugus amorfas planas kartinas,
izmantojot savienojuma $kidumu.

Imidazolu, 1-1H-1,2,4-triazolu, 1-1H-1,2,3-triazolu un 2-2H-1,2,3-triazolu var ievadit pie
purina atoma C(2) pozicija, izmantojot SNATr reakciju 160 °C temperatara.

Y N

ﬁ> 3oL

Aromatiskos aizvietotajus var ievadit pie purina slapekla atoma N(9) pozicija, izmantojot

diariljodanus vai Cana—Lama reakcijas apstaklus.
X Ar—B(OH), X

vai
NN AFARIOTE NN
L)NI,? — éD
H

Ar

N(7) Arilpurinus ar augstiem iznakumiem var iegiit no aizvietotiem 5-aminopirimidiniem
de novo sinteze.

X Xy Xy HC(OEt); vai
- NHz Ar'ARIOTE N NH, N, (RCOXO
AT T 2
P |
YN el o YN ONH,

2/6-Amino-2/6-azolilpurini, atkariba no aizvietotaju izvietojuma C(2) un C(6) pozicijas,
fluoresce ar emisijas maksimumu ap 390 nm vai 450 nm. Kvantu iznakumi sasniedz 91%
$kiduma un 45% plana kartina. Sadiem savienojumiem ir potencials lietojums ka
organiskiem lauka efekta tranzistoriem.

Gan kovalenti saistitiem purina-karbazola eksipleksiem, gan to analogu maisijumiem
piemit TADF pasibas. Sadi savienojumi un to maisijumi izrada eksipleksiem raksturigu
dazada ilguma emisiju ar maksimumu ap 500 nm. Emisijas efektivitati dazadas
temperatiiras nosaka tripleta stavokla stabilitaite un TADF efekts. Kvantu iznakumi
galaproduktos sasniedz 41% plana kartina. Sadiem savienojumiem ir potencials lietojums
ka aktivam matricam OLED.
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GENERAL OVERVIEW OF THE THESIS

Introduction

The modification of purine ring has been studied extensively, since these compounds are a
class of privileged structures in medicinal chemistry.: Most purine derivatives exhibit not only
biological activity, but in several cases also fluorescence, which is commonly used for cell
visualization in biological studies.? Such derivatives have to be soluble in water and have low
cytotoxicity. That may be achieved with respective functional groups such as amino or hydroxyl
groups or ribosylfragment on the purine cycle. On the other hand, the use of purine derivatives
in optoelectronics has been studied to a lesser extent. In the development of optical materials,
the most important aspects are high emission efficiency, stability of the used compounds and
low costs. By introducing functional groups, which are commonly used in optoelectronics, such
as carbazole, thiophene or cyano group, in the purine cycle, compounds with adequate
properties for applications in organic light-emitting diodes (OLED) could be obtained.

Since the first OLED design was proposed in 1987,%extensive research has been conducted
to obtain highly efficient white or red, green and blue diodes for production of displays.
Compared to currently widespread liquid crystal displays (LCD), OLED offers several
advantages: higher energy efficiency, bigger color rendering and spectral similarity index
values, higher contrast, and a thin and lightweight design, which enables creation of flexible
displays. OLED also emits a more natural color range, which is an advantage both aesthetically
and healthwise.* The main disadvantages of OLED are higher costs, shorter lifespans,
especially for blue color, and degradation upon contact with oxygen. A way to reduce costs is
the use of materials that enable OLED production via solution method, which is cheaper than
using vacuum.® Introduction of amorphousing groups into the purine structure will open the
possibility of creating thin layer films via the solution method.

Current research in optoelectronics contains examples regarding the use of purine
derivatives as sensors,® fluorescent,” phosphorescent,® or thermally activated delayed
fluorescence (TADF)® emitters. The devices obtained in the aforementioned studies®° have
inferior properties to those of the corresponding commercial products. Based on the sparsity of
research, knowledge in this field should be expanded, new structures with electron donors and
acceptors should be designed, new methods should be developed or known approaches for
compound preparation should be adapted, using the widely occurring purine heterocycle as a
basis.

There are methods described in literature for the introduction of substituents at the C(2),
C(6) and C(8) positions of the purine ring atoms using nucleophilic aromatic substitution
(SnAr)M2t and transition metal catalyzed cross-coupling reactions.?>-? Introduction of many
electron donors and acceptors of our interest has not been described, requiring adaptation of
known methods or development of new ones. If the required substituent cannot be introduced
directly, in some cases it is possible to construct it using functional group transformations, such
as the formation of 1,2,3-triazole in a copper catalyzed azide-alkyne dipolar cycloaddition
(CuAAC) reaction.?*
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The atoms at C(2), C(6) and C(8) positions are not symmetrical in the purine cycle and each
position has a characteristic higher or lower reactivity. Differences in the arrangement of
substituents often have an effect on the absorption and emission wavelengths and efficiency, so
it is necessary to obtain variously substituted purine derivatives to find compounds with the
best properties. In order to prepare compounds that cannot be obtained using the usual purine
regioselectivity, we need to develop methods for reversing the selectivity. One way to achieve
this is via azide-tetrazole equilibrium, that enables substitution at the atom in C(2) position.?’

Methods for functionalizing purine nitrogen atoms N(9) and N(7) with aliphatic and
aromatic substituents are known in the literature, usually the nitrogen atom in the N(9) position
is more reactive. Aliphatic substituents can be introduced using alkyl halides or the Mitsunobu
reaction,?® while aromatic substituents can be introduced by a copper catalyzed cross-coupling
reaction with diaryliodanes?® or Chan—Lam cross-coupling reaction.*® We need to adapt these
methods to introduce the substituents we are interested in — carbazole-containing, electron-rich
systems and structures containing a triphenylmethyl group, which would contribute to the
amorphous properties of the compounds.®!

Not all desired transformations can be realized with a closed purine ring. If another purine
position is far more reactive, or the transformation cannot be performed due to steric hindrance,
it can be attempted by de novo synthesis. This approach enables introduction of the required
substituents on the pyrimidine or imidazole followed by closing of the purine ring. Use of de
novo synthesis and closing the imidazole ring on a previously modified pyrimidine opens a
synthetic route for introduction of aromatic substituents at the less reactive nitrogen atom at the
N(7) position (Scheme 1).

SNAr or ring closure *‘ CN
/_\ lSNAr
SNAr nove
Y_Y | 1 6 eS\s
. \ e
an-Lam
’" reaction //

N
Ny Ve {,’,
SNAr or ring closure (;%% Q
" [linker |
kPh

ph Ph

Scheme 1. Purine cycle numbering and the desired reactions.

During the preparation of Doctoral Thesis, purposefully functionalized luminescent purine
derivatives with amorphousing groups were obtained, for which the potential applications in
OLED devices were researched. TADF properties and potential application in OLED devices
were tested for purine-carbazole conjugates. New synthetic routes for the preparation of
specifically functionalized N(9)-arylpurines, N(9)-alkylpurines, and azolylpurines were
developed. A new synthetic route to N(7)-arylpurines was developed, employing de novo
synthesis.
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Aims and objectives

The aim of the Thesis was the synthesis of new purine derivatives to obtain compounds
with amorphous properties, high emission efficiency, and corresponding physical properties for
potential application in the development of OLEDs.

The following tasks were defined:
1. To develop purine reactions that enable the introduction of electron donating and
accepting functional groups at the appropriate purine ring atoms:
= to search for new synthetic routes for purine functionalization using the
equilibrium of 2,6-diazidopurine azide-tetrazole tautomeric forms;
= to find reaction conditions for the introduction of substituted and unsubstituted
azoles at the C(2) and C(6) positions of purine;
= to develop reaction conditions for introduction of various aryl substituents at the
N(9) and N(7) positions of purine.
2. To create purine derivatives with application in optoelectronics for the development of
OLED:s:
= to obtain amorphous, fluorescent purine derivatives and determine their
photophysical properties;
= to synthesize purine derivatives exhibiting thermally activated delayed
fluorescence.

Scientific novelty and main results

During the course of Doctoral Thesis, new organic synthesis methods for the introduction
of azole substituents into the purine ring as well as for the preparation of N(7) arylpurines by
de novo synthesis from the substituted pyrimidines were developed. Synthesis methods with
altered regioselectivity at purine C(2) and C(6) positions were developed by influencing the
equilibrium of azide-tetrazole tautomeric forms of 2,6-diazidopurine. A new structural design
was developed for intramolecular push-pull fluorescent purines and sterically hindered purine-
carbazole conjugates. New synthetic methods were developed for the synthesis of such
compounds. Push-pull type purine derivatives exhibit fluorescence and can potentially be used
as organic field effect transistors. Purine-carbazole conjugates and a mixture of purine and
carbazole derivatives in solid state forms exciplexes exhibiting thermally activated delayed
fluorescence. These compounds can potentially be used as host materials in OLEDs.

Structure and volume of the Thesis

The Doctoral Thesis has been prepared as a set of thematically related scientific
publications, dedicated to purine derivatives with applications in materials science to solve
problems in optoelectronics. The Thesis unites four original research publications in the SCI
journals and one review.
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Publications and approbation of the Thesis

The results of the Thesis have been reported in four scientific publications. One review has
been published. The main results have been presented at 13 conferences.
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MAIN RESULTS OF THE THESIS

Purine is one of the most common nitrogen heterocycles in nature, the most known
derivatives of which are adenine and guanine, two of the nitrogen bases of deoxyribonucleic
and ribonucleic acids. Traube synthesis is the most widely known chemical method for the
preparation of purine derivatives, but due to the widespread occurrence of such compounds in
nature, many are obtained from food processing or other biological sources. Examples of non-
laboratory applications include the use of purine nucleotides as flavor enhancers, such as
guanosine monophosphate, and the use of caffeine as a stimulant.*®

In the Thesis, methods for obtaining novel purine derivatives were developed,
photophysical properties of such compounds were measured and their application in materials
science field of optoelectronics was determined. Initially, purine cycle atoms were
functionalized with electron donating and withdrawing groups to obtain fluorescent push-pull
systems. The nitrogen atom at purine N(9) position was modified with electron-rich
heterocycles, which were bridged by a neutral aromatic system. The prepared derivatives can
potentially be used as organic field effect transistors or host materials in OLEDs.

1. Introduction of substituents in the purine ring

Due to the high interest towards modification of purine in medicinal chemistry, various
methods for the introduction of substituents have been developed. The most widely used
methods are nucleophilic aromatic substitution (SnAr) and cross-coupling reactions for the
introduction of substituents at the C(2), C(6) and C(8) positions. Both selective and non-
selective methods for functionalization of purine nitrogen atoms at N(9) and N(7) with aliphatic
and aromatic substituents have been reported. Another notable approach employs de novo
synthesis with a prefunctionalized pyrimidine or imidazole, followed by purine ring closure at
an opportune stage of the synthesis.

The atom at the C(6) position of purine is the most reactive one and can be functionalized
with azides,'* alkylamines,*? arylamines,®® azoles,'* alkylthiols,*> arylthiols,'® sulfinates,®
alkoxides,® phenolates®” and 1,3-dicarbonyl derivatives,*® using the SnAr reaction (Scheme 2).
Aliphatic amines at the C(6) position of purine can be introduced at low temperatures in a
Cu(I)-associated SNAr reaction.'® The most common leaving groups for the SNAr reactions are
halogens, but such reactions with azide,?® sulfonylgroup,®® 1,2,4-triazole or 1,2,3-triazole?
leaving groups have also been described in literature. C-N bonded azoles may also be
introduced via modified Appel conditions for hypoxanthine.** Various aromatic and aliphatic
substituents may be introduced using transition metal catalyzed cross-coupling reactions
(Scheme 3). Aromatic substituents are most often introduced in the purine ring employing the
Suzuki—-Miyaura,?> Negishi??® 2324 or Stille??> % reaction conditions, while alkyl substituents
are introduced using the Negishi??®» 2 24 or Kumada reaction conditions,?? 26 or by using
trialkylaluminum reagents.??* 28 Introduction of alkynyl substituents has been achieved via the
Sonogashira reaction conditions.??? Using stoichiometric reagent amount, alkyl groups at the
C(6) position may be introduced using organocuprates.??® For iodopurines, purine dimers may
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be obtained in Cu(1)* or palladium® catalyzed reactions. The dimerization reaction is reported

for purines with an iodine substituent at C(2), C(6) and C(8) positions.

Y: --F -I"N3

: l Y , Nu Nu: *E’NHR *i*azole R
| | 6 O
--Cl --SOR N N Nu NN Jor - N
SRy T Ly e s
-1-Br 7L| ! \) 2 N N ! SR (0]
! ! ‘ v -I-N
°4 2 Z 1"N3 R
Scheme 2. Purine ring numbering and possible SnAr reactions, 2!
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Scheme 3. Cross-coupling for functionalization of C(6) position.?226

Atom at the C(2) position of purine is less reactive than the atom at the C(6) position. Atom
at the C(2) position can be functionalized in the SnAr reaction if such a reaction is not possible
for the C(6) position. SNAr reaction can be performed with azides,'! alkylamines
arylamines,*? azoles,** % alkylthiols, arylthiols,* alkoxides®® and phenolates.®® Substitutions
at the C(2) position are achieved under harsher conditions than at C(6), so it is possible to
perform successive reactions with different reagents, or to carry out simultaneous substitution
at both positions. In the case of cross-coupling, reactions at the C(2) position can be done using
the Suzuki—Miyaura,??® Negishi,?® Kumada,*® Sonogashira*® or Stille*! reaction conditions, as
well as trialkylaluminum reagents,?® if the C(6) position is not available, or by simultaneously
introducing groups at C(6) and C(2) positions. This selectivity can be reversed if there is iodine
at the atom in C(2) position and chlorine at the atom in C(6) position. In this case, the Suzuki—
Miyaura,*? Negishi,** Sonogashira** and Stille* reactions proceed selectively at the C(2)
position. The use of iodine allows reversal of selectivity between C(6) and C(8) positions, but
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if both C(2) and C(8) are substituted with iodine, the reaction takes place at the atom in C(2)
position.**

The atom at the C(8) position of purine is also less reactive than the atom at the C(6)
position. The C(8) position takes part in SnAr* and cross-coupling®’ reactions, similarly to the
C(2) position, but the atom at the C(8) position is unique with the more acidic proton that can
be selectively deprotonated or lithiated,*® or interacts in C-H activation reactions. A variety of
aromatic and aliphatic substituents can be introduced via transition metal catalyzed C-H
activation reactions (Scheme 4). In intramolecular reactions with C-H activation at C(8)
position, it is also possible to obtain annelated purine derivatives.3% 49
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Scheme 4. C-H Activation reactions for C(8) position.®

Comparing the nitrogen atoms at N(7) and N(9) positions of purine, the atom at N(9)
position is more reactive and in reactions as a nucleophilic component it will give the main
product. The most often used methods to obtain N(9) alkylpurines are alkylation with alkyl
halides and the Mitsunobu reaction.?® Specific substituents can be introduced by palladium-
catalyzed cross-coupling with allyl acetates,?® *° scandium-catalyzed reaction with diazo
derivatives,®* and via epoxide ring opening reactions.>? Purine cycle N(9) nitrogen alkylation
reactions usually also produce a small amount of substituted product at N(7) position. The most
often used method of purine cycle N(9) nitrogen arylation is the Chan-Lam reaction, where
purine derivatives are cross-coupled with aryl boronic acids.*® Other copper-catalyzed methods
use aryl halides®® or iodanes, which can also be used to introduce alkenyl substituents.? It is
possible to perform arylation via SnAr reaction if the aromatic group contains sufficiently
strong electron-withdrawing substituents.>* Arylation reactions, depending on the substituent at
C(6), are often completely N(9) selective.

The nitrogen atom at purine N(7) position of the purine is less reactive. In reaction with
alkyl halides, mostly N(7) alkylation product is obtained if Grignard reagents are employed as
bases.* Selectively N(7) alkylpurines can be obtained by alkylation of reduced purines 10 that
are protected at the N(9) position (Scheme 5).% Arylation in which the N(7) substitution is the
major product, depending on the substituent at C(6), can be achieved in optimized Chan—-Lam
reaction conditions.’
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Scheme 5. Use of 7,8-dihydropurines 10, 11 for the preparation of 7-alkylpurines.5%
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If the introduction of the required substituents into the purine ring is difficult, it can be
achieved by de novo ring synthesis by closing either pyrimidine or imidazole rings (Scheme 6).
When closing the pyrimidine ring, the purine derivatives with the desired functional groups at
N(9), N(7) and C(8) positions may be prepared by choosing the respective imidazole starting
material 13, 14, 17, 18. Substituent Y can be introduced at the C(2) position with an
appropriately substituted pyrimidine ring closing reagent. In pyrimidine closure, the substituent
Z can only be —OH or —NH,, depending on the imidazole starting material.>® When closing the
imidazole ring, the purine derivatives with the desired functional groups at N(9), N(7), C(2) and
C(6) may be prepared by choosing the respective pyrimidine starting material 15, 19.
Substituent Q can be introduced with an appropriately substituted imidazole ring closing
reagent.>® It should be noted that the de novo synthesis of 7-arylpurines by imidazole ring
closure on a pyrimidine precursor has not been widely studied. This prompted the development
of such a method during the development of the Doctoral Thesis.
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Scheme 6. De novo ring closures of purine from pyrimidine or imidazole derivative.5® 5°

1.1. Selectivity control of purine reactions using azide-tetrazole equilibrium

Azide-tetrazole equilibrium is possible in azoles in which the azido group is next to a
nitrogen atom (Scheme 7). Tautomeric forms of such compounds may exhibit the equilibrium,
but depending on the structure of the compound and other factors (Table 1), only azide or only
tetrazole form may be observed. The possibility of the azide-tetrazole tautomeric form
equilibrium in a molecule can affect the reactivity of compounds and the selectivity of reactions,
S0 it is important to understand its effect on reactions and the factors that shift this equilibrium.
The azide group is able to participate in SnAr reactions as a leaving group,? or in dipolar
cycloaddition as a dipole? and also in other reactions in which tetrazole is not involved. The
formation of an annulated tetrazole ring changes the electronic properties of a compound, which

can activate or deactivate the compound for reactions at another reaction center.
N N

//"\W 3 ‘,, r/ N

\ \_/N\l\il

Scheme 7. Azide-tetrazole tautomeric form equilibrium.
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Favoring Factors for the Azide or Tetrazole Tautomeric Forms

Table 1

Factor

Favoring azide
tautomeric form

Favoring tetrazole
tautomeric form

Heterocycle, substituent effects

Electron deficient

Electron rich

Solvent polarity Nonpolar Polar
Temperature Increased Decreased
Steric hinderance near tetrazole ring | Yes No

Although five tautomeric equilibrium forms can exist in the case of 2,6-diazidopurines
(Scheme 8), the diazide AA is the most abundant because purine is an electron-deficient ring.
In crystalline form, these compounds exist in diazide tautomeric form, but one of the tetrazole
tautomeric forms, AT1, can also be observed in polar solvents. The presence of the tetrazole
tautomeric form AT1 has previously been used in our research group to reverse the normal
reactivity of purine.?”- 6

:N‘N

)

N\N)EN\>

N3/k\N N %
AT1 R

oo L t
N\N N\ : N N\ : p —
0= 0 xﬁ> b

T3 R AA R =

A N aT2 Nor

Scheme 8. Theoretically possible azide-tetrazole tautomeric form equilibria for diazidopurine.

The most recent information regarding azide-tetrazole equilibrium is summarized in the
review found in Appendix I.

Based on this information, a series of transformations was proposed to obtain push-pull
fluorescent purine derivatives with potential application in optoelectronics as solution-
processed materials. For this purpose, the compound must have amorphous properties, which
can be facilitated by introducing triphenylmethyl substituents into the molecule.5

The alkyl substituent at the nitrogen atom at the N(9) position was introduced in the
Mitsunobu reaction, and a small amount of substitution at the nitrogen atom in the N(7) position
also ocurred. The obtained compound 22 formed product 23 in a SNAr reaction with NaNsz in
almost quantitative yield. Taking advantage of the reactivity of the AT1 tautomeric form of
intermediate 23, compound 24 was obtained with C(2)-selectivity in the SyAr reaction with
piperidine. Carrying out the reaction in DMF at 20 °C increased the proportion of the tetrazole
tautomeric form in intermediate 23 and allowed the highest ratio of C(2) to C(6) substitution,
but failed to completely prevent substitution at C(6).

To obtain the inversely substituted regioisomer 27, starting material 21 was first used in the
SNAr reaction with NaNs, which gave compound 25 in a lower yield than for the N(9)
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substituted purine, as monoazidopurine derivative was also formed. The next step was the SNAr
reaction with piperidine, which in this case took place at the C(6) position. The reversal of
selectivity for this reaction can be explained by changes in the structure of the compound (no
electron-donating alkyl group at the N(9) position) and reaction conditions (elevated
temperature) favoring the azide form. Degradation of the azide occurred during the reaction,
which lowered the yield, but no C(2) substitution was observed. Alternatively, compound 26
could be obtained by the SnAr reaction of compound 21 with piperidine followed by azidation
at the C(2) position. This route was not chosen, since the introduction of electron-donating
groups deactivates the purine for the SNAr reactions. This would require to do the azidation
under harsh conditions. Triphenylpentyl group was introduced at the N(9) position of compound
26 by the Mitsunobu reaction (Scheme 9). Substrate 26 may also participate in the Staudinger
reaction with phosphine under the Mitsunobu conditions. This side reaction was initially
observed but later prevented by performing the Mitsunobu reaction at a higher dilution.
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Scheme 9. Functionalization of diazidopurine with piperidine at C(2) or C(6) positions.

The scientific publication of the research described in this chapter can be found in Appendix
V.

1.2. Functionalization of purine with azoles at C(2) or C(6) positions

Azoles are nitrogen containing heterocycles that are electron-deficient and can serve as
electron withdrawing groups in push-pull fluorescent systems.?” Azole substituents on the
purine ring can be achieved by forming the heterocycle on an appropriate functional group or
by introducing it by a substitution reaction. This chapter will discuss purine-azole conjugates
that are connected by a C-N bond.

Variously substituted 1,2,3-triazolylpurines can be readily obtained in the Cu(l)-catalyzed
alkyne-azide cycloaddition reaction with azidopurine and a substituted alkyne.?* In such a
transformation, four 2/6-(1,2,3-triazolyl)purine derivatives with aromatic substituents were
obtained in high yields. Aromatic systems with electron-donating and electron-withdrawing
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groups are interesting for the study of push-pull systems, so derivatives with methoxy group
28b and 29b, dimethylamino group 28c and 29c, cyano group 28d and 29d or without additional
groups 28a and 29a were obtained. The cycloaddition reactions at 20 °C proceed cleanly,
without azide reduction, yet slowly and with a decreasing rate. Increasing the reaction
temperature leads to formation of by-products. Compound 24 and alkynes containing electron
withdrawing groups proved to be more reactive than compound 27 and alkynes containing
electron donating groups. As a result, the reaction mixture to obtain compound 29c was kept
for 11 days to achieve the desired conversion (Scheme 10).
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Scheme 10. Introduction of 1,2,3-triazole at purine C(2) or C(6) positions.

Although SnAr reactions with azoles at the C(6) position have been studied more
extensively, various azoles can be introduced at the C(2) position of the purine in the SnAr
reaction under harsh conditions, as shown with pyrazole and benzimidazole in studies of other
authors.** 34 Fluorescent properties were expected for purine derivatives with azole substituents
at C(2) position, so it was planned to introduce a triphenylmethyl group in these structures to
promote amorphous properties. Thus, compound 35 was chosen for this purpose, as it is easier
to obtain than 5,5,5-triphenylpentanol. This change has no impact on fluorescence, since in both
cases the m systems, which are excited and subsequently emit light, are identical. In order to
obtain compounds 32 with different azole groups, the starting material 21 had to be firstly
protected with a THP protecting group at the nitrogen atom of the N(9) position and then used
in the SnAr reaction with piperidine, which proceeds selectively at the C(6) position. Compound
31 undergoes the SnAr reaction with imidazole or 1,2,4-triazole, or 4-phenyl-1,2,3-triazole, but
not with tetrazole, as this heterocycle is likely not sufficiently nucleophilic, which can be
explained by high NH acidity. When a similar reaction was performed on the analog of 31,
containing N(9)-substituent derived from compound 35, substitution at C(2) occurred, but a
cleavage of the ester group was also observed. In an experiment with N(9)-unsubstituted
purines, azole substitution at C(2) did not occur. When using 1,2,4-triazole and 4-phenyl-1,2,3-
triazole, a mixture of regioisomers may be formed in this reaction. In the case of 1,2,4-triazole,
only the formation of 32b was observed, but the reaction with 4-phenyl-1,2,3-triazole produced
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32c¢ and 32d in similar amounts. THP groups in compounds 32a,b were removed for further
functionalization with compound 35 under Mitsunobu conditions to give the final products
36a,b (Scheme 11).
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Scheme 11. Introduction of azoles at the purine C(2) position in a SNAr reaction.

In order to identify compounds 32c,d, the synthesis of compound 32¢ was performed by
influencing the equilibrium of azide-tetrazole tautomeric forms. The previously obtained
compound 30 was functionalized into diazide 37. The subsequent SnAr reaction with piperidine
was carried out in toluene at elevated temperature to promote the azide tautomeric form,
resulting in substitution mostly at C(6), yet a rather large amount of the C(2) substitution
product was still formed, and compound 38 was obtained in 56% yield. Only compound 32c
can be formed in the dipolar cycloaddition reaction (Scheme 12), so the regioselectivity of 32¢
was proven by comparison with the products obtained in the reaction of compound 31

cl Ny O O Ph—=
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N A Y s )\/[ . _AcOH
)\N/ N Mexco )\ ToI )\ “pom Ny )\
o 50°C N3 N3 200c N’
0, 0,
30 16h  37,98% 1h 38, 56% C >/’320 779% C

Scheme 12. Preparing compound 32c with a different synthetlc route.

Cl

Since the introduction of tetrazole via the SnAr reaction failed, the ring formation of this
cycle on amino group in compound 39 was considered according to a method known in the
literature for other classes of compounds.®? The amino group at the C(2) position of purine can
be readily obtained by catalytic reduction of the azido group in previously obtained compound
26. Ring formation of tetrazole at C(2) proceeded with a good yield. Compound 40 was
functionalized in the Mitsunobu reaction at the nitrogen atom in N(9) position with different
groups (Scheme 13). The fragment containing the triphenylmethyl group promotes amorphous
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properties of compound 41a, introduction of a chloroethyl group enables options for further
functionalization, and the 3,5-dicarbazolylbenzene fragment of purine derivative 41c is often
used in optoelectronics and could improve the properties for electronics.5®
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Scheme 13. Formation of tetrazole ring at purine C(2) position.

The scientific publications of the research described in this chapter can be found in
Appendices Il and 1V.

1.3. Introduction of aromatic substituents at purine N(9) or N(7) positions

The introduction of aromatic substituents at the purine nitrogen atoms at N(9) and N(7)
positions of purine is a potentially useful approach of research in the study of light-emitting
compounds, since such derivatives mostly consist of connected aromatic rings with or without
a complex-forming transition metal.5* Several literature methods are known for the arylation of
purine N(9) position,2® 4% 53 54 byt the arylation at N(7) position has been studied less
frequently.5 If it is not possible to introduce the required aryl substituent by arylation, it can be
attempted using de novo synthesis of purine from a substituted imidazole®® or pyrimidine.%

The initial object of research was compound 44a,%® which was obtained by a catalytic
arylation of compound 42 with diphenyliodane?® followed by introduction of the cyano group
at the C(6) position using a sulfinate mediated SnAr reaction with KCN.® Arylation of N(9)
position using diaryliodanes was preferred, as this reaction is selective and high yielding.
Further objects of research were benzene rings substituted with carbazoles, which could not be
introduced using diaryliodanes, since the carbazole ring is a strong electron donor. During
attempts to obtain carbazole-substituted unsymmetrical diaryliodanes, rapid degradation was
observed. Compounds 44b-d were obtained in the Chan-Lam reaction with substituted
arylboronic acids and subsequent introduction of the cyano group (Scheme 14). The Chan—Lam
reaction was chosen for the arylation because it was the only method that gave the desired
products. This method also has drawbacks, such as yields of 51-57% and an equimolar catalyst
amount.

58



—B(OH),

Ph,IOTf Cu (OAc)
Cl 2 CN
Cul  or EtsN KCN
> K,CO4 MS 4A MeSO,Na )i \
k DCM DMF K ove L

N 40oc 50 °C 43a, 77% Ar 80°C  44a, 71% Ar

42
14 h 14 h 43b, 55% 1h 44b, 57%

43d, 57% 44d, 51%

! 43¢, 51% X i
c 44c, 52% N
a)Ar:--Ph b) Ar: *i@fN c) Ar: @ d) Ar: Q
3 2 \

Scheme 14. Preparation of 6-cyano-9-arylpurines 44a-d.
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Research regarding the N(7) arylation of purines is scarce. Preparation of 7-arylpurines
using de novo synthesis with imidazole ring closure is not known in literature, so we decided
to research this method. The search for optimal reaction conditions was carried out using
starting materials 45 and 47, since the symmetry of these pyrimidines allowed avoiding side
reactions at the beginning of the study. The key step in this sequence was the introduction of
arylamines at the C(5) position of the pyrimidine, which is markedly less reactive than the
C(4/6) positions. Initial attempts with pyrimidine 45 led to intermediate 48, but the optimization
revealed the shortcomings of this approach. The SnAr reaction with aniline occured with a low
yield when solvents were used, but performing the reaction neat at the required excess (20
equiv.) was economically unfeasible for other anilines. Dehydroxychlorination of pyrimidine
46 could not be improved over the initial POCIs reaction. Other chlorinating agents produced
either lower yields or only degradation. On the other hand, experiments with diaryliodanes and
Cu(l) catalysis produced pyrimidine 48 from starting material 47 in one step. Inspired by an
example of Cu(0) catalysis®® known for the N-arylation, we could achieve complete conversion
and obtain pyrimidine 48 in 81% yield. The further SnAr reaction was performed using a
saturated ammonia solution in i-PrOH to prevent hydrolysis. For the last step, several imidazole
coupling methods are known,*® but complete conversion of substrate 49 without the formation
of side products was achieved in an acid-catalyzed reaction with an orthoester, producing purine
50 almost quantitatively (Scheme 15).
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Scheme 15. Preparation sequence 6-chloro-7-phenylpurine (50) in a de novo synthesis.

Testing the arylation conditions with various diaryliodanes and substituted pyrimidine
derivatives 47 revealed that this method can introduce both electron-rich and electron-deficient
aromatic systems, as well as heterocycles in the case of compound 48d (Table 2). Changes in
the pyrimidine substituents, which cannot participate in the reaction, do not negatively impact
arylation, as shown in compounds 48e-g. The only exception in our hands was 5-amino-4-
chloropyrimidine, which degraded under the reaction conditions. In the reaction with
aryliodanes containing an electron-donating group, the degradation of iodane was intensified
and complete conversion was not achieved. In the reaction with electron-deficient aryliodanes,
the degradation of iodane is minimal, however the reactivity also decreases, and the reaction
time must be increased to 48 h.

Further, in the monosubstitution SyAr reaction with ammonia, the best results were obtained
at 80 °C. Electron-rich substrates 48b,e required a longer reaction time to achieve complete
conversion. For compounds 48f,g, formation of both pyrimidine C(2) and C(4/6) adducts
occurred, so 49f,g were obtained in slightly lower yields. The C(2) position substitution product
is formed in small amounts because the C(4/6) position is more reactive (Table 2).
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Table 2

Reaction Conditions for Obtaining Substituted Pyrimidines 49a-g

)\/[ D|ary||odane )\/[ )i
)\ e -PIOH |
80 °C 80°c |
47a-d 48a-g 49a-g
Reaction 47->48 Reaction
4849
Y Yield Yield
Diaryliodane Ar t(h) (%) t(h) i
o .
B | ' 2 | 88 1 16 | 492,01
81
o™ .
S | CL 2 | 80| 48 | 49p, 90
om 65
e
MeO OMe
QTf ¥
3 |cl| H ! @ i | % | 16 | a0 7
NO 66
2
O,N
o y
4 chH Y T 48 425’ 16 | 49d, 80
- N™
Cl N
5 | cl|Me 2 | % | 24 | 496,93
N 28
! ! ’
6 |H|cCl @\@ O 2 | | 16 | 498,73
7 |c|c 2 | 99| 16 | 499,75

For imidazole ring closing reactions where R = H, the best yields were achieved using the
orthoester (Table 3, rows 1; 4-9). Performing this reaction with formic acid we could not
prevent hydrolysis at the C(6) position. In order to prevent the hydrolysis at the C(6) position
in reactions with orthoester at elevated temperatures, anhydrous HCI in dioxane was used for
the electron-deficient substrates. Imidazole ring formation with orthoester reagents proceeded
poorly or not at all when R # H. Aliphatic substituents could be introduced at the C(8) position
by closing the ring with an anhydride. The trifluoromethyl group was introduced at the C(8)
position in a two-step process with (CF3CO).0 in which trifluoroacetamide was initially
formed, and afterwards the cycle was closed at 95 °C.5” During the ring closure, hydrolysis
occured at the C(6) position. To achieve product 50c, the chlorine at the C(6) position was
restored by dehydroxychlorination with POCla.
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Conditions for Obtaining Substituted 7-arylpurines 50a-i

Table 3

oy X A

¥ /

NTXY" Ar NTX—N
xﬁ - xﬁ —

Y7 ONT ONH, v NN

49a-g 30a-i
So- | Addi- | T Yield
No.| X | Y | R Ar Reagent vent tive C) t(h) (%)
1|c|H|H HC(OEYs| DCM | ag.HCI | 20 | 16 | 502
2 |ci| H | Me © Ac:0 : - a0 | 1 |
(CFaCO), | 1)DCM 1)20 | 1)16 | 50c,
8 |Cl| H | CR o | 2THE | PV | 2)95 | 2)24 | 70*
4 [ci| H| H @\ HC(OE)s| DCM | ag. HCI | 40 | 16 583’

OMe

z HCl in 50e
5 |cl| H| H @ HC(OEt)s | DCE | 80 | 3 :
NO, dioxane 91
NS HCl in 50f
6 |ct|H| H| T ] |HcOE)| DCE | " 80 | 3 :
N el dioxane 82
7 lci|me| H HC(OEYs | DCM | ag.HCI | 20 | 16 | %09
8 |H|cl| H © HC(OEt): | DCM | ag. HCI | 20 | 16 58{"
o [ci|cl| H HC(OEt);| DCE d'?ocx'a'r:‘e 80 | 16 | 20

* Overall yield in 2 steps

The scientific publications on the research described in this chapter can be found in
Appendices 11l and V.
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2. Photophysical properties and applications of purine derivatives

The research on purine and 6-methylpurine about the properties of this heterocycle in the
excited state has shown that the singlet state, which originates during the photoexcitation, is
quickly engaged in the intersystem crossing process to form a relatively stable triplet state with
a lifetime of 1.7 us at room temperature or a lifetime of even 1 s at 77 K.®8 The triplet quantum
yield of these compounds is 88%.% Other studies examined the effect of purine C(2) and C(6)
substituents on the path and rate of excited state relaxation and proposed a relaxation
mechanism for 9-methylpurine from an excited singlet state to a triplet through two
intermediary states.”

Purine derivatives have been employed in OLED structures to perform various functions,
but overall, there are very few such examples. One example is the use of a fluorescent purine
push-pull system in OLEDs. Devices with purine derivative 51 achieved an external quantum
efficiency of 3.1%. The maximum possible efficiency of the fluorescent systems is 25%
because the split of excited singlet and triplet states is 1 : 3.7 In another example, two purines
are linked by an aromatic bridge, and depending on the nature of the aromatic cycle, donor-
acceptor-donor, acceptor-donor-acceptor, or neutral fluorescent system is formed. Such
compounds as 52 have potential applications in OLED or sensors.® Adenine and guanine were
tested as electron-blocking and hole-transporting layers in the OLED structure. The device with
adenine showed the best current conduction and emission efficiency of the tested purines and
pyrimidines.”* Some examples of thermally activated delayed fluorescence are known for
purine derivatives linked to electron-rich phenoxazine, where the aromatic systems are twisted
out of plane. An OLED with 16% external quantum yield was obtained using purine derivative
53.° Recently, the first phosphorescent iridium complexes 54 with purine ligands have also been
published (Fig. 1). Neutral iridium complexes emit light in the orange-red region, while cationic
complexes emit light in the yellow-green region.®

NN
“ )\/NIN%COZMe
\
51 %

Ph

Fig. 1. Purine derivatives known in literature with applications in OLED.5-°

OLED consists of two electrodes — cathode and anode, and between them there are several
layers of organic materials, which ensure the flow of holes and electrons to the emission layer
(EML), where recombination and emission take place (Fig. 2). One or both of the electrodes
must be transparent so that the emitted light can exit the device. Examples of commonly used
materials for this include LiF/Al cathode and indium tin oxide (ITO) anode.” Several auxiliary
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layers ensure efficient transport of holes and electrons to the EML and recombination in it. The
injection of holes and electrons into the system is controlled by a hole injection layer (HIL), the
energy levels of which conform to the anode, and by an electron injection layer (EIL), the
energy levels of which conform to the cathode. The hole transport layer (HTL) and the electron
transport layer (ETL) are used to match the mobility of electrons and holes, and their energy
levels conform to the EML. To promote recombination in EML, an electron blocking layer
(EBL) or a hole blocking layer (HBL) are sometimes used, which serve as energy barriers and
prevent the flow of electrons or holes to the opposite electrode.” The EML consists of an
emitter embedded in a host, or in some rare cases this layer is formed solely from the emitter.”

EML LiF/Al

cathode

HTL

Fig. 2. Representation of structure and working mechanism of OLED.

Far more widely, fluorescent purine derivatives have been used in ion sensors,” for
fluorescent labeling™ and marking of cells.”” 2" Such sensors determine the concentration of
ions depending on the intensification or quenching of fluorescence. For substances with
applications in cell marking, the most important parameters are biocompatibility, permeability
through membranes, cytotoxicity and effect on cell proliferation. Compounds with lower
emission quantum yields can also be used for such purposes if only qualitative analysis is
required (Fig. 3).
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Fig. 3. Cell labelling using purine-gold nanoclusters (a)’” or push-pull purine derivatives
(b).27

2.1. Photophysical properties of fluorescent purine derivatives

Organic push-pull fluorescent systems consist of an electron donor and an acceptor
connected by a conjugated = system bridge. Transfering energy to such a molecule, for example
with UV irradiation, moves it into excited state. In the excited state, the electron has moved
from the highest occupied molecular orbital (HOMO) located on and near the electron donor to
the lowest unoccupied molecular orbital (LUMO) located on and near the electron acceptor.
The excited electron is in the singlet state, so it has an opposite spin compared to the other
electron of the pair. To return to the ground state, the excited system returns energy to the
environment in the form of a photon — fluorescence occurs. If a molecule capable of
fluorescence is excited with electricity, both singlet and triplet excited states are formed. In this
case, emission occurs only from the singlet state, but the molecules in triplet state return to the
ground state by releasing energy in other ways, most often by heat (Fig. 4).”® The geometry of
the excited state can differ from that of the ground state. The excited state can twist from the
initially planar state and fluorescence occurs according to a twisted intramolecular charge
transfer (TICT) mechanism.” On the other hand, the initially non-planar structure in the excited
state may become more planar and fluorescence occurs according to a planar intramolecular
charge transfer (PICT) mechanism, which is characterized by a high Stokes shift.2® The
fluorescence quantum yield, fluorescence time, the Stokes shift, and other photophysical
properties of the push-pull system can be altered by modifying the electron donor, acceptor, or
the m system conjugation.” Nitrogen containing heterocycles have been widely explored as
electron acceptors in such push-pull systems.8!

65



Sy y

Fig. 4. Schematic representation of fluorescence induced by electricity — fluorescence (F)
from singlet state and non-radiative relaxation (R) from triplet state.

The photophysical properties of the purine derivatives obtained in Section 1.2 were
measured and experiments were made to test their application in OLEDs. The absorption,
emission, quantum yields, energy levels and other data of the compounds were examined.

The obtained compounds 28a-d, 29a-d, 36a,b and 41a possess triphenylmethyl groups,
which promote amorphous properties,®® so that they can be applied using solution methods,
which are simpler than vacuum deposition. Experiments with these compounds showed that
these compounds indeed form a thin amorphous layer on the glass when applied with solution.
DSC measurements on compounds 28a,d and 29a,b,d showed that these compounds are
amorphous, with glass transition temperatures of 82-102 °C. Compounds containing cyano
group possess a higher glass transition temperature. Thermogravimetric analysis of compounds
28d and 29d shows that 2-amino-6-triazolylpurines 28 are thermally more stable than 6-amino-
2-triazolylpurines 29, as their decomposition temperatures are 298 and 258 °C.

The obtained push-pull purine derivatives 28a-d, 29a-d, 36a,b and 41a,c are fluorescent,
and depending on the arrangement of azole and piperidine at the C(2) and C(6) positions of
purine, their maxima of absorption and emission spectra are shifted. For compounds 28a-d, the
lowest energy absorption maximum corresponding to the intramolecular charge transfer is
located around 365 nm (Fig. 5), while for compounds 29a-d this maximum is located around
305 nm (Fig. 6). For compounds 28a,b,d the emission maximum is located at 440-450 nm,
while for compounds 29a,b,d it is located in the near UV region at 390-400 nm. Exceptions
are the dimethylamino group containing purine derivatives 28c and 29c, whose emission
maxima show a batochromic shift by about 60 nm compared to the other derivatives. This was
explained by a strong solvatochromy, which is common for compounds containing a
dimethylamino group.®? The absorption and emission spectra of compounds 36a,b and 41a,c
differ minimally from the spectra of analogous compounds 29a,b,d. In the case of compound
41c, absorption maxima of carbazole were also observed in the absorption spectrum, as well as
maxima in the emission spectra attributed to carbazole (Table 4). Measurements with 8a and
9a showed that both regioisomers exhibit positive solvatochromy.
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Fig. 5. Normalized absorption(—) and emission(- -) spectra of 2-amino-6-triazolylpurines
28a-d in DCM solution.
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Table 4

Absorption, Emission and Quantum Yield Experimental Data of Purine Derivatives

No. | Compound | Rassmee (NM)* | Aemmax (NM)* | @pL (DCM) I;p;gr(]fm)
1 28a 364 446 0.91 0.32
2 28b 360 439 0.78 0.28
3 28c 365 511 0.74 0.03
4 28d 367 448 0.90 0.40
5 29a 320 (shoulder) 394 0.31 0.22
6 29b 320 (shoulder) 399 0.17 0.15
7 29¢ 330 (shoulder) 455 0.30 0.03
8 29d 330 (shoulder) 388 0.44 0.20
9 36a 305 (shoulder) 356 0.01 0.12
10 36b 300 (shoulder) 373 0.07 0.45
11 41a 310 (shoulder) 398 0.66 0.42
12 41c 292, 323,338 | 362, 378, 397 0.51 0.20

*Measured in 5-10-°> M DCM solution

Quantum yields were determined for the fluorescent compounds in DCM solution and in
thin layer film, which could be done due to their amorphous properties. Compounds 28a-d,
29a-d and 41a,c showed expected results — the quantum yield of fluorescence in solution
reached up to 91%, but in thin layer film it was significantly lower, as the molecules are isolated
in solution and fluorescence quenching does not occur. For compounds 36a,b, the opposite
effect was observed — the fluorescence quantum yield significantly increases in thin layer film.
This can be explained by the rotation of aromatic rings in solution, which quenches fluorescence
but is reduced in the solid phase. 2-Amino-6-triazolylpurines 28a-d showed on average higher
guantum yields in solution than the reverse regioisomers, but these compounds also showed a
larger drop in quantum yield, moving to the solid phase in film (Table 4).

For compounds 28a-d and 29a-d, the ionization energy and photoconductivity threshold
were determined, and from those the affinity energy was calculated (A. Vembris, ISSP). The
measurements revealed that the ionization energy is not much infuenced by the placement of
the substituents in the C(2) and C(6) positions, but changes depending on the donor or acceptor
substituent on phenyltriazole. The photoconductivity threshold changes both depending on the
arrangement of the substituents and the donor or acceptor moiety. These values are significantly
higher for 6-amino-2-triazolylpurines 29a-d (3.07-3.45 eV) compared to the reverse
regioisomers 28a-d (2.75-2.95 eV).

Triplet energy levels were also determined for these compounds, which are important for
potential application in OLEDs as hosts. For compounds 28a-d, triplet levels are at 2.52—
2.54 eV, for compounds 29a,b,d 2.87-2.95eV, and for 29c 2.75eV. The properties of
compounds 29 are theoretically suitable for application as hosts for blue phosphorescent
emitters.

DFT calculations showed that in the case of neutral or electron-withdrawing substituents on
phenyltriazole, the HOMO orbitals of compounds 28a,d are centered on purine, while the
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LUMO are centered on phenyltriazole, while the HOMO and LUMO orbitals of 29a,d are
delocalized throughout the system. This arrangement indicates a more pronounced push-pull
character for compounds 29a,d as well as a lower propensity for the excited state to relax
without emission. In the case of electron-donating substituents on triazole, compound 28b,c
and 29b,c the HOMO orbitals are centered on phenyltriazole, while the LUMO orbitals are
centered on purine.

Purine derivatives 28a,d and 29a,d were tested as emitters in OLED, but compound 29b
was tested as a host in OLED with Flrpic emitter. In the case of emitters, no
electroluminescence was observed. Whereas in the experiment with the purine derivative 29b
as the host in OLED, the efficiency of the device dropped sharply by increasing voltage, if
compared to the control experiment in which the host was polyvinylcarbazole (PVK). These
results can be explained by the high current density in the OLED when purine derivative was
used. The high charge mobility can be explained by the planar structure and dipole nature of
the obtained derivatives. Such compounds could be used as organic field effect transistors in
the future.

Research regarding organic field-effect transistors attempts to replace inorganic amorphous
silicon in semiconductors. Mechanically flexible electronics, formed by solution methods, can
be obtained by using low molecular weight compounds or polymers. For such materials one of
the most important parameters is charge mobility, which ensures energy efficiency, operation
with low power supply and a stable device temperature. Such devices can be constructed in two
ways — with a gate electrode as the top or bottom layer (Fig. 7). If the gate electrode is the top
layer, then the polymer substrate is used as the base, otherwise the gate electrode can serve as
the base. The other structural elements are input and drain electrodes, an organic semiconductor
and an insulator.8®

Fig. 7. Schematic representation of organic field effect transistors with gate electrode as
the top (left) or bottom (right) layer. Polymer substrate (black), source and drain electrodes
(gray), organic semiconductor (orange), ioslator (blue), and gate electrode (white) 8

The scientific publications on the research described in this chapter can be found in
Appendices Il and IV.

2.2. Thermally activated delayed fluorescence in purine derivatives

The initial OLED with fluorescent emitters is able to use only 25% of the input energy. This
is determined by the fact that during electrical excitation only a quarter of the excited molecules
are in the singlet state, which is able to fluoresce, but the rest are in the triplet state, the energy
of which is wasted. The situation was improved by phosphorescent metal complexes, which are
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able to use all of the input energy, but these complexes are based on expensive and depleting
transition metals — most often iridium, sometimes platinum, the use of which should be reduced.
Thermally activated delayed fluorescence (TADF) is the field of research that has developed in
the past decade and can potentially replace phosphorescent transition metal complexes. TADF
looks at compounds that are able to utilize all the input energy through a reverse intersystem
crossing (RISC) in which an excited molecule goes from a triplet state to a singlet state. In this
case, molecules that are initially excited in the singlet state, produce fluorescence (F), while
molecules from the initial triplet state enter the singlet state through RISC and form delayed
fluorescence (DF) (Fig. 8).8*
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Fig. 8. Schematic representation of TADF emission.

For the RISC process to occur, value of spin-orbit coupling (SOC) must be as high as
possible, but the difference between the singlet and triplet levels (AEst) must be sufficiently
low. Higher SOC can be achieved with molecules that contain heavy atoms. Low AEst is
achieved by reducing the overlap of the HOMO and LUMO orbitals. In molecules with
covalently linked donor-acceptor pairs, this is achieved by steric hindrance that interrupts the
conjugation between the donor and the acceptor. Another alternative is the use of exciplex
systems with separate donor and acceptor components 8 (Fig. 9). Such compounds can be
modified to obtain the required physical properties by including the active component in
polymers or dendrimers to be used for OLED fabrication by the solution method.®® The purine
ring is characterized by fast intersystem transition process’® with a high triplet quantum yield,®
which are relevant parameters for the study of TADF systems. Carbazole has been widely used
as the electron donor in TADF emitters and OLED hosts due to its high stability, good hole
mobility, and triplet energy levels that are higher than those of fluorene or biphenyl.
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Fig. 9. Examples of sterically hindered compound (51) and exciplex pair (52+53) that can
take part in RISC.84

Our initial tests were performed with 6-cyano-9-phenylpurine (44a), since the cyano group
decreases the electron affinity of the purine, while the phenyl group prevents N(9)-N(7)
tautomerization. Measurements with this compound showed weak fluorescence, yet
pronounced phosphorescence at 77 K. This indicates the presence of molecules in the triplet
state in sufficient quantity and matches the findings of the theoretical calculations on the energy
levels of this system.

CN CN

NTX N\ N)jN\ N N\ NTX N\

k)NIN> QN/ N> QN/ N> QN/ N>

44a 44b 44c O 44d O
N N

O

Fig. 10. 6-Cyanopurine component 24a and covalently bonded conjugates 24b-d.

Compound 44a was tested in an exciplex system with PVK and 9-phenylcarbazole (9-
PhCbz) due to the matching energy levels of these donors. For physical mixtures, there may be
technical problems with molecular arrangement that make the formation of exciplex pairs less
likely. An alternative is covalently bonded pairs of exciplexes in which the charge transfer
cannot occur intramolecularly. Compounds 44b-d (Fig. 10) were obtained in which the
cyanopurine and carbazole are connected through a benzene ring that is twisted out of
hetereocyclic plane. The sterically hindered aromatic fragment interferes with the conjugation
of the m-electron system and also works as a donor-donor-acceptor system,®” which prevents an
intramolecular process from occurring. The X-ray structure of the compound 44b shows that
the purine and carbazole are coplanar, but the benzene ring is 50° out of plane (Fig. 11).
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Fig. 11. Compound 44b XRD structure in two projections with the benzene ring twisted out
of plane.

Quenching of the carbazole emission was observed for the physical mixtures of purine and
carbazole derivatives in solution, indicating an excited state transfer from carbazole to purine.
For the covalently bonded 44b-d, weak fluorescence was observed at room temperature, but at
77 K the phosphorescence of compounds 44c,d is far more intense than fluorescence, indicating
an intermolecular process. On the other hand, the intramolecular process is suppressed by the
disrupted conjugation. This observation is also supported by the absorption spectra, which for
the covalently bound compounds show a sum of compound 44a and carbazole component
absorption without an additional absorption band for the bonded system. In the case of
compound 44b, fluorescence and phosphorescence of comparable intensity were observed at
77 K, suggesting an increased probability of an intramolecular process.

Measurements in thin layer film (Table 5) showed that emission in the 473-528 nm region
occurs from exciplexes with a quantum yield of up to 41% and emission quenching is observed
in the presence of oxygen. Decreasing the temperature in the range 300—77 K causes an increase
of the quantum yield over most of the range. This observation is in contrast to the expected
result for TADF but was explained by the increased stability of the triplet state at low
temperatures, which is important in the relaxation of the excited state. This relationship is not
linear, and the TADF effect was observed with a local maximum of the quantum yield at 100—
180 K. The photoluminescence consists of several components of different durations, which is
characteristic to exciplex systems. The fastest component in the samples is 31-55 ns, which is
slower than a typical fluorescence, so the delayed emission was observed. At lower
temperatures, the fastest component is not much affected, but the next component is extended
by about 80 ns, typical to TADF. The fastest and slowest components are caused through
different pathways, which is expected in exciplex systems, since the distance between the donor
and acceptor component is variable. In two-component systems, the ratio between the slow and
fast components can be influenced by changing the donor-acceptor ratio. Experiments with
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different concentrations of 44c in a polymethyl methacrylate host caused an emission shift to
the blue region and a decreased quantum yield by increasing dilution of 44c.

Table 5
Photophysical Properties of Exciplex Systems in Thin Layer Film

No.| System (ﬁ;,:)‘a dp. | t,(ns) | t, (%) (E\?f Er, (eV)* ?eli/s;e’
44a/ 49 21

1 9-PhChz 473 0.25 137 56 2.98 2.95 0.03
(1:1) 682 16
44al/ 31 12

2 PVK 528 0.08 140 56 2.81 2.95 -0.14
(1:1) 692 32
34 21

3 44b 501 0.17 149 79 2.97 2.92 0.05
54 39

4 44c 502 0.41 246 6l 2.82 2.94 -0.12
55 27

5 44d 497 0.13 183 73 2.85 2.94 -0.09

2 Emission maximum.

b Percentage distribution of photoluminescence components.
¢ Fluorescence activation energy at room temperature.

9 Phosphorescence activation energy 77 K.

¢ AEst = Es—Er

Covalently bonded TADF molecules can have different emission mechanisms depending
on the morphology of the solid phase.® In measurements with compound 44c, it was found that
the TADF emission discussed above occurs in the amorphous phase, while fluorescence occurs
in the crystalline phase with an emission maximum of 471 nm and quantum yield 52%. The
change in the emission mechanism in the crystalline phase is explained by a stronger donor-
acceptor conjugation, which is facilitated by conformation fixed in the crystal lattice.

The obtained purine derivatives are better suitable for the role of OLED hosts because their
photoluminescence is quenched with increasing temperature. OLED tests were performed with
compound 44d because it showed the best charge mobility. An OLED with a green TADF
emitter DACIPN and with compound 44d as the host was obtained and produced a maximum
external quantum yield of 11.6% and brightness above 50000 cd/m2. An incomplete energy
transfer to the emitter was observed when using a low emitter concentration (5%). OLEDs with
active matrix 44d showed higher external quantum yields than previously published results with
other hosts known in literature.®

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

It is possible to perform the SnAr reaction with amines at the less reactive atom at C(2)
position of 2,6-diazidopurine due to the azide-tetrazole equilibrium.

xﬁ xﬁ i At !

. The presence of triphenylmethyl groups promotes the amorphous properties of the
compounds and enables formation of solution processed amorphous thin layer films of
purine derivatives.

Imidazole, 1-1H-1,2,4-triazole, 1-1H-1,2,3-triazole and 2-2H-1,2,3-triazole can be
introduced at the atom at C(2) position using the SNAr reaction at 160 °C temperature.

M
) N

ﬁ L oo,

. Aromatic substituents can be introduced at the nitrogen atom at N(9) position of purine
using diaryliodanes or the Chan—Lam reaction.
X Ar—| B(OH) X
Nl X :\> Ar1Ar2IOTf N X N\>
H

Ar

pZ

N(7) Arylpurines can be obtained in high yields from substituted 5-aminopyrimidines via

de novo synthesis
HC(OEt); or

X
H
NH. Ar1Ar2IOTf NHg N (RCO),0
N 2 \Ar - = \ SAr 2
i P )\ A

N>l NH,

. 2/6-Amino-2/6-azolylpurines, depending on the substituent placement at the C(2) and C(6)
positions, exhibit fluorescence with emission maxima around 390 or 450 nm. Their quantum
yields reach up to 91% in solution and 45% in thin layer film. Such compounds have
potential applications as organic field-effect transistors.

Both covalently bonded purine-carbazole exciplexes and the mixtures of their analogs
exhibit TADF properties. Such compounds and mixtures show emissions of various
durations characteristic of exciplexes with the maxima around 500 nm. The emission
efficiencies at different temperatures are affected by the stability of the triplet state and the
TADF effect. Quantum yields of the products reach up to 41% in the thin layer film. Such
compounds have potential applications as hosts in OLEDs.
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Recent investigations of azidoazomethine-tetrazole (azide-tetrazole) tautomeric equilibrium
reported from 2014 to 2019 are summarized. Pyridine, pyrimidine, triazine, azole deriva-
tives and their annulated congeners — purines, quinolines, quinazolines are described.

Introduction

The occurrence of ring-chain tautomerism and understanding
the factors affecting the equilibrium and stability of either
tetrazole (further in the text T) or azidoazomethine (A)

forms are important for reactivity planning. Information
covered in recent reviews on synthetic aspects of tetrazole'
and 1,2,4-triazine® chemistry is not discussed here.

2-Azidopyridine-tetrazolo[1,5-a]pyridine
Tzschucke group® has developed method for conversion of
pyridine N-oxides to tetrazolopyridines. Products were
isolated as tetrazole tautomers, however the existing
equilibrium permitted to perform Cu(l)-catalyzed azide—
alkyne 1,3-dipolar cycloaddition reactions (CuAAC).

2,6-Diazido-4-methylnicotinonitrile can be selectively
reduced to monoamino derivative, which exists as tetrazole
tautomer.* Introduction of electron-withdrawing acylamino
functionality shifts the equilibrium toward the azide form.

Electron-withdrawing CN group enhances the presence of
azide form in compounds 1a,b.>¢ Introduction of ArNH
substituent (compound 1b) gives rise to azide-tetrazole
(1bA-1bT) equilibrium.® The presence of the azide tautomer
permitted SyAr reactions with amine nucleophiles.’

Electron-rich systems of type 3 reveal greater
presence of tetrazole tautomer. In both CDCl; and akN
DMSO solutions ~10% of azido form 3A is observed
and SyAr reactions with azide leaving group are
possible, yet difficult.’ On the other hand, 5-azido-
pyrazolo[3,4-c][2,7Inaphthyridin-1-amine  systems exist
solely as tetrazoles and do not undergo SyAr reactions.’

[/j NaN3
®Z Pnme

=

N7 N
N:N in solid state
tetrazole form exclusively

@' 120°C, 48 h
16-99%

(1*- [/\/L 63-61% [Nj\l\‘l}

i HC=! CPh Cu(OTf), CgHg, PhMe, 80°C, 12 h; R = Ph, CO,Et

1. PhsP Me RCOCI, PhMe Me
ON PhH. 1t CN A 15-22h
2. ACOH Hzo 56—69%
A T5h HN N ROCHN
R—H,Me,X—CIT]/o N =N R= 26F206H3,Cy,cPr
CN CN  From1aA R
X X YaNH R. R
=
_NE®OH, A 5hQ /N
\ N 1an | 0P 1085% g = NATK |
16T NN 1ba N Y=Ak N

1aA Q = NAIk, X = Cl (azide form only); 1bA Q = O, X = NHAr (azide form major)

AN AlkN
Ha o ReNH_
A 10 h
\
831- OEt N3
o%

3A in solution RoN = pyrrolldln 1yl

T:A=91
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2-Azidopyrimidine-tetrazolo[1,5-a]pyrimidine

Tetrazolopyrimidines are obtained by combining amino-
tetrazole (5) and dicarbonyl compounds (e.g., compound 8) or
their surrogates (e.g., compounds 6). Electron-rich systems
remain as tetrazole tautomers 7T, but electron-poor cycles
prefer the azide form™ (e.g., compound 10).
Tetrazolopyrimidines can be prepared not only by cycli-
zation with aminotetrazole (5),%'" other synthetic methods
are also available: 1) nitrozation of hydrazines; 2) SyAr
reaction with azides.'® There is some controversy between
the reports by Krivopalov'® and Martins® regarding tautomeric
equilibrium of compounds 12 and 14. A combination of IR
and NMR studies in CDCl; solution permitted to conclude'®
that azides 12A and 14A are the dominant tautomers.
Wentrup et al. have shown that tetrazolo[1,5-a]pyrimidine
upon sublimation can be transformed into 2-azidopyrimidine."'
Photolysis or flash vacuum thermolysis of the latter produces
nitrene which rearranges into a series of interesting ring
opening products. Similar transformations are possible with
pyridine, pyridazine, phthalazine, quinoline and quinazoline
derivatives.'" It should be noted that an energetic com-

N=N NMez [HMIM][TsO], HCI /N("\‘N N
" NH 3\ 120°C, 5 min NN NAN
" e A T N
en e
NH, © HCL A, 16h AT 7 AN
5 6 Ar A1 7T 7A
78-95% ajor Nminor
OEt — N=N 3
mon. U AN K
o AcOH N i N N NN
120c o N | ) !
© 82% MSMO Me” N i Me)\/km
g Me 9 10T, minorNO, 10A, major NO,

ir HNO3, H,S0,, 60°C, 3 h; ii: 2. POCl3, Py, MeCN, A, 3 h, 48%

From 11
Rm/\(c'% NaNO,, HCI N R~ CF3
NN Hz0, t, 2h NN - N K
Y From 13 \r - N\( W/
Y NaNj3, LiCl, DMF N3 N—N
11,13 40-50°C, 14 h 12A, 14A 12T (58%), 14T (77%)

11,12A, 12T Y = NHNH,, R=H; 13, 14A, 14T Y = Cl|, R = 4-CICgH4
pound — 2.4,6-triazidopyrimidine-5-carbonitrile exists solely
in the triazide form."

4-Azidopyrimidine-tetrazolo[1,5-c]pyrimidine

Electron-withdrawing or sterically demanding groups provide
the azide form, compound 15A, whereas strongly electron-
donating substituents ensure formation of tetrazole 15T."
If the equilibrium is possible, CuAAC reaction proceeds with
productive outcome providing triazoles 16. However,
4-azidopyrimidin-2-one exists solely as tetrazole.

Fully substituted tetrazolopyrimidines containing nitro-
amino substituent were obtained in 54-62% yield from
pyrimidin-4-ones and bis(4-nitrophenyl)phosphoryl azide
in the presence of DBU.'

Pleshkova et al. have studied thermodynamic and kinetic
parameters of the tautomeric equilibrium of 2,6-disub-
stituted 4-azidopyrimidines in detail.'> It was suggested

Ny, Y=EWG N3 N Ph
: e, TN e PN
N-NaN =—= NN T o™ Ns /v N\ N
J \( Y= Y 51-88% N N~/<
(Y 15T 5A y 16 v
Tetrazole Equilibrium Azide
Y = NHMe SMe SO,Me NMe; is ap e)_(ception
NH, OMe S(O)Me due to steric hindrance

i: HC=CPh, CuSQ,4'5H,0, Na ascorbate, -BuOH, H,0, rt, 24 h
that MeCN particularly coordinates N; group thus favoring
azide tautomer. Polycyclic structures containing azido-
pyrimidine fragments'® behave identically — electron-poor
systems and nonpolar solvents favor azide, but electron-
rich systems and polar solvents favor tetrazole formation.

Azido(deaza)purines-tetrazolo(deaza)purines

Diazidopurines 17A (X = N) exist solely in diazide form in
solid state and in CHCl;, however in DMSO, small
amounts of tetrazoles 17T are observed.'” Experiments
with diazido-7-deazapurines (X = CH) in various solvents
showed a slightly higher amount of tetrazole form 17T.'®
Apparently, due to the higher reactivity of tautomer 17T,
SNAr reactions with amine and thiol nucleophiles occur
with unusual C-2 selectivity. If compared with starting
materials 17, EDG-containing products 18 exhibit higher

N3 ,l)l—N
NuH N
At \>‘_A \> \>*A 2
17T 18A 18T R
X =N, CH; Nu = SAIk, NAlk,
presence of tetrazole tautomer, however 18A—18T

equilibrium is sufficient to produce 1,2,3-triazoles from
compound 18A in CuAAC reaction.'”*

Azidotriazine-tetrazolotriazine

Deprotonation of N-nitroamine 19A makes the triazine
system sufficiently electron rich to stabilize the tetrazole
ring in tautomer 19T." N-Labelled tetrazolo[5,1-c][1,2,4]-
triazine 20T1 was obtained by acid-promoted cyclization of

O,N- O5N-,
2 )N\H 2 )N\e 1.NaNO, s
NS _Base NN gy, O Tl
)I\ )\ 5 N 2. Na,CO3
P o s = EtO,C.__
Ny~ N7 N, Ny SN N CHO g
19A 19T Eto,c—4

Ph

15 ©)
N~ _
AN 1502 N< onPN=N" H

intermediate 21, which was obtained from diazotized

N-labeled aminotetrazole (5). Ring-chain tautomerism

provided the most stable isomer — tetrazolo[1,5-5][1,2,4]-

triazin-7-one (20T2).%
15

N
|
N

N N
AcOH 15
W N = N o:$7 N—N
=N

o NH o )
=N

=N
Ph 21 PH 20T1 PR 20a
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2,4-Diazidoquinazoline does not exist in diazide form, but
is rather described by forms 22TT/22AT. It undergoes

S
N SN RoNH
B —_—
X N * DMF, 90°C, 2 h
N 87-89%
22TT N= N 22AT N=(

SNAr reaction to produce amine 23, which can be further
transformed into triazole derivative 24.>!

Ra

SN

.

23NN

HC=CR, CuSO,-5H,0 NRz
Na ascorbate & N
DMF, 80-100°C, 2.5-9 h N
47-75% />fR
24 N\N

R,NH = piperidin-1-yl, morpholin-4-yl, pyrrolidin-1-yl, NHMe; R = Ph, n-CsH44, CMe,OH

Recently, ultrasound-assisted multicomponent process involv-
ing Groebke—Blackburn—Bienaym¢ reaction / SyAr / azide-
tetrazole tautomerisation strategy was reported to produce
imidazo[2,1-b]thiazole-tetrazoloquinoline conjugates.*

Tetrazolo[5,1-b][1,3,4]thiadiazine systems were obtained

in

two-step one-pot process of hydrazinylthiadiazine

synthesis and their further nitrosation.>
DFT calculations of N3 group rotation and the azide-
tetrazole ring-chain tautomeric equilibrium were performed

for 2-azido-1,3-azoles,**
1,2,4-triazoles.”

azidobenzothiazoles,”® and 5-azido-
Tetrazole ring formation is favored if

there is sufficient m-electron delocalization (azidothiazole:

X =
higher dipole moment of tetrazole tautomer.>*

S, Z = C) and a highly polar medium to stabilize

Formation of

additional tetrazole aromatic ring in the equilibrium

3-azido-1,2,4-triazole

[1,2,4]triazolo[4,3-d]tetrazole

>

increases stability of the system.?®

R = Alk, Ar S
CHO HaN—Q ] ‘ j
A N7 N
P RNC, TMSN;
_—
N al " NHR
), 60°C, 1 h 79 08%

o
RJ\/Hal

solvent-free, catalyst-free
1. HZNHNC(S)NHNHz
DMSO t,1h

2. NaNO,, HCI, H,0
0-20°C, 2 h, 61-88%

R Alk, Ar, Hetar

L =0

trans-Azide TS2 /N—Rj
— 1
_N cis-Azide | YN
N~ < ' R N X
PN Moy \=z'
N”"Xx  Tst I8 o
=z T NTX -\
i ! . . \=Z, ! <\N
Reaction coordinate _ ' Tetrazole' —

Conclusions

Azide moiety can be introduced into heterocyclic systems Factor Azide  Tetrazole
by 1) SNAr reactions, 2) nitrosation of hydrazinyl moiety, Nature of heterocyclic core, substituent effects Electron- Electron-

Y Y Y Y y poor rich
3) hgterocyglization wich aminotetrazole fragm;r}t followed  go1yent polarity | 1
by ring-chain tautomerism. There are prerequisites for the Temperature 1 1
azide-tetrazole tautomeric equilibrium shift toward one of  Sterical hindrance in the proximity of tetrazole Yes No
the forms. ring closing
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A synthesis of novel fluorescent 2-azolyl-6-piperidinylpurine derivatives was designed. Azolyl substituent at purine C-2 atom was
introduced via nucleophilic aromatic substitution or in the case of tetrazolyl and 1,2,3-triazolyl substituents via a ring formation on a pre-
installed amine or azide moiety, respectively. The obtained purine intermediates were functionalized at N-9 position using Mitsunobu
reaction conditions to achieve amorphous compounds, which form thin-layer films of good quality. The synthesized push-pull systems
exhibited fluorescence with emission in range of 360400 nm and quantum yields up to 66% in CH,Cl, solution and up to 45% in the

thin-layer film.

Keywords: azoles, purines, fluorescence, nucleophilic aromatic substitution, ring formation.

For decades, purine derivatives have been extensively
studied due to their wide spectrum of biological activities."™
Purine cycle is known as the most common nitrogen
heterocycle in nature.>® Fluorescence properties exhibited
by certain purine derivatives are often used in cell
imaging.”"" On the contrary, materials science applications
of fluorescent purine derivatives are poorly studied. Lately
Castellano's group has developed organic light emitting
diodes (OLEDs) with purine emitters'>'"> and Yang's group
obtained the first thermally activated delayed fluorescence
(TADF) emitter using purine ring as the electron-accepting
group.

Applications of organic compounds in materials science
are often limited by complicated and expensive processes,
for example, vacuum deposition, which is used for creating
thin substance layers. The alternative is a solution
processing, which requires compounds that form stable
amorphous phase and possess good solubility. These

009-3122/21/57(5)-0560©2021 Springer Science+Business Media, LLC

properties can be achieved by introducing a trityl moiety in
the molecule.'>'

Expanding the previous work of our group,'' we
developed a synthesis of 2-azolyl-6-piperidinylpurine deri-
vatives as push-pull systems with different substituents at
the N-9 atom. While there is a wide range of information
on introduction of various azoles at purine C-6 position,'” 2!
transformations at purine C-2 position are less common, as
C-6 position is more reactive and preliminary functio-
nalization of C-6 position deactivates substitution at C-2
position.® The known examples represent pyrazole ring
construction on hydrazine,” imidazole ring introduction via
an oxidated intermediate of 8-oxoadenine and 8-oxohypo-
xanthine,” and substituted benzimidazole introduction using
Buchwald—Hartwig cross coupling®?® or a SyAr reaction.”®

The initial synthetic approach to the target compounds
included N’-functionalization using Mitsunobu reaction
between 2,6-dichloropurine (1) and 2-hydroxyethyl 3,3,3-tri-
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Scheme 1. Attempted synthesis of 2-[2-(1H-imidazol-1-yl)-6-(piperidin-1-yl)-9H-purin-9-yl]ethyl 3,3 3-tr1phenylpropan0ates

b, A/E (j O
> =
o _PhgP, DIAD. C|)\ N\ )I
)\ THF 0°C THF )\ K3PO4 NMP
87% o 20°C, 30 min 160°C, 14 h
Ph Ph j 7o 5
0 Detected OH
2
F:‘h ° by LCMS
1. (COCI),, DMF (cat.) Ph oh
pn PN 0 CH,Cly, 20°C, 2 h 3 pi b,
Ph>‘\/U\OH 2. HOCH,CH,OH, Et;N 4

CH,Cl,, 20°C, 12 h
56%

6

phenylpropanoate (2)*7 (Scheme 1). The selected side chain
is foreseen to ensure the amorphous properties of otherwise
crystalline heterocycles. Compound 2 containing trityl
group was obtained by esterification of commercially available
or readily prepared®® acid 6. Next, a SyAr reaction of
adduct 3 at C-6 position with piperidine produced inter-
mediate 4 under mild conditions (20°C, 30 min). Then the
next SyAr reaction was tried for the introduction of
imidazole at C-2 position.** At 160°C in the presence of
K;POy as a base, we observed the SyAr process at the C-2
atom. However, these conditions were too harsh, and the
ester moiety was cleaved at the N-9 side chain producing
compound 5 regardless of its relatively high stability which
arises due to sterical hindrance.

To avoid the ester cleavage of substituent at N-9
position we decided to perform firstly the SyAr reaction
with piperidine at C-6 and then with imidazole at C-2
position of N’-unsubstituted purine. Again, the second
SnAr process did not provide the desired product, most
likely due to the presence of a negative charge on the
purine ring arising from its deprotonation.

Scheme 2. Synthesis of 2—[2—azoly1—6—(piperidin—1—yl)—9H—purin—9—yl]et

Then a thermally stable and base-resistant tetrahydro-
pyranyl (THP) protecting group was introduced at N-9
position, and product 7% was obtained in 73% yield starting
from 2,6-dichloropurine (1) (Scheme 2). Compound 7
reacted smoothly with piperidine at C-6 position (20°C,
30 min) providing the key intermediate 8°**' in 95% yield.
The latter underwent SyAr reactions at C-2 position with
azole nucleophiles such as imidazole, 1,2,4-triazole, and
4-phenyl-1,2,3-triazole.

Although relatively harsh reaction conditions have been
applied (K3PO,, N-methylpyrrolidone (NMP), 160°C) the
SNAr substitution process in compound 8 proceeded with
good yields (51-68%). SyAr reaction with 1,2,4-triazole
selectively gave 1H-1,2,4-triazol-1-ylpurine 9b, and no
1,2,4-triazol-4-yl derivative was observed. Reaction with
4-phenyl-1,2,3-triazole yielded a 1:1 mixture of 2-(1H-1,2,3-
triazol-1-yl)purine and 2-(2H-1,2,3-triazol-2-yl)purine deri-
vatives 9¢,d with isolated yields 35 and 32%, respectively
(Scheme 2). The identity of compound 9¢ was confirmed by
an alternative synthetic pathway, in which the 1H-1,2,3-
triazol-1-yl substituent was installed by Cu(I)-catalyzed

)
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Scheme 3. Synthesis of 9-alkylated 6-(piperidin-1-yl)-2-(1H-tetrazol-1-yl)-9H-purine derivatives 18a—c
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azide-alkyne cycloaddition reaction of azide derivative 13.
The latter was obtained by a SyAr reaction of 2,6-diazido-
purine 12. Toluene as relatively nonpolar solvent and slightly
elevated temperature ensured the C-6 reactivity due to the
prevalence of 6-azido form of the substrate, which can
enter azide-tetrazole tautomeric equilibrium.'*27

THP deprotection of compounds 9a,b yielded azolyl-
purines 10a,b, which were further functionalized at N-9
position via Mitsunobu reaction with diisopropyl azodi-
carboxylate (DIAD) to give compounds 11a,b (Scheme 2).
Deprotected compound 10b exhibited extremely poor
solubility in DMF, DMSO, THF, and various alcohols, thus
preventing compound characterization. It was, therefore,
telescoped into the Mitsunobu reaction giving compound
11b.

Attempts to introduce a tetrazole ring at C-2 position of
purine 6 by the SyAr process of 2-chloropurine derivative 8
did not provide the desired product. Since tetrazole is rather
acidic (pK, 4.9), its deprotonated form is a weak nucleo-
phile. Aiming to obtain the desired product we switched to
a ring construction on 2-aminopurine derivative 16
(Scheme 3).%° The latter was synthesized starting from
2,6-dichloropurine (1). Firstly, 2.,6-diazidopurine (14)°
was obtained. Subsequent SyAr reaction with piperidine
yielded adduct 15.°® The remaining 2-azido group was
catalytically reduced to amino group. The obtained
2-aminopurine 16* was used in ring formation with NaN,
and HC(OEt); and gave the expected 2-tetrazolylpurine
derivative 17 in 66% yield. Similarly to 9H-purine

562

derivatives 10a,b, also intermediate 17 underwent selective
alkylation at N-9 atom under Mitsunobu conditions
yielding compounds 18a—c in 63-85% yields (Scheme 3).
Alcohols such as 2-hydroxyethyl 3,3,3-triphenylpropanoate
(2), [3,5-di(9H-carbazol-9-yl)phenyl]methanol (21), and
2-choroethanol were used. The latter provides compound
18¢, the chloroethyl substituent of which can serve as a
"sticky end" for further modifications of the side chain.
Reagent 21 for the introduction of the dicarbazolylphenyl
moiety was synthesized from compound 19 using copper-
catalyzed N-arylation to give compound 20,* followed by
ester reduction with LiAlH, to compound 21.

Photophysical properties of compounds 11a,b and 18a,b
were investigated in 5-10° M CH,Cl, solution and in the
thin films (Figs. 1, 2 and Table 1). For compounds 11a,b
and 18a, the lowest energy absorption bands correspond to
intramolecular charge transfer transition (ICT) of purine
chromophores indicated by shoulders in the 300-310 nm
range. For compound 18b, the ICT band overlaps with
carbazole absorption as indicated by characteristic maxima
Aabs at 323 and 338 nm. The emission maxima A, for
compounds 11a,b and 18a were in the 356401 nm range,
which corresponds to near UV and purple light. The
increase of number of nitrogen atoms in the azole ring
resulted in a higher electron deficiency, which caused a
bathochromic shift in emission maxima.*' The 3,5-dicarb-
azolylphenyl moiety in compound 18b was intended to
improve hole transfer capabilities for potential use in
OLEDs.* In the case of purine derivative 18b we observed
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Figure 1. Absorption spectra of 2-azolyl-6-piperidinylpurines
11a,b and 18a,b in 510~ M CH,Cl, solution.
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Figure 2. Emission spectra of 2-azolyl-6-piperidinylpurines 11a,b
and 18a,b in 5-10~° M CH,Cl, solution.

an emission spectrum, which is a combination of emission
from 6-piperdinyl-2-tetrazolylpurine and 3,5-dicarbazolyl-
phenyl moieties. We explain this by similar lowest energy
singlet levels for carbazole and purine chromophores.
Onset of absorption for both 18a,b which contain the same
purine moiety is at 350 nm. Characteristic maxima of
carbazole emission are also distinguishable in PL band
(362,378, 397 nm: entry 7, Table 1).

Unlike tetrazole-substituted derivatives 18a,b, com-
pounds 11a,b showed better quantum yield in the thin-layer
film than in the CH,Cl, solution. This is unusual, since
typically quantum yields in the thin-layer films are lowered

due to an intermolecular quenching, which is reduced in
solution. Compounds 11b and 18a showed the best
quantum yields in the thin-layer films, 0.45 and 0.42
respectively.

To conclude, we have developed several approaches for
the introduction of various azolyl moieties at C-2 position
of purine ring system containing an electron-donating
piperidinyl substituent at its C-6 position. SyAr reactions
were used for the introduction of imidazolyl, 1H-1,2,4-tri-
azol-1-yl, and 2H-1,2,3-triazol-2-yl substituents at the
purine C-2 position. On the other hand, selective construc-
tion of 1H-1,2,3-triazol-1-yl group on 2-azidopurine
derivative was carried out by Cu(I)-catalyzed azide-alkyne
cycloaddition reaction, and a tetrazolyl substituent was
introduced by three-component assembling on 2-amino-
purine derivative. The developed synthetic pathways
allowed a late stage N’-functionalization of the obtained
heterocyclic assemblies to achieve amorphous states of the
desired push-pull purines for potential materials science
applications in the future. An introduction of 2-chloroethyl
side chain at N-9 position will serve as a functionalization
site for possible chemical modifications in future. The
obtained conjugates exhibited emission in the near UV
region in both solution (up to 66% quantum yield) and in
the thin-layer films (up to 45% quantum yield).

Experimental

UV-Vis absorption spectra were recorded with a
PerkinElmer Lambda 35 spectrometer. Films for optical
measurements were prepared using spin-coating technique
with a Laurell WS-400B-6NPP/LITE spin-coater on glass
slides, using 30 mg/ml THF solutions. After the coating, all
films were dried in oven at 100°C for 2 h. Emission spectra
and quantum yields for solutions and thin films were
recorded using a QuantaMaster 40 steady state spectro-
fluorometer (Photon Technology International, Inc.) equipped
with a 6 inch integrating sphere by LabSphere, using the
software package provided by the manufacturer. 'H and
3C NMR spectra were recorded on a Bruker 300 (300 and
75 MHz, respectively) spectrometer. Internal standard —
residual non-deuterated solvent peak for 'H nuclei (7.26 ppm
in CDCl3, 2.50 ppm in DMSO-ds) and deuterated solvent
peak for C nuclei (77.2 ppm in CDCl;, 39.5 ppm in
DMSO-di). Nontrivial peak assignments were confirmed with
'H-"*C HSQC and/or 'H-"*C HMBC spectra. High-resolu-

Table 1. Photophysical properties of 2-azolyl-6-piperidinylpurines 11a,b and 18a,b

Entry Compound State Aabs, NM Aem, NM Emission quantum yield
1 11a CH,Cl,; solution 284, 305 (shoulder) 356 0.01
2 11a Thin-layer film 286, 300 (shoulder) 366 0.12
3 11b CH,Cl, solution 280, 300 (shoulder) 373 0.07
4 11b Thin-layer film 283, 310 (shoulder) 373 0.45
5 18a CH,Cl, solution 281, 310 (shoulder) 398 0.66
6 18a Thin-layer film 285, 310 (shoulder) 401 0.42
7 18b CH,Cl, solution 292,323,338 362,378,397 0.51
8 18b Thin-layer film 295,326, 340 401, 422 0.20
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tion mass spectra (ESI) were recorded on a Waters Q-TOF
Micromass spectrometer. Melting points were determined
on a Fisher Digital Melting Point Analyzer Model 355. HPLC
analysis was performed using an Agilent Technologies
1200 Series system equipped with XBridge C18 column,
4.6 x 150 mm, particle size 3.5 um, with flow rate of 1 ml/min,
using 0.1% aqueous TFA (A) and MeCN (B) for mobile
phase; wavelength of detection was 260 nm; eluent:
gradient 30-95% B in A for 5 min, 95% B for 5 min, 95—
30% B for 2 min. All reactions were followed by TLC on
E. Merck Kieselgel 60 F,s4 plates with detection by UV
light. Silica gel (60 A, 40-63 um, ROCC) was used for
flash chromatography.

Commercially available reagents were used as received.
Starting materials 1, 6, and 19 are commercially available.
Compounds 27327 7% 8393 1437 15.°® and 16* are
known from literature.

2-[2-Chloro-6-(piperidin-1-yl)-9H-purin-9-yl]ethyl
3,3,3-triphenylpropanoate (4). Piperidine (0.57 ml,
p 0.86 g/em’, 5.79 mmol, 3.0 equiv) was added to a
solution of compound 3 (1.0 g, 1.93 mmol, 1.0 equiv) in
THF (30 ml), and the reaction mixture was stirred at 20°C
for 30 min. Then the reaction mixture was evaporated,
dissolved in CH,Cl, (30 ml), and washed with aqueous
KH,POy solution (3 x 20 ml), saturated NaHCO; solution
(20 ml), and brine (10 ml). The organic phase was dried
over anhydrous Na,SO,, filtered, and evaporated. Yield
865 mg (79%), colorless solid. Ry 0.32 (CH,Cl,-MeCN,
20:1). HPLC: #8.22 min. '"H NMR spectrum (CDCl;, 50°C),
8, ppm: 1.63-1.81 (6H, m, 3CHy); 3.72 (2H, s, CH,); 4.03—
4.14 (4H, m, 2CH,); 4.10-4.34 (4H, m, 2CHy); 7.12-7.31
(15H, m, H Ph); 7.40 (1H, s, H-8 ). *C NMR spectrum
(CDCl;, 50°C), 8, ppm: 24.8; 26.3; 42.5; 46.4; 46.7; 56.1;
62.3; 118.8; 126.5; 128.0; 129.3; 138.5; 146.5; 152.5; 154.2;
154.3; 170.5. Found, m/z: 566.2328 [M+H]". C3H3;CIN;O,.
Calculated, m/z: 566.2317.

2-(1H-Imidazol-1-yl)-6-(piperidin-1-yl)-9-(tetrahydro-
2H-pyran-2-yl)-9H-purine (9a). Anhydrous K;PO, (1.38 g,
6.52 mmol, 3.0 equiv) was added to a solution of com-
pound 8 (700 mg, 2.17 mmol, 1.0 equiv), imidazole
(222 mg, 3.26 mmol, 1.5 equiv) in dry NMP (3.5 ml) under
Ar, and the reaction mixture was stirred at 160°C for 14 h.
Then the reaction mixture was poured into H,O (30 ml) and
extracted with PhMe (3 x 20 ml). The organic phase was
washed with brine (3 x 20 ml), H,O (2 x 20 ml), and again
with brine (10 ml), dried over anhydrous Na,SO,, filtered,
and evaporated. Silica gel column chromatography (eluent
CH,Cl, in MeOH, gradient 0-5%) of the residue provided
product 9a. Yield 523 mg (68%), colorless solid. Ry 0.41
(CH,Cl,-MeOH, 20:1). HPLC: fz 4.75 min. 'H NMR
spectrum (CDCls, 50°C), 6, ppm (J, Hz): 1.57-2.15 (12H,
m, 6CH,); 3.76 (1H, td, 27 =>7=11.2, °J = 2.8) and 4.15
(1H, d, %J = 11.2, CH,0); 4.10-4.36 (4H, m, 2CH,); 5.66
(1H, dd, *J= 9.8, >J=2.4, NCHO); 7.09 (1H, s, H imidazole);
7.85 (1H, s, H imidazole); 7.87 (1H, s, H-8); 8.54 (1H, s,
H imidazole). *C NMR spectrum (CDCl;, 50°C), 8, ppm:
23.0; 24.8; 25.0; 26.2; 31.8; 46.6; 68.9; 81.8; 117.0; 118.2;
129.7; 136.0; 136.3; 149.7; 151.1; 153.8. Found, m/z:
354.2033 [M+H]". C;sH,N;O. Calculated, m/z: 354.2037.
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6-(Piperidin-1-yl)-9-(tetrahydro-2 H-pyran-2-yl)-
2-(1H-1,2,4-triazol-1-yl)-9H-purine (9b) was prepared
analogously to compound 9a from compound 8 (700 mg,
2.17 mmol, 1.0 equiv), 1,2,4-triazole (225 mg, 3.26 mmol,
1.5 equiv), dry NMP (3.5 ml), anhydrous K;PO, (1.38 g,
6.52 mmol, 3.0 equiv). Yield 388 mg (51%), colorless
solid. Ry 0.39 (CH,Cl,-MeOH, 20:1). HPLC: #; 5.43 min.
'H NMR spectrum (CDCl;, 50°C), 8, ppm (J, Hz): 1.57—
2.16 (12H, m, 6CH,); 3.78 (1H, td, 2/ =°J=11.3,°J = 2.7)
and 4.12 (1H, d, ¥J = 11.3, CH,0); 4.11-4.38 (4H, m,
2CH,); 5.82 (1H, dd, *J=10.2, *J = 1.9, NCHO); 7.94 (1H,
s, H-8); 8.09 (1H, s, H triazole); 9.12 (1H, s, H triazole).
3C NMR spectrum (CDCls, &, ppm: 22.8; 24.7; 25.0; 26.2;
32.4; 46.5; 68.8; 81.3; 118.8; 136.6; 143.8; 149.4; 150.9;
153.1; 153.8. Found, m/z: 355.1998 [M+H]". C;7H,3NzO.
Calculated, m/z: 355.1989.

2-(4-Phenyl-1H-1,2,3-triazol-1-yl)-6-(piperidin-1-yl)-
9-(tetrahydro-2H-pyran-2-yl)-9H-purine (9¢) and
2-(4-phenyl-2H-1,2,3-triazol-2-yl)-6-(piperidin-1-yl)-9-(tetra-
hydro-2H-pyran-2-yl)-9H-purine (9d), 1:1 mixture, were
prepared analogously to compound 9a from compound 8
(296 mg, 0.92 mmol, 1.0 equiv), 4-phenyl-1H-1,2,3-tri-
azole (200 mg, 1.38 mmol, 1.5 equiv), dry NMP (2 ml),
anhydrous K;PO, (585 mg, 2.76 mmol, 3.0 equiv). Products
9¢,d were separated by silica gel column chromatography
(eluent PhMe in MeCN, gradient 0—10%).

Compound 9c. Yield 137 mg (35%), colorless solid.
R 0.28 (CH,Cl,-MeCN, 10:1). HPLC: # 6.87 min. 'H NMR
spectrum (CDCl;, 50°C), 8, ppm (J, Hz): 1.57-2.23 (12H,
m, 6CH,); 3.82 (1H, td, 2/ =>J=11.2,°/=2.7) and 4.17
(1H, d, 7 = 11.2, CH,0); 4.15-4.55 (4H, m, 2CH,); 5.85
(1H, dd, *J = 10.2,°J = 2.2, NCHO); 7.35 (1H, t, *J = 7.5,
H Ar); 7.45 2H, t, °J = 7.6, H Ar); 7.93-8.01 (3H, m, H Ar,
H-8); 8.69 (1H, s, H triazole). *C NMR spectrum (CDCls,
50°C), o, ppm: 23.0; 24.9; 25.2; 26.3; 32.4; 46.8; 68.9;
81.9; 118.9; 119.3; 126.3; 128.3; 128.9; 130.9; 136.9;
147.5; 149.6; 151.2; 154.1. Found, m/z: 431.2332 [M+H]".
C,3H,7NgO. Calculated, m/z: 431.2302.

Compound 9d. Yield 125 mg (32%), colorless solid.
R¢0.20 (PhMe-MeCN, 10:1). HPLC: # 6.78 min. 'H NMR
spectrum (CDCl;, 50°C), 6, ppm (J, Hz): 1.55-2.11 (11H,
m) and 2.15 (1H, d, %/ = 11.2, 6CH,); 3.83 (I1H, td,
2J=3J=114,°/=28)and 4.15 (1H, d, >J = 11.2, CH,0);
4.23-4.48 (4H, m, 2CH,); 5.93 (1H, dd, *J=10.1,° /=223,
NCHO); 7.39 (1H,tt, /= 7.5,%J = 1.5, H Ar); 7.47 (2H, t,
*J=17.6, H Ar); 7.93-8.01 (3H, m, H Ar, H-8 ); 8.15 (1H,
s, H triazole). *C NMR spectrum (CDCl;, 50°C), §, ppm:
23.0; 24.9; 25.2; 26.4; 32.6; 46.8; 68.9; 81.5; 119.1; 126.8;
129.0; 129.1; 130.3; 133.9; 136.8; 149.8; 151.1; 151.4; 154.3.
Found, m/z: 431.2275 [M+H]". Cy;3HyNgO. Calculated, m/z:
431.2302.

Alternative method for the synthesis of compound 9c.
Phenylacetylene (251 pl, p 0.93 g/em®, 2.29 mmol, 1.5 equiv)
was added to a solution of compound 13 (500 mg, 1.52 mmol,
1.0 equiv), Cul (58 mg, 0.30 mmol, 0.20 equiv), AcOH
(95 pl, p 1.05 g/cm3, 1.67 mmol, 1.1 equiv), and Et;N (230 pl,
p 0.73 g/em’, 1.67 mmol, 1.1 equiv) in CH,Cl, (15 ml).
The reaction mixture was stirred isolated from daylight for
1 h at 20°C. Then the reaction mixture was poured into H,O
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(30 ml) and extracted with CH,Cl, (3 x 20 ml). The combined
organic phase was washed with aqueous NaHSO; (15 ml) and
saturated NaCl (15 ml), dried over anhydrous Na,SO,,
filtered, and evaporated. Silica gel column chromatography
(eluent CH,Cl, in MeCN, gradient 0-10%) of the residue
provided product 9c as a colorless solid. Yield 506 mg (77%).
2-(1H-Imidazol-1-yl)-6-(piperidin-1-yl)-9H-purine (10a).
p-TsOH-H,0 (429 mg, 2.49 mmol, 2.2 equiv) was added to
a solution of compound 9a (400 mg, 1.13 mmol, 1.0 equiv)
in MeOH (12 ml), and the reaction mixture was stirred for
14 h at 60°C. Then the reaction mixture was evaporated,
the residue was suspended in 0.5 M solution of K,COj; in
H,0-MeOH, 10:1 (20 ml) and filtered off. Recrystalli-
zation of the precipitate from EtOH provided product 10a.
Yield 161 mg (53%), colorless solid, mp 272-274°C
(decomp., EtOH). R; 0.23 (CH,Cl,-MeOH, 20:1). HPLC:
fz 3.71 min. '"H NMR spectrum (DMSO-d;, 60°C), 8, ppm:
1.55-1.80 (6H, m, 3CH,); 4.12-4.39 (4H, m, 2CH,); 7.05
(1H, s, H imidazole); 7.85 (1H, s, H imidazole); 8.04 (1H,
s, H-8); 8.46 (1H, s, H imidazole); 13.00 (1H, br. s, NH).
3C NMR spectrum (DMSO-d;, 60°C), 3, ppm: 24.2; 25.7;
45.8; 116.8; 117.2; 129.4; 135.5; 138.1; 148.8; 152.0; 153.0.
Found, m/z: 270.1450 [M+H]". C;3H4N. Calculated, m/z:
270.1462.
2-[2-(1H-Imidazol-1-yl)-6-(piperidin-1-yl)-9 H-purin-
9-ylJethyl 3,3,3-triphenylpropanoate (11a). DIAD (0.09 ml,
p 1.03 g/em®, 0.45 mmol, 1.2 equiv) was added over 15 min
to a solution of compound 9a (100 mg, 0.37 mmol, 1.0 equiv),
Ph;P (117 mg, 0.45 mmol, 1.2 equiv), and 2-hydroxyethyl
3,3,3-triphenylpropanoate (2) (154 mg, 0.45 mmol, 1.2 equiv)
in dry THF (5 ml) at 0°C, followed by stirring for 12 h at
20°C. Then the reaction mixture was evaporated, the
residue was suspended in MeOH (15 ml) and H,0O (1 ml)
and cooled at —10°C for 30 min. The formed precipitate
was filtered off and washed with cold MeOH (2 x 5 ml) to
give compound 11a. Yield 173 mg (78%), colorless solid.
Ry 0.39 (CH,Cl,-MeOH, 20:1). HPLC:  6.64 min. '"H NMR
spectrum (CDCl;, 50°C), §, ppm: 1.64-1.88 (6H, m, 3CH,);
3.71 (2H, s, CH,); 4.044.18 (4H, m, 2CH,); 4.144.42
(4H, m, 2CH,); 7.06-7.32 (16H, m, H Ph, H imidazole);
7.43 (1H, s, H-8); 7.84 (1H, s, H imidazole); 8.53 (1H, s,
H imidazole). *C NMR spectrum (CDCl;, 50°C), §, ppm:
24.8; 26.3; 42.4; 46.2; 46.5; 55.9; 62.1; 117.1; 118.2;
126.5; 128.0; 129.2; 129.9; 136.4; 138.4; 146.3; 149.8;
151.6; 153.9; 170.6. Found, m/z: 598.2930 [M+H]'.
C35H36N702. Calculated, m/z: 598.2925.
2-[6-(Piperidin-1-yl)-2-(1H-1,2,4-triazol-1-yl)-9 H-purin-
9-yl]ethyl 3,3,3-triphenylpropanoate (11b). p-TsOH-H,O
(283 mg, 1.49 mmol, 2.2 equiv) was added to a solution of
compound 9b (240 mg, 0.68 mmol, 1.0 equiv) in MeOH
(10 ml), and the reaction mixture was stirred for 14 h at 60°C.
Then the reaction mixture was evaporated and suspended in
0.5 M K,COs solution in H,O—MeOH, 10:1 (20 ml), and
filtered. The crude 9H-deprotected compound 10b (100 mg,
0.37 mmol, 1.0 equiv) was used for the synthesis of
compound 11b, using 2-hydroxyethyl 3,3,3-triphenyl-
propanoate (2) (154 mg, 0.45 mmol, 1.2 equiv), Ph;P
(117 mg, 0.45 mmol, 1.2 equiv), DIAD (0.09 ml, p 1.03 g/cm3 .
0.45 mmol, 1.2 equiv), and THF (5 ml) according to the
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procedure for the synthesis of compound 11a. Yield 185 mg
(45%), colorless solid. Ry 0.46 (CH,Cl,-MeOH, 20:1).
HPLC: # 7.33 min. '"H NMR spectrum (CDCl;, 50°C),
S, ppm: 1.66-1.90 (6H, m, 3CH,); 3.75 (2H, s, CH,); 4.10—
4.24 (4H, m, 2CH,); 4.08-4.54 (4H, m, 2CH,); 7.08-7.35
(15H, m, H Ph); 7.50 (1H, s, H-8); 8.10 (1H, s, H triazole);
9.13 (1H, s, H triazole). *C NMR spectrum (CDCl;, 50°C),
S, ppm: 24.7; 26.2; 42.4; 46.1; 46.4; 55.9; 62.4; 118.8;
126.4; 128.0; 129.1; 139.0; 143.8; 146.3; 149.4; 151.5; 153.1;
153.8; 170.5. Found, m/z: 599.2879 [M+H]". C3sH;35NgO,.
Calculated, m/z: 599.2878.

2,6-Diazido-9-(tetrahydro-2 H-pyran-2-yl)-9H-purine
(12). NaNj (2.38 g, 36.63 mmol, 4.0 equiv) was added to a
solution of compound 777 (2.50 g, 9.16 mmol, 1.0 equiv) in
Me,CO (60 ml), and the reaction mixture was stirred in
dark for 14 h at 50°C. Then the reaction mixture was
evaporated, the residue was suspended in H,O (50 ml),
filtered off, and washed with H;O (3 x 20 ml) to give
compound 12. Yield 2.58 g (98%), colorless solid. Ry 0.26
(CH,Cl,-MeOH, 20:1). HPLC: # 5.74 min. 'H NMR
spectrum (CDCl;), 8, ppm (J, Hz): 1.58-2.16 (6H, m,
3CH,); 3.75 (1H, td, 2J =*J = 11.3,°J = 2.6) and 4.16 (1H,
d, 27 = 11.3, CH,0); 5.68 (1H, dd, °J = 10.1,°J = 2.2,
NCHO); 8.10 (1H, s, H-8 ). *C NMR spectrum (CDCls),
S, ppm: 22.7; 24.9; 31.9; 68.9; 82.1; 121.4; 141.5; 153.2;
1537, 156.0. Found, m/z: 287.1121 [M+H]+. C10H11N100.
Calculated, m/z: 287.1112.

2-Azido-6-(piperidin-1-yl)-9-(tetrahydro-2 H-pyran-
2-yl)-9H-purine (13). Piperidine (2.59 ml, p 0.86 g/cm’,
26.2 mmol, 3.0 equiv) was added to a solution of com-
pound 12 (2.5 g, 8.74 mmol, 1.0 equiv) in PhMe (30 ml).
The reaction mixture was stirred in dark for 1 h at 50°C.
Then the reaction mixture was evaporated, and the residue
was purified by silica gel column chromatography (eluent
CH,Cl, in MeCN, gradient 0-10%). Yield 1.61 g (56%),
pale-yellow solid. R¢ 0.45 (CH,Cl,-MeOH, 20:1). HPLC:
fr 7.20 min. '"H NMR spectrum (CDCl;, 50°C), 8, ppm (J, Hz):
1.55-2.11 (12H, m, 6CH,); 3.73 (1H, td, °J = °J = 114,
3J=2.4)and 4.12 (1H, d, ’J = 11.4, CH,0); 4.09-4.35 (4H,
m, 2CH,); 5.64 (1H, dd, °J = 10.0, °J = 2.0, NCHO); 7.82
(1H, s, H-8). ®C NMR spectrum (CDCl;, 50°C), 8, ppm:
23.0; 24.8; 25.0; 26.2; 32.0; 46.5; 68.9; 81.4; 117.3; 135.5;
151.7; 153.8; 156.2. Found, m/z: 329.1835 [M+H]".
C15H21N30. Calculated, m/z: 329.1833.

6-(Piperidin-1-yl)-2-(1H-tetrazol-1-yl)-9H-purine (17).
HC(OE); (240 mg, p 0.89 g/em’, 11.75 mmol, 1.6 equiv) was
added to a solution of compound 16 (1.60 g, 7.34 mmol,
1.0 equiv) and NaNj; (716 mg, 11.02 mmol, 1.5 equiv) in
AcOH (40 ml), and the reaction mixture was stirred for 6 h
at 80°C. Then the reaction mixture was evaporated and
suspended in saturated aqueous NaHCOj; solution (40 ml).
The precipitate was filtered off, washed with saturated
aqueous NaHCO; solution (2 x 10 ml), H,O (2 x 10 ml),
and dried to provide product 17. Yield 1.31 g (66%),
colorless solid. Ry 0.39 (CH,Cl,-MeOH, 20:1). HPLC:
fr 4.48 min. "H NMR spectrum (DMSO-d;, 60°C), 8, ppm:
1.54-1.80 (6H, m, 3CH,); 4.19-4.39 (4H, m, 2CH,); 8.17
(1H, s, H-8 ); 9.97 (1H, s, H tetrazole). 3C NMR spectrum
(DMSO-dg, 60°C), 5, ppm: 24.1: 25.7; 45.8 (br); 118.3;
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139.3; 142.9; 146.8; 151.7; 152.9. Found, m/z: 272.1003
[M+H]". C;;H4No. Calculated, m/z: 272.1367.

2-[6-(Piperidin-1-yl)-2-(1H-tetrazol-1-yl)-9H-purin-
9-yllethyl 3,3,3-triphenylpropanoate (18a) was prepared
analogously to compound 11a from compound 17 (300 mg,
1.12 mmol, 1.0 equiv), 2-hydroxyethyl 3,3,3-triphenyl-
propanoate (2) (465 mg, 1.34 mmol, 1.2 equiv), Ph;P (352 mg,
1.34 mmol, 1.2 equiv), and DIAD (0.27 ml, p 1.03 g/em’,
1.34 mmol, 1.2 equiv) in THF (10 ml) for 12 h at 20°C.
Yield 570 mg (85%), colorless solid. Ry 0.38 (CH,Cl,—
MeCN, 10:1). HPLC: #z 7.48 min. 'H NMR spectrum (CDCls,
50°C), 8, ppm: 1.67-1.89 (6H, m, 3CH,); 3.72 (2H, s,
CH,); 4.10-4.22 (4H, m, 2CH,); 4.02-4.62 (4H, m, 2CH,);
7.12-7.30 (15H, m, H Ph); 7.52 (1H, s, H-8 ); 9.38 (1H, s,
H tetrazole). >*C NMR spectrum (CDCls, 50°C), 8, ppm:
24.6; 26.2; 42.5; 46.0; 46.4; 55.8; 62.0; 119.3; 126.4; 127.9;
129.0; 139.4; 141.7; 146.2; 147.4; 151.1; 153.7; 170.4.
Found, m/z: 600.2823 [M+H]". C3;H34NoO,. Calculated,
m/z: 600.2830.

9,9'-(5-{|6-(Piperidin-1-yl)-2-(1 H-tetrazol-1-yl)-9H-purin-
9-yl|methyl}-1,3-phenylene)bis(9H-carbazole) (18b) was
prepared analogously to compound 11a from compound 17
(118 mg, 0.44 mmol, 1.0 equiv), [3,5-di(9H-carbazol-9-yl)-
phenyljmethanol (21) (212 mg, 0.48 mmol, 1.1 equiv),
Ph;P (138 mg, 0.53 mmol, 1.2 equiv), and DIAD (0.11 ml,
p 1.03 g/em’, 0.53 mmol, 1.2 equiv) in THF (5 ml) for 1 h
at 20°C. Yield 233 mg (77%), colorless solid. Ry 0.75
(CH,CL,-MeCN, 10:1). HPLC: f 9.57 min. 'H NMR
spectrum (CDCl;, 50°C), 8, ppm (J, Hz): 1.62-1.93 (6H,
m, 3CH,); 3.91-4.67 (4H, m, 2CH,); 5.60 (2H, s, CH,);
7.28 (4H, t, °J = 7.5, H Ar); 7.37 (4H, t, °J = 7.5,H Ar);
7.45 (4H, d, >J = 7.5, H Ar); 7.64 (2H, s, H Ar); 7.79 (1H,
s, H Ar); 7.93 (1H, s, H-8 ); 8.10 (4H, d, >J = 7.5, H Ar);
9.36 (1H, s, H tetrazole). >C NMR spectrum (CDCls, 50°C),
S, ppm: 24.7; 26.3; 46.8; 47.2; 109.7; 119.8; 120.7; 120.9;
124.0; 124.6; 125.1; 126.4; 138.9; 139.6; 140.5; 140.6;
141.8; 148.1; 151.7; 154.2. Found, m/z: 692.2542 [M+H]".
Cy4H34Ny,. Calculated, m/z: 692.2993.

9-(2-Chloroethyl)-6-(piperidin-1-yl)-2-(1H-tetrazol-
1-yl)-9H-purine (18c) was prepared analogously to com-
pound 1la from compound 17 (400 mg, 1.48 mmol,
1.0 equiv), 2-chloroethanol (0.11 ml, p 1.20 g/cm3, 1.63 mmol,
1.1 equiv), Ph;P (466 mg, 1.78 mmol, 1.2 equiv), and
DIAD (0.35 ml, p 1.03 g/cm’®,1.78 mmol, 1.2 equiv) in
THF (8 ml) for 3 h at 20°C. The product was purified by
silica gel column chromatography (eluent CH,Cl, in
MeCN, gradient 0-6%). Yield 312 mg (63%), colorless
solid. Ry 0.15 (CH,Cl,-MeCN, 20:1). HPLC: #z 5.14 min.
'H NMR spectrum (CDCl;, 50°C), 8, ppm (J, Hz): 1.67—
1.88 (6H, s, 3CH,); 3.96 (2H, t, °J = 5.7, CH,); 4.10-4.50
(4H, m, 2CH,); 4.57 (2H, t, °J = 5.7, CH,); 7.88 (1H, s,
H-8); 9.41 (1H, s, H tetrazole). *C NMR spectrum (CDCls,
50°C), 3, ppm: 24.7; 26.3; 42.5; 46.0; 47.0; 119.8; 139.9;
141.9; 147.8; 151.4; 154.1. Found, m/z: 334.1268 [M+H]".
C3H;CINy. Calculated, m/z: 334.1290.

Methyl 3,5-di(9H-carbazol-9-yl)benzoate (20).*
(1R,2R)-Cyclohexane-1,2-diamine (0.96 ml, p 0.95 g/cm’,
7.96 mmol, 0.6 equiv) was added to a solution of methyl
3,5-dibromobenzoate (19) (3.90 g, 13.27 mmol, 1.0 equiv),
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Cul (756 mg, 3.98 mmol, 0.3 equiv), 9H-carbazole (5.54 g,
33.18 mmol, 2.5 equiv), and anhydrous K;PO, in dry PhMe
(100 ml). The reaction mixture was stirred at 120°C for 48 h.
Then the reaction mixture was centrifuged, the supernatant
was extracted with H,O (3 x 40 ml) and brine (10 ml). The
organic phase was evaporated, and silica gel column
chromatography (eluent hexane in MTBE, gradient 0—
20%), followed by precipitation from MeOH (50 ml) and
washing with cold MeOH (3 x 20 ml), provided product
20. Yield 1.61 g (26%), colorless solid. Ry 0.79 (CH,CL).
HPLC: # 10.26 min. 'H NMR spectrum (CDCl;), 3, ppm
(J, Hz): 4.00 (3H, s, CH5); 7.34 (4H, t, >J = 7.5,H Ar); 7.46
(4H, t, °J = 7.5,H Ar); 7.54 (4H, d, °J = 7.5, H Ar); 8.04
(1H, t,*J=1.9, H Ar); 8.17 (4H, d, *J = 7.5, H Ar); 8.39
(2H, d, *7 = 1.9, H Ar). ®C NMR spectrum (CDCL),
S, ppm: 52.9; 109.7; 120.7; 120.8; 123.9; 126.5; 126.8;
129.4; 134.0; 139.9; 140.5; 168.5. Found, m/z: 467.1772
[M+H]". C3,H»3N,0,. Calculated, m/z: 467.1754.
[3,5-Di(9H-carbazol-9-yl)phenyl]methanol (21).44
A solution of LiAlH, (406 mg, 10.20 mmol, 5.0 equiv) in
dry THF (20 ml) was stirred at 0°C for 30 min, then a
solution of compound 20 (1.00 g, 2.14 mmol, 1.0 equiv) in
dry THF (10 ml) was added dropwise, and the reaction
mixture was stirred at 0°C for 2 h. Then the reaction
mixture was evaporated, suspended in CH,Cl, (20 ml), and
centrifuged. Silica gel column chromatography (CH,Cl,)
provided product 21. Yield 676 mg (72%), colorless solid.
R; 0.36 (CH,Cl,). HPLC:  8.41 min. 'H NMR spectrum
(CDCl), 6, ppm (J, Hz): 1.99 (1H, br. s, OH), 4.95 (2H, s,
CH,); 7.33 (4H, t, °J = 7.5,H Ar); 7.46 (4H, t, °J = 7.5,
H Ar); 7.56 (4H, d, °J = 7.5, H Ar); 7.73 (2H, s, H Ar);
7.76 (1H, s, H Ar); 8.17 (4H, d, >J=7.5, H Ar). "C NMR
spectrum (CDCL3), 8, ppm: 64.6; 109.8; 120.5; 120.6;
123.8; 123.9; 124.3; 126.3; 139.7; 140.7; 144.9. Found, m/z:
439.1835 [M+H]". C3;H,;N,0. Calculated, m/z: 439.1805.

Supplementary information file containing experimental
procedures for compounds 2, 8, 14-16 and 'H and
3C NMR spectra of compounds 4, 9a—d, 10a, 11a,b, 12,
13, 17, 18a—c, 20, and 21, is available at the journal
website http://hgs.osi.lv.
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A novel strategy is presented towards acquisition of exciplex systems exhibiting thermally activated
delayed fluorescence (TADF) with a high reverse intersystem crossing (RISC) rate (exceeding 107 s™%).
This approach involves constructing exciplex donor—acceptor molecular pairs, where the acceptor
molecule possesses the ability to undergo fast and efficient intersystem crossing (ISC). With the use of
6-cyano-9-phenylpurine (PCP) acceptor and carbazole-based donor molecules, exciplexes were
obtained, where the excitation is contained on PCP and undergoes fast ISC to form a local excited
triplet state (5LEA). The controlled excitation transfer to the 3LE, level provides an optimal reverse
intersystem crossing pathway, enabling TADF with a sub-microsecond emission lifetime. The side-effect
of such an emissive mechanism is an unusual thermal photoluminescence quenching, caused by the
limited PCP triplet state stability under room temperature conditions. PCP-carbazole dyads were
obtained, which, in neat solid films, form intermolecular TADF-active exciplexes between donor and
acceptor fragments of the neighbouring molecules. These compounds show balanced bipolar charge
transport ability and were used as emissive layer host materials. The obtained organic light emitting
diode (OLED) with an exciplex-forming host and a TADF emitter showed an external quantum efficiency
exceeding 10% and low efficiency roll-off.
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delayed fluorescence (TADF) have received great attention from
the research community as a potential substitution for costly

Introduction

The mainstream adoption of organic light emitting diode
(OLED) technology is driving the ever-increasing demand for
improved emissive materials.” Following an electrical excita-
tion pathway, the spin statistics reveal that the injected elec-
trons and holes recombine into singlet (S) and triplet (T)
excitons with a ratio of 1:3.> This sets a limitation on OLED
emitters, as the emission from triplet excited states needs to be
realized. Organic molecules exhibiting thermally activated
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transition metal-containing materials.*® In contrast to the
phosphorescent organometallic complexes, where the presence
of a heavy metal atom induces spin-orbit coupling (SOC),
giving rise to a mixed character of S and T states, the TADF
process is determined by a thermal energy assisted reverse
intersystem crossing (RISC) between the lowest lying T; and S,
levels.”

To stimulate the T; — S; conversion, the energy gap
between T; and S; states (AEsr) needs to be minimized. This
can be achieved by limiting an overlap between hole and
electron wavefunctions.® In practical terms this involves synthe-
sizing conjugated donor-acceptor (D-A) molecules, where the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) are confined on separate
molecular fragments. A large variety of TADF emitters has been
explored, giving a fairly good understanding about structure-
property correlations.” ™" Besides conventional TADF mole-
cules, where emission can be associated with an intramolecular
charge transfer state, an alternative approach exists, where

This journal is © The Royal Society of Chemistry 2021
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TADF originates from exciplex systems.””** In this case the
first molecule acts as an electron donor and the second as an
electron acceptor. Because of the involvement of two separate
moieties, the overlap between HOMO and LUMO wavefunc-
tions is minimal and a very small AEgy value can be attained."®
In addition to a reduced structural complexity, the exciplex
systems theoretically allow a simpler emission colour tuning
through matching D and A components with appropriate
energy levels. Despite the apparent advantages, the theory-
guided development of such emitting materials is currently
limited due to a relatively low number of known exciplex-
forming molecular pairs, unclear structures of the emissive
molecular dyad'® and unsatisfactory photoluminescence quan-
tum yields (®p) of many exciplex systems.

The generally accepted kinetic pathway of exciplex formation
between two molecules (D and A) involves three steps.'” First, one
of the molecules is promoted to its excited state (D* or A¥), then a
complex between the closely situated excited and ground-state
species forms (D*A or DA*). In the case of a favourable electronic
configuration of the components, where both the ionization
potential (IP) and electron affinity (EA) values of A are higher
than those of D, the electron transfer process takes place from D
to A and an excited intermolecular charge transfer state (ICT) is
formed ([D'A™]¥). The overall exciplex structure is defined as the
combination of the involved resonance forms: D*A < DA* <
[DA™]*, where the first two are denoted as locally excited (LE)
states, but the last one is denoted as the charge transfer excited
state.'® Regarding the development of TADF-active exciplex sys-
tems, LE states play a crucial role. Closely lying singlet 'ICT and
triplet *LE levels are mandatory for substantial SOC, enabling the
RISC process and ensuring triplet-harvesting in OLEDs. Such a
process is favourable in comparison to the coupling between 'ICT
and *ICT, as SOC is expected to be zero for S and T states with a
similar spatial confinement of the involved molecular orbitals."®

In this paper we propose a novel structural approach
towards TADF exciplex systems. It is based on the introduction
of an acceptor molecule, which possesses an inherent fast
intersystem system crossing (FISC) ability, i.e. the rate of *LE,
population ("LE — °LE) greatly outpaces the emissive or non-
radiative relaxation from 'LE to the ground state S, (‘"LE — Sy).
For such emitting systems the dominant emissive pathway
would involve a RISC process between *LE, — 'ICT states
and a sequential radiative relaxation in the form of the delayed
fluorescence (*ICT — S,). The favourable coupling between *LE
and 'ICT states is expected to enhance SOC, resulting in a
reduced lifetime of the delayed emission (Fig. 1). Other appar-
ent advantages of such exciplex systems would be the elimina-
tion of competing emission processes such as fluorescence
from LE states.”””' Increased colour purity would make
such TADF exciplex systems more suitable for OLED display
integration.>?

Among potentially suitable FISC-capable molecules, our
attention was drawn to the purine heterocycle. The extensive
investigation of this naturally occurring DNA building block
has shown that upon photoexcitation it undergoes a rapid (on a
scale of a few hundred ps) ISC process™ with a relatively high
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Fig. 1 Schematic representation of the emission processes for conven-
tional (a) and FISC-assisted TADF exciplex systems (b).

triplet quantum yield of 0.88.>* The generated triplet state is
moderately stable and in a solution persists for about 1.7 ps.>®
Besides a suitable excited state kinetics, purine-based materials
have been successfully used in OLEDs as charge transporting
materials,”® marking these compounds as an appropriate build-
ing block for FISC-assisted TADF exciplex systems. Here we report
the development and photophysical properties of a suitable
purine derivative and its further integration in exciplex systems
with carbazole-based donor components, employing approaches
with physical mixing and covalent bonding. The OLED integration
of the materials was attempted employing them as the charge
transporting host material for the emissive layer (EML).

Results and discussion
Development of a FISC-capable purine acceptor

In accordance to El-Sayed’s rule the ISC process is forbidden, if
the transition proceeds between S and T states with a similar

J. Mater. Chem. C, 2021, 9, 4532-4543 | 4533
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electronic configuration.”” For purine this limitation is over-
come by an interplay of molecular orbitals with an unlike
electronic spatial distribution, namely, n orbitals related to
lone electron pairs of the nitrogen atoms and n orbitals of the
aromatic ring system. As a result, ISC becomes possible
between the nn* and nn* excited states.*® Our initial attempts
to obtain emissive exciplex systems by using unfunctionalized
purine and common donor molecules were not successful. In
order to reduce the small intrinsic EA value of the purine,
enable excitation transfer from the donor and increase the
probability of exciplex formation, a cyano group was introduced
at its 6 position.”® Further modification of the purine involved
an arylation of the 9-position with a phenyl group to prevent the
possible tautomerization. Accordingly, compound 6-cyano-9-
phenylpurine (PCP) was obtained (Scheme 1).

The absorption and photoluminescence (PL) spectra of PCP
in THF solution are given in Fig. 2a. The compound shows an
absorption band with a maximum at 294 nm. Upon photoexci-
tation a weak fluorescence can be detected with a band max-
imum at 431 nm and a PL quantum yield (@p;) below 0.01. In
contrast, under low temperature conditions (77K, 2-MeTHF) the
compound exhibits a strong, long-lived bluish-green phosphor-
escence, as indicated by time-resolved emission measurements
(Fig. 2b and c). The pronounced dominance of the triplet state
emission over fluorescence is a clear indication of a rapidly
populated T; state.

To gain a deeper insight into excited state kinetics, time-
dependent density-functional theory (TD-DFT) calculations
were employed. Optimized S, S; and T, state geometries of
PCP were examined to account for the vertical and adiabatic
states (Fig. 3a). Similarly to the non-functionalized purine, the
lowest energy transitions of PCP are associated with an electron
transfer from either the occupied n or n-type molecular orbitals
to the unoccupied n* orbital (Fig. S1, ESIT). For the ground state
(GS) geometry the excitation process is dominated by ‘nn*
transition with an oscillator strength (fosc) of 0.20. However,
two other transitions (‘mpyn* and 'nn*) are predicted at lower
energies as they show much smaller f,, values of 0.07 and
0.0014. In such a way the experimentally observed featureless
absorption band at 294 nm can be mainly attributed to the 'nn*
transition, as the weaker bands cannot be resolved in the UV-
Vis spectra due the overlap.

The optimized S; geometry of the compound corresponds to
the relaxed 'nn* excited state, while the Ty structural configu-
ration equates to the *nn* state. According to El-Sayed’s rule,

CN
NN
|)i\
Ly

PCP

Scheme 1 Structure of the purine-derived acceptor.
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Fig. 2 (a) Absorption and PL spectra of PCP in THF solution. (b) Fluores-
cence (0-50 ps) and phosphorescence (50-5000 ps) emission bands
of PCP, measured in 2-MeTHF at 77 K. The inset shows a photograph of
UV-irradiated (365 nm) PCP solution in 2-MeTHF at 293 and 77 K. (c)
Photographs of the same sample at 77K, taken at different time intervals
after UV irradiation is turned off.

such an orbital arrangement of the S; and T; states is favour-
able for the ISC process. To provide further evidence for this
assumption, the theoretical ISC rate (kisc) was calculated
between the aforementioned excited states by employing the
excited state dynamics (ESD) module in the Orca program
(Fig. 3b).** A considerable SOC matrix element (SOCME)
between 'nn* and nn* levels is predicted, amounting to 1.23
em ™. The corresponding ISC rate kigc = 4.4 x 10° s was
obtained. While being relatively fast, such a kisc value poten-
tially allows a close competition between ISC and fluorescence
processes. Because of this, the fluorescence rate (kfuor.) for 'nm*
was also calculated to account for the radiative depopulation
of the lowest energy singlet excited state. Value kgyor, = 1.8 X
10° s~ " was obtained, suggesting that the radiative process is
slow, presumably due to the low oscillator strength of the 'nn*
transition. The theoretical predictions are in good agreement
with the experimental observations. While a weak fluorescence
is observed for PCP, the ®p, of this radiative pathway is below
0.01 and the low-temperature emission is dominated by

This journal is © The Royal Society of Chemistry 2021
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phosphorescence. Such behaviour is consistent with the ISC rate
being about two orders of magnitude higher than the competing
fluorescence process. Overall, despite the attachment of the -CN
group, the calculated excited state energy level configuration and
photophysical behaviour of PCP are almost identical to those of
the FISC-capable parent compound - purine.*®

Investigation of FISC-assisted exciplex systems

In order to evaluate the possibilities of a practical realization
of FISC-assisted TADF exciplexes two distinctive structural
approaches were investigated. Generally, exciplex systems are
prepared as physical mixtures of donor and acceptor molecules.
Electron rich aromatic amines are usually employed as the
donor component due to appropriate energy level placement
and excellent hole-transporting ability.** Accordingly, carbazole
(Cbz) was chosen as the donor. In order to overcome the strong
crystallization tendency of Cbz, its structural modifications,
9-phenylcarbazole (9-PhCbz) and poly(9-vinylcarbazole) (PVK),
were used for the preparation of the physical mixtures
(Scheme 2).

While the use of separate donor and acceptor molecules
provides a simple way to prepare functional materials, the
application of such exciplex systems as TADF-active hosts is
met with technological challenges. Mainly this is related to
a poor control over the molecular packing patterns in multi-
molecular mixtures, making the formation of exciplex molecu-
lar pairs less likely. As a solution for this problem, the
development of intramolecular exciplex systems is proposed,
where the donor and acceptor molecules are covalently
bound.?® Structurally such compounds are often designed as
donor-donor’-acceptor (D-D’-A) molecules, where through
bond conjugation between D-A fragments is prevented.**??
Accordingly, we prepared three covalently bound molecular
dyads PCbz(1-3) (Scheme 2), where PCP and Cbz are connected
through a phenyl ring. The D-A bridge in these molecules
features a phenylenediamine motif, which is expected to
obstruct the through bond D-A electron transfer process.
A single crystal X-ray structure was obtained for compound
PCbz-2 (Fig. S2, ESIT). The molecule assumes a conformation,

This journal is © The Royal Society of Chemistry 2021
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Scheme 2 Chemical structures of the donor fragments 9-PhCbz and PVK
and covalently bound acceptor-donor dyads PCbz-1, PCbz-2, and PCbz-3.

where purine and Cbz ring systems are coplanar, but the
central benzene ring is twisted out of the D-A fragment plane
by approximately 50°. In addition to pseudo-D-D’-A structural
composition the twisted bridging fragment additionally
obstructs the mn-electron conjugation between D and A frag-
ments. Consequently, as it is later shown by TD-DFT calcula-
tions only the through-space charge transfer process can take
place between purine and Cbz fragments.

The IP and EA values for the investigated compounds are
given in Fig. 4a. Our experimental setup was not able to
directly assess EA of PCP. Instead, for PCP this parameter is
estimated to be around 3.20 eV, by assigning the EA value of
PCbz dyads to the weakly conjugated acceptor fragment.
Consequently, the energy levels of donor-acceptor pairs
allow the exciplex formation, as for PCP both EA and IP
(6.15 eV for PCP) are higher than the representative values for
the donor compounds.
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Photophysical properties in solution

The absorption and emission spectra of PCP and Cbz in THF
solution are given in Fig. 4b. The emission band of PCP is
significantly redshifted in comparison to Cbz. In such a way the
excitation transfer 'LE, — 'LE, is expected for the corres-
ponding bimolecular system. This is further supported by the
fact that the emission of Cbz is quenched in the presence of
PCP. The measured T, energy levels of the Cbz and PCP are,
accordingly, 3.09 and 2.95 eV (Fig. S3, ESI}). A deeper insight
into the photo-physical processes for the investigated D-A
molecular pairs can be gained from the investigation of the
synthesized dyads. In solution PCbz (1-3) show broad emission
bands with maxima at 523-544 nm. These bands are consider-
ably redshifted in comparison to PCP and Cbz emission
(Fig. S4a, ESI}), thus indicating formation of emissive intra-
molecular charge transfer (CT) states. The emission is weak,
with @p;, below 0.01. The PL lifetime values fall in the range
of several nanoseconds, pointing to a purely fluorescence
emission process (Fig. S4b, ESIT).

Low temperature PL measurements were performed to
determine the T, level of the compounds in the dissolved state
(Fig. S5, ESIt). In all the cases phosphorescence originates from
the PCP fragment. For PCbz-1 and PCbz-3 the intensity of
phosphorescence is several times stronger than CT fluores-
cence, similarly to the situation observed for the unmodified
acceptor fragment. This lets us assume that for the closely
located PCP and Cbz pairs the photoexcitation kinetics are
favourable for FISC-assisted exciplex formation, as the excita-
tion mainly relaxes to the local triplet state of the acceptor
fragment. The origin of the observed CT emission is attributed
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(a) IP and EA values of the investigated compounds. (b) Absorption and emission spectra of Cbz and PCP in THF solution. (c) PLE and PL spectra of

to a competing slower emissive relaxation pathway, which, in
contrast to the situation observed for PCP, now originates from
the 'CT state. While a complete excitation transfer 'LE, — 'CT
is expected to take place in a conjugated molecule due to the
internal conversion being a much faster process than ISC, for
PCbz-1 and PCbz-3 this seems to be prevented by a weak
coupling between the D and A fragments. Such an assumption
is supported by the UV-Vis absorption spectral data of the PCbz
series (Fig. S6, ESIT), where the absorption of the molecular
dyads can be interpreted as a sum of PCP and Cbz absorption
bands, with no apparent formation of the CT state. On the
other hand, low temperature fluorescence and phosphores-
cence, in terms of intensity, become almost identical for
PCbz-2. This suggests an increased ground-state CT character
for the compound, probably caused by the alternative inter-
molecular D-A bounding pattern.

To interpret these results, TD-DFT calculations were per-
formed for PCbz (1-3) (Table S1, ESI{). The lowest energy
singlet state arises from the through-space CT transition
between the Cbz and PCP fragments (Fig. S7, ESIt). Oscillator
strength values of this transition are small, indicating a weak
D-A coupling. Though, in comparison to other compounds,
this value is about 8 times larger for PCbz-2. This result is
consistent with the low-temperature emission data in solution,
where a stronger CT character and less pronounced ISC are
assumed for the compound due to comparable phosphores-
cence and fluorescence intensities (Fig. S4, ESIt). The lowest
energy excited triplet state of the D-A dyads is the local triplet
of the 6-cyanopurine acceptor. The T, state is the CT triplet,
located closely below 'CT (AE = 0.01 to 0.10 €V). Due to the deep
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3LE, level, the intramolecular TADF process is not expected, as
the energy gap between °LE, and 'CT states exceeds 0.24 eV.
This correlates well with the experimental data in 2-MeTHF
solution, where this energy gap is estimated at around 0.20 eV.

Photophysical properties in films

The emission properties of the exciplex systems were investi-
gated in spin-coated thin films. The samples featuring a
physical mixture of the components were prepared by mixing
PCP and 9-PhCbz at a 1:1 molar ratio. To prevent the crystal-
lization and phase separation of the individual components the
resulting mixture was dispersed in poly(methyl methacrylate)
(PMMA) with a mass ratio between the exciplex forming mole-
cular pair and polymer host being set at 50:50 wt%. The
second exciplex system was prepared by mixing PCP and PVK
at an approximately 1:1 molar ratio. The rest of the tested
samples were neat amorphous films of PCbz(1-3).

In all the cases broad charge-transfer emission bands were
observed with maxima in the range of 473-528 nm (Fig. 4c and
Fig. S8, ESL{ Table 1). System PCP:PVK shows significantly
redshifted ICT emission due to PVK possessing a lower IP value
than the other donor components (Fig. 4a). The photolumines-
cence excitation (PLE) spectra are consistent with the exciplex
formation, as emission originates from the photoexcitation of
D and A components and no direct CT or ICT transitions can be
detected (Fig. 4c). Slight PL quenching in the presence of
oxygen was detected for the samples (Fig. S9, ESIT).

The PL lifetime measurements reveal multiexponential
decay dynamics. This is a characteristic behaviour for exciplex
systems due to the involvement of molecular pairs with poorly
defined spatial configuration (Fig. 4d and Fig. S10, ESILf
Table 1).** The fitted lifetime values indicate that the emission
process involves contribution from triplet states, as long-lived
emission components of up to 0.69 ps can be measured. In
contrast to the conventional TADF emitters, no clear distinction
between prompt and delayed emissions can be made. The
fastest component of the multiexponential decays varies in
the range of 31-54 ns, exceeding the typical fluorescence life-
time values of organic fluorophores.*® This observation sup-
ports the proposed FISC-assisted exciplex formation, as the
realization of such a mechanism should yield predominantly
delayed emission. The shape and position of PL spectral bands
show no transformations with time (Fig. S11, ESIt), again
suggesting that all the occurring emission processes originate
from a single excited state. In terms of @y, the highest value of

Table 1 Photo-physical properties of the investigated exciplex systems
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0.41 was measured for PCbz-1. For other compounds this
parameter is notably lower, in the range of 0.08-0.25. The least
efficient emission is observed for the PCP:PVK system. Such a
quantum yield drop is characteristic for the exciplex systems
bearing polymeric donor components, because the formation
of exciplex molecular pairs is obstructed due to steric effects of
polymer chains.*® The TADF nature of the compounds is
additionally supported by the linear dependency of the delayed
emission intensity on laser flux, with the resulting slope
coefficient of 1 (Fig. S12, ESIt). In the case of triplet-triplet
annihilation a slope of 2 is expected.’”

Temperature-dependent PL measurements were conducted
for PCP:9-PhCbz and PCbz(1-3) exciplex systems. Upon cooling
in 300-77 K interval PL decays reveal minimal temperature-
induced changes (Fig. S13, ESIY). Generally, a slight emission
intensification across the whole decay curve can be observed
(Fig. 5a). This is a contrasting behaviour in comparison to
conventional TADF emitters, for which cooling leads to a
substantial intensity drop for the delayed emission
component.*® Direct measurements of PL intensity reveal a
more pronounced temperature dependence (Fig. 5b and Fig.
S14, ESIT). All examined samples show notable PL intensifica-
tion upon cooling. This is particularly apparent for PCbz-1,
where, upon cooling to 77 K, the PL quantum yield increases
from 0.41 to 0.69 (Fig. 5¢). This intensification is not linear and
at about 150-180 K a local maximum can be resolved in PL
efficiency-temperature correlation curve.

Previous observations provide evidence for FISC-assisted
TADF exciplex formation. Assuming a complete excitation
transfer to the *LE, state, triplet stability is expected to become
a significant factor for the excited state relaxation process. The
triplet lifetime of PCP is predicted to not exceed 1.7 us under
room temperature conditions (experimentally determined
value for purine). Accordingly, the rates of RISC-mediated
radiative relaxation from 'CT state and non-radiative local
triplet relaxation are similar and the both processes occur on
a comparable timescale. Thus, the observed gradual intensifi-
cation of the emission with the cooling can be considered as a
consequence of PCP triplet state stabilization. The observed
local emission efficiency maxima at about 100-180 K, on other
hand, can be related to the manifestation of TADF (Fig. 5¢), as it
indicates the thermal activation process. Assuming the FISC-
assisted emissive mechanism, AEsr gaps of the examined
exciplex systems are assigned as the energy difference between
local PCP triplet and 'CT singlet energies (Table 1). The *LE,

Exciplex system Jp® [nm] Dpy, T4, T2, (13) [n8] 71175 (: 13)° [%] Es° [eV] E [eV] AEg;’ [eV]
PCP:9-PhCbz 473 0.25 49, 137, 682 21:56:16 2.98 2.95 0.03
PCP:PVK 528 0.08 31, 140, 692 12:56:32 2.81 2.95 —0.14
PCbz-1 502 0.41 54, 246 39:61 2.82 2.94 —0.12
PCbz-2 501 0.17 34, 149 21:79 2.97 2.92 0.05
PCbz-3 497 0.13 55, 183 27:73 2.85 2.94 —0.09

“ Emission band maxima. ? Relative contribution of multi-exponential PL decay components. © Onset energy of fluorescence at room temperature.
¢ Onset energy of PCP or PCbz(1-3) phosphorescence in 2-MeTHF at 77 K. ® AEgy = Eg — Er.
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J. Mater. Chem. C, 2021, 9, 4532-4543 | 4537



Journal of Materials Chemistry C

(@) 1000
100 4
@
£
3
(8]
10 4
() PR T
H“I "'ﬂ“'l"l dtl ’ ‘I
. T
0 1000 2000 3000 4000
Time (ns)
(c) 087 ®PCP:9-PhCbz ® PCbz2
©PCbz-1 O PCbz-3 5"
0.7
0.6
05
:
© 04
0.3
021 oy, —0— o3
0.1 ©
50 100 150 200 250 300

Temperature (K)

Fig. 5

Paper
(B) 26406
— 77K
1E+06
- —100K
S 1E+06
——140K
< 1E+06 180K
2
2 ge+05 220K,
2 —— 260K
£ 6E+05 -
3 —— 300K
o 4E+05
2E+05
0E+00 -
400 450 500 550 600 650 700 750
Wavelength (nm)
(d) 077 o oTotal @,
. o o Contribution of 7,
0.6 4 © ° e Contribution of 1,
05 .
3 0.4 -
©
0.3 4
02 \
0.4
50 100 150 200 250 300
Temperature (K)
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induced ®p changes for PCbz-1.

level of the exciplex systems is placed at 0.09-0.14 eV above the
emissive singlet level, with the exception of PCP:9-PhCbz and
PCbz-2, where the local triplet is the lowest lying excited state.
In such a way, the most probable thermally activated radiative
process should involve internal upconversion *CT — °LE,,
followed by RISC between *LE, — 'CT levels or only RISC
between *LE, — 'CT levels, if the local triplet is the lowest
level.*® While the manifestation of TADF is expected to result in
a gradual intensity increase of the delayed PL component
across the whole 77-300 K range, starting from 200 K the
thermal activation is likely undermined by the rapidly decreas-
ing triplet state population of the PCP acceptor.

PL lifetimes were fitted for the neat PCbz-1 film across the
300-77 K cooling range. Throughout the temperature range the
PL decay can be approximated with a biexponential fit, yielding
lifetimes 7; & 50 ns and 7, ~ 300 ns. The impact of cooling on
7, is negligible, while for 7, a gradual increase by about 80 ns
can be observed (Fig. S15, ESIf). Increasing lifetime of 7,
indicates a reduction in the radiative rate thus suggesting the
TADF emission mechanism. The contribution of each decay
component towards total ®@py, is plotted in Fig. 5d. As it can be
seen a cooling-induced PL efficiency increase can be observed
for both the components. The fastest component shows almost
linear intensity increase across the temperature range. At the
same time, the behaviour of 7, is closer to typical TADF
emitters, with a clearly resolvable thermal activation, which
peaks at around 225 K. Since both the decay components are
temperature-dependent their origin can be attributed to the
triplet (°LE,) state."’

4538 | J Mater. Chem. C, 2021, 9, 4532-4543

A deeper insight into the emission mechanism is provided
by the analysis of dilution effects on PL characteristics in a
PCbz-1:PMMA guest-host system (Fig. 6 and Table S2, ESIT).
The PL bands of the samples show a steady redshift from 468
to 502 nm, as the concentration of PCbz-1 increases from 1
to 100 wt%. This linear concentration-induced redshift of the
PL band is a clear indication of exciplex formation. The 'CT
energy of the exciplex can be directly correlated with the
distance between the involved D and A fragments, where more
closely situated molecular pairs possess a lower energy S;
state.” In the studied case the distance between D and A
fragments decreases with the emitter concentration, causing
the observed PL redshift. At a PCbz-1 concentration of 1 wt% it
is expected that a significant contribution to the total emission
originates from the intramolecular through-space charge trans-
fer process, as the PCbz-1 molecules become more isolated.
Because no apparent changes in band shape or PL kinetics are
observed in comparison to more concentrated samples the
emission in this case is still attributed to the exciplex formation
mechanism.****%3

The shift of the 'CT band to lower wavelengths is accom-
panied by emission efficiency increase, as ®py, rises from 0.18 to
0.41 (Table S2, ESIf). This can be explained by the relative
placement of 'CT and °LE, levels. For 1 and 10 wt% samples
the 'CT level (measured at the PL onset) is placed significantly
above T; of the PCP fragment (AEsy = 0.34 and 0.15 eV). By
assuming almost complete excitation transfer to the *LE, state,
the large energy gap between the local triplet and the emissive
singlet forbids the RISC process for a significant population of

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 (a) PL spectra of PCbz-1:PMMA films with different emitter con-

centrations. Phosphorescence onset of PCP is given to mark the *LE,

energy level. (b) PL decays of the aforementioned samples.

D/A pairs (LE state energy is not affected by the composition of
the D/A mixture). Coincidently, for 50 and 100 wt% samples a
substantial ®p; increase is observed, as the *LE, level now
matches the 'CT onset (Fig. 6a). The difference between the
studied samples is also apparent, when PL decays are compared
(Fig. 6b). Namely, the intensity of delayed emission increases
with PCbz-1 concentration. This provides another evidence for
substantial excitation trapping by the dark °LE, state in the
more diluted PMMA films.

Because of the notable intensity decrease for delayed emis-
sion in a 1 wt% sample, a prompt emission can be resolved in
PL decay. Accordingly, the fit with three decay components can
be obtained (Table S2, ESI}), showing prompt fluorescence with
6.9 ns lifetime that accounts for 7% of the total emission.
Expressed in ®p;, this amounts to 0.01, a value that is identical
to the measured PL quantum yield in the PCP:PMMA (5 wt%)
film. Accordingly, the prompt emission can be interpreted as a
result of direct energy transfer from the 'LE, to 'CT state,
whereas the rest of the emission is a result of an initial ISC
process to the °LE, state, followed by TADF. The detection of

This journal is © The Royal Society of Chemistry 2021
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prompt and delayed emission components allows calculation
of the photophysical rate constants for the emissive system.**
Accordingly, a kisc value of 1.35 x 10® s~ was obtained, which
is comparable to the theoretically calculated value for PCP. At
the same time the relatively slow prompt fluorescence rate
kauor. = 1.83 x 10° s determines a high ISC quantum yield
(Prsc) of 0.92. Because of the two delayed emission components
being present, the rate constants for each were determined
separately. The slowest component (t = 368 ns) possesses a
krisc of 6.12 x 10° ™7, a delayed fluorescence rate kpy of 2.49 x
10° s~* and a nonradiative rate k,, of 2.47 x 10° s~ *. For the
fastest component (r = 63 ns) these parameters are kpisc =
2.85 x 107 s, kpp =1.17 x 10° s™' and k,, = 1.47 x 10" s '. As
it can be seen rate constants vary significantly between the two
cases, indicating slightly different upconversion mechanisms.
This is expected for exciplex systems, where large variation in
distance between D and A fragments results in dispersion in the
relative placement of 'CT, *CT and *LE levels.*! In particular, two
cases can be distinguished. If the energy levels of the involved
states overlap ("CT ~ CT ~ ’LE), an optimal situation is created,
where both SOC (PLE — 'CT) and hyperfine coupling
(’CT - 'CT) contribute to the RISC process."’ When °LE
energetically departs from 'CT and *CT levels, the upconversion
proceeds mainly through vibrionic coupling with an energeti-
cally higher placed °LE state.”” We attribute the fastest delayed
emission component to the first case. The optimal energy level
placement provides an exceptionally fast kgisc of 2.85 x 107 s .
Such systems can possess a very small A Egp gap, below 5 meV,*®
thus explaining the lack of apparent thermal activation in the
cooling range up to 77 K. The longer lifetime decay component,
on the other hand, can be attributed to the exciplex pairs, where
the 'CT level is placed below 3LE, and thermal activation is
needed for the RISC process. The significantly higher nonradiative
rate is calculated for the fastest delayed component. By assuming
that the limited triplet lifetime of PCP is the main factor causing
nonradiative relaxation to the ground state, this can be explained
by the relative energy level placement. By assuming the level
configuration, where 'CT ~ *CT ~ °LE, a significant fraction of
the excited states is located on the PCP fragment, causing
increased nonradiative decay. For the longer lifetime emission
this is partly overcome, as excitation is mainly located on the
deeper *CT level.

Interestingly, the prevalence of one or the other triplet
upconversion mechanism can be forced by the composition
of the D/A system, as shown by the analysis of PCP:9-PhCbz
mixtures composed of 1:2 and 2:1 molar ratios (Fig. S16,
ESIt). Like in the case of the equimolar sample, the compo-
nents were mixed in PMMA (50 wt%). Similarly to PCbz-1,
PCP:9-PhCbz (1:2) shows a biexponential decay with 50 ns
(r1) and 150-250 ns (t,) components (Fig. S16a, ESIf). The
contribution of 7, towards total PL is much larger and at 180 K,
where the sample shows most intense emission, it reaches
80%. At the same time PCP:9-PhCbz (2:1) possesses mono-
exponential PL decay, for which only the faster component
(r1 & 50 ns) is present (Fig. S16b, ESIT). Characteristically, this
delayed emission also shows no apparent temperature-induced
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PL intensity maxima and lifetime changes. It can be speculated
that this difference in emission properties is caused by relative
PCP mass content. Since a large concentration of PCP can
enable more efficient triplet exciton transfer to lower energy
states through the Dexter mechanism,® this can aid *LE, and
CT energy level matching. For systems where PCP molecules
are more diluted the °LE, level stabilization is less likely and
internal conversion to lower energy *CT states is expected to
dominate.

Emission mechanisms in covalently bound acceptor-donor
dyads

TADF-active molecules featuring a covalently bound, but
weakly interacting donor-acceptor pair, are known to exhibit
multiple emissive mechanisms depending on the solid-state
morphology.*”** Similar behaviour is observed for compound
PCbz-1.

The photo-physical properties of PCbz-1 in the neat amor-
phous film and crystalline powder are outlined in Fig. 7. The
comparison of UV-Vis absorption spectra in different media
(Fig. 7a) reveals that in its crystalline state the compound starts
to exhibit a well-resolved absorption band in the 350-550 nm
range, indicating the formation of the CT state. PL measure-
ments show a substantial emission band displacement
(Fig. 7b), as PL in crystalline powder (Zmax = 471 nm) is notably
blueshifted in comparison to the amorphous film (502 nm). In
terms of @p;, crystalline powder shows a slightly increased
emission efficiency value of 0.52. As can be predicted from
UV-Vis absorption data, PLE spectra affirm CT character for the
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crystalline form, as emission originates mainly from the direct
excitation of the CT band, with the maximum at 430 nm. For
the amorphous film emission proceeds through the excitation
of D/A fragments, indicating the formation of an exciplex. The
obtained PL decays reveal major differences in the excited state
relaxation pathways (Fig. 7c). As previously discussed, the
emission in the amorphous film originates from the formation
of a TADF-active exciplex. In stark contrast, the crystalline form
exhibits a strictly fluorescent nature, with a monoexponential
PL decay, characterized with 27 ns lifetime and a radiative rate
0f 1.93 x 107 s, This radiative rate is by an order of magnitude
higher than the prompt component of the TADF-active PCbz-1
exciplex and can be attributed to increased oscillator strength
of the CT state in the crystalline sample. The strengthening of
the D-A conjugation in this case is attributed to the conforma-
tional locking of the molecular fragments due to the lattice
hardening in crystals. A deliberate conformational locking is a
well-known strategy for induction of the CT state in otherwise
weakly conjugated fluorophores.*® Because no ISC to the triplet
state takes place for the crystalline form, it shows a higher ®@p;,
value despite the 'CT energy level being well above the PCP
triplet.

By assuming similar crystal packing patterns for PCbz(1-3),
the acquired single crystal X-ray structure of PCbz-2 gives
indication for the existence of two distinctive emissive forms.
The intermolecular distance between donor and acceptor moi-
eties in the crystal is 6.78 A (Fig. S2c, ESIY). For a typical TADF-
active exciplex system the distance between D and A molecules
below 5 A is expected. For the neat amorphous sample the
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(a) UV-Vis absorption spectra of PCbz-1 in different media. (b) PLE and PL spectra of different solid-state forms of PCbz-1. (c) PL decays of

different solid state forms of PCbz-1. (d) Proposed mechanisms for emission processes.
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emission is expected to arise from the intermolecular 'ICT
state, which forms due to more closely situated (<5 A) donor
and acceptor pairs of neighbouring molecules.”” Because the
energy of the 'ICT state in exciplexes becomes more stabilized,
as the distance between components decreases,*"*° the AEgy
gap between 'CT and °LE levels becomes small enough for
enabling TADF. Since the "ICT state cannot be directly excited,
the emission mechanism proceeds through the FISC-assisted
pathway (Fig. 7d).

Electronic properties of exciplex systems

To evaluate the practical application viability, charge transport-
ing properties and OLED performance were investigated for the
acquired exciplex systems. Because of higher @y, values and
easier device preparation compounds PCbz(1-3) were chosen
for the studies. Charge-transporting properties in vacuum
deposited layers of PCbz(1-3) were examined by the time of
flight (TOF) method (Fig. 8a and Fig. S17, Table S3, ESIY).
Bipolar charge transport with relatively strong dispersity was
observed, with the electron and hole mobilities exceeding
10" em® V' s7! at high electric fields. The balanced charge
transportation together with triplet harvesting ability marks the
investigated compounds as promising candidates for applica-
tions in organic optoelectronic devices. Though, the observed
thermal PL quenching for the investigated compounds makes
them more suited for the role of charge-transporting host
materials.

Journal of Materials Chemistry C

Exciplex-based hosts can be exploited to obtain OLEDs with
the power efficiency higher than 100 Im W' due to the pn-
active heterojunction.®® However, it is difficult to deposit three-
component light emitting layers due to the issues with the
compound concentration control. This can be overcome by the
use of covalently bound exciplex-forming materials. Accord-
ingly, compound PCbz-3 with the best charge mobilities was
applied as an exciplex-based host for the green TADF emitter
4,6-di(9,9-dimethylacridan-10-yl)isophthalonitrile =~ (DAcIPN).
PCbz-3 with the HOMO (—5.97 eV) and LUMO (—3.19 eV) is
an energetically suitable charge transporting material for
DACIPN: HOMO (—5.65 €V) and LUMO (—3.3 eV).** Using
the light-emitting layer DACIPN(x wt%):PCbz-3, where x was 5,
10 or 20 wt%, respectively, the devices A1, B1, and C1 were
fabricated with structure ITO/HAT-CN(10 nm)/NPB(40 nm)/
mCP(4 nm)/DAcIPN(x wt%):PCbz-3 (24 nm)/TSPO1(4 nm)/
TPBi(40 nm)/LiF:Al. The commercially available compounds
hexaazatriphenylenehexacarbonitrile (HATCN), N,N’-di(1-
naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine (NPB),
1,3-bis(9-carbazolyl)benzene (mCP), diphenyl-4-triphenylsilyl-
phenylphosphineoxide (TSPO1) and 1,3,5-tris(1-phenyl-1H-
benzimidazol-2-yl)benzene (TPBi) were used as the functional
materials. Selection of conventional hole-injecting (HAT-CN),
hole-transporting (NPB), exciton-blocking (mCP and TSPO1),
electron-transporting (TPBi), and electron-injecting (LiF) layers
allowed the containment of the hole-electron recombination
zone within the light-emitting layer. The maximum brightness
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exceeding 50000 cd m~? and the maximum external quantum
efficiency (EQE) of 11.6% with low roll-off efficiency were
obtained for device B1, demonstrating the potential of the host
PCbz-3 (Fig. 8b and c).

Complete host-guest energy transfer was achieved in devices
B1 and C1 (Fig. 8d). The measured EL spectra fully originated
from DACIPN and the emission was stable with an increase
of electric field (Fig. 8d and Fig. S18, ESIf). In contrast, the
low-intensity emission band was observed in the range of
410-450 nm in EL spectra of device Al indicating that the
energy transfer from PCbz-3 to DACIPN did not completely
occur at low concentration (5 wt%) of the emitter in the light-
emitting layer. This observation can apparently be attributed to
the lower EQEs of device A1 in comparison to those of device C1
and the previously reported device with the emitting layer of the
molecular dispersion of DACIPN (5 wt%) in TCz1.>>

It should be noted that the EL spectrum of device C1 was
blue shifted in comparison to the EL spectra of devices A1 and
B1l. The blue shift resulted from complicated aggregation
effects of emitter DACIPN which were discussed elsewhere
(Fig. 8d and Fig. S18, ESIt).”> Due to the aggregation effects
of DACIPN, slight blue-shifts can be recognized in the EL
spectra of the fabricated devices compared to the PL spectra
of the corresponding vacuum deposited light-emitting layers
(Fig. S19, ESIf). The concentration of DACIPN also has a
considerable effect on the charge-transporting properties of
the light-emitting layer of DACIPN:PCbz-3, resulting in different
turn-on voltages of devices A1, B1 and C1 (3.9, 4.6, and 5.3 V,
respectively) despite the same device structure being used
(Fig. 8c). The similar trends were observed for the output
characteristics of devices A2, B2 and C2, for which slightly
thinner emitting layers were used (20 vs. 24 nm) (Fig. 8b-d).
Lower EQEs of devices A2, B2 and C2 than those of devices A1,
Bl and C1 can be attributed to different charge transport
balance and alternating distribution of exciton recombination
zones within the light-emitting layers. Such differences are
caused by the strong sensitivity of emitter DACIPN to the
hosting media.** It is important to note that OLEDs containing
host PCbz-3 showed higher EQEs (5.4% for device C1 and 5.1%
for device C2) than previously published devices based on the
known hosts TCz1, mCP, and bis[2-(diphenylphosphino)phe-
nyl] ether oxide (DPEPO) (4.8, 2, and 2.8%, respectively).>> This
result proves the potential of the reported intermolecular
exciplex-forming compounds as OLED host materials.

Conclusions

We have successfully demonstrated that molecules possessing
fast intersystem crossing ability can be purposely used as
building blocks for TADF exciplex systems. The ability to
contain the excitation on °LE, state forces an optimal RISC
pathway, in such a way that the emission lifetime is reduced
to a sub-microsecond level. The apparent drawback for the
examined exciplex systems is the observed heat-induced
decrease in emission efficiency. This effect is caused by the

4542 | J Mater. Chem. C, 2021,9, 4532-4543
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short room-temperature triplet lifetime of the chosen purine
acceptor. To overcome this, alternative organic molecules with
fast ISC can be proposed from the large variety of known room-
temperature phosphorescent compounds with long-lived triplet
states.”*>® We believe that our approach can be used to enable
a novel rational design guided strategy towards efficient emis-
sive TADF materials for their use in OLEDs both as emitters and
host materials.
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ABSTRACT: New push—pull N(9)-alkylated 6-piperidino-2-triazolylpurine and ® e . ~
2-piperidino-6-triazolylpurine derivatives are synthesized, and their optical and NJNEIN> ; \\ o o~
optoelectronic properties are comprehensively characterized with experimental L N} \ NT;
and computational methods. The compounds possess intense violet or blue I ,\NN\’N\\;L}
fluorescence with fluorescence quantum yields of up to 91% in solution and 40% \ @ ¢
in host-free films. Depending on their structural composition, the compounds have [ (e
ionization energy in the range of 5.25—6.04 eV, electron affinity of 2.18—3.1S eV, | \‘ L
and triplet energy of 2.52—2.95 eV. Due to the presence of hole-transporting ] N

purine and electron-transporting triazole fragments, compounds exhibit bipolar Mo
charge-transportation ability. Despite the favorable emissive properties of the Selim,

studied push—pull purines, their electroluminescence in thin films is quenched
owing to large current densities that are present even at a moderate driving
voltage. This marks application directions related to a predominantly charge-
transportation functionality as the most suitable for this compound class.

400 450 500 550
Wavelength (nm)

H INTRODUCTION compound class for the application in organic electronic
devices."”” On the other hand, purine derivatives containing
phenoxazine or phenothiazine groups in the meta-position of
the phenyl substituent synthesized by us reached only up to 15%
quantum yields in PMMA-based films.'°

In 2021, we designed TADF-active exciplexes based on 6-
cyano-9-phenylpurine-carbazole dyads, studied their photo-
physical properties in the solution, film, and crystalline phase
and successfully used them as host materials for the emissive
layer in OLEDs."” In this paper, we investigate the practical
application feasibility and possible limitations of fluorescent
push—pull purines containing triazolyl moieties, focusing on the
compound integration in solution-processed films with electro-
luminescent or charge-transporting functionality and studying
the optical and optoelectronic properties of synthesized purine
derivatives. A series of N(9)-alkylated 6(or 2)-piperidino-2(or
6)-triazolylpurine push—pull-type molecules were acquired for
the purpose of the study. The photophysical and thermal
properties of the compounds and their energy level config-
uration were experimentally determined. The experimental data
were supplemented with quantum-chemical calculations. The

DNA nucleobases have been successfully incorporated in
electron-blocking or hole-transporting layers of organic light-
emitting diodes (OLEDs) due to their large band gap (Eg)
values and suitable energy levels."> Additionally, carbazole-
functionalized DNA has been used as a charge-transporting co-
host material in the active emissive layer (EML), consequently
showing performance improvements in comparison to some
conventional host materials.> Nucleobases or their derivatives
have also been used in organic field-effect transistors (OFETs),
mainly as the dielectrics.”’

Recent studies have shown that chemical modifications of one
of the nucleobase cores, the purine heterocycle, by an
introduction of electron donor and acceptor fragments, provide
highly emissive push—pull-type compounds, whose fluorescence
(FL) quantum yield (®g) can reach unity.”'" While the
fluorescent nature of these compounds limits the potentially
attainable efficiency of the corresponding purine-based OLEDs,
singlet harvesting compounds still find a practical use in blue
light-emitting devices due to the poor chemical stability of the
triplet harvesting alternatives.'” Several early reports of OLEDs
showing electroluminescence in the important deep-blue and
violet parts of the spectrum have been demonstrated using Received: November 11, 2021
purine-based emitters.'>'* In addition, it was recently reported Accepted: January 13, 2022
that 9-methylpurine-based derivatives containing phenoxazine Published: February 2, 2022
groups in the para-position of the phenyl substituent at C6 or C2
and C6 positions of purine possess thermally activated delayed
fluorescence, further underlining the potential prospects of the

© 2022 The Authors. Published b
American Chemical Societ; https://doi.org/10.1021/acsomega.1c06359
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Scheme 1. General Synthetic Routes for the Synthesis of Triazolylpurines Sa—d and 9a—d
R2
Pathway A (1) NaNs, /N
acetone/DMF, N
Ph3C(CH,)4OH )i 50 °C,14h alkyne Cu(l)
Ph3P, DIAD, )\ > (2) piperidine, )\ THF/DCM t,
THF, rt, 4 DMF,rt, 1h N R up to 64 h )\
1.5h
2,65% 4, 82% over 2 steps 5a-d
/ /
i v rs ) ) O )=
N N\>
|
C,)\N/ N O 5a (79%)  5b (77%) 5¢ (66%) d (81%)
1
O O 9a (88%)  9b (73%) 9c (85%) 9d (86%)
(1) NaNg, EtOH,
80°C, 5 min Ph3C(CH2)4OH alkyne Cu(l)
(2) piperidine, Ph3P DIAD, DCM rt,
H,0, 100°C, 2 h )\t > THE 1, 121 )\ > up to 264 h ,N\ )\
Pathway B 7,39% over 2 steps 8, 71% R2 9a-d

results indicate that the compounds exhibit excellent charge-
transporting ability, which is detrimental to the electro-
luminescence process but can be potentially exploited in purely
charge-transportation-related areas of organic electronics.

B RESULTS AND DISCUSSION

Material Design and Synthesis. The newly synthesized
materials were based on a known highly emissive molecular
scaffold,'*™>* where 2- or 6-amino-substituted purines are
functionalized with electron-deficient 1,2,3-triazole moieties at
the corresponding unoccupied 2- or 6-position. It has been
shown that natural 2- or 6-amino-substituted purine derivatives,
guanine and adenine, possess good hole-transporting ability."
The presence of 1,2,3-triazole moieties, on the other hand, is
shown to enhance the electron transport properties of the
molecule.” It was predicted that the suggested bipolar
composition of the target molecules would facilitate balanced
charge-transporting properties. To better understand correla-
tions between the structure and photophysical properties of the
compounds, differently substituted phenyl groups were attached
to the triazole cycle. The poor solubility and inherent
crystallinity of the corresponding purine derivatives were
overcome with the introduction of 5,5,5-triphenylpentyl groups.
Triphenylmethane-based derivatives are known to promote
amorphous phase formation for otherwise crystalline polar
molecules.”

For the synthesis of the desired compounds, we used two
different approaches (Pathway A and B), yielding compound
series Sa—d and 9a—d (Scheme 1). The commercially available
2,6-dichloropurine 1 was used as the starting material. For the
synthesis of compound $, first, we introduced a triphenylpentyl
group at the N(9) position of purine using DIAD, Ph;P, and
corresponding alcohol under the Mitsunobu conditions.**’
Then, we substituted chlorine atoms at C(2) and C(6) positions
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with azido groups and next introduced piperidine as a donating
group. For N(9)-alkylated substrates, substitution with piper-
idine took place at the C(2) position and subsequently the
triazolyl ring was introduced at the C(6) position via Cu(I)-
catalyzed cycloaddition reactions with different alkynes.
Previously reported methods have been used for the copper-
(I)-catalyzed alkyne-azide cycloaddition (CuAAC) reactions to
produce triazole moieties."”*® Products Sa—d were obtained
with 66—81% yields (Scheme 1).

On the other hand, series 9 were obtained using the same
reaction conditions but in a reverse sequence (Scheme 1). First,
unprotected 2,6-dichloropurine 1 was treated with NaNj
followed by an SyAr reaction with piperidine. In the case of
N(9)-H 2,6-diazidopurine, the SyAr reaction with piperidine
took place regioselectively at the C(6) position, which is
opposite to N(9)-alkylated substrates. Next, product 7 was
alkylated at the N(9) position and products 8 were cyclized with
different alkynes to target products 9a—d. These 1,3-dipolar
cycloaddition reactions required longer times compared to
previous ones but still produced products 9a—d with 73—88%
yields. For example, a reaction with 4-dimethylaminophenyla-
cetylene required 264 hours to be completed. An increase of the
temperature to accelerate the cycloaddition was impossible due
to the instability of azido starting materials. Moreover, all of the
steps, where the azido group was involved, were performed while
being covered from the day light. All azido compounds (4,7, 8)
should be stored at temperature < —20 °C to prevent
degradation.

Phase Behavior and Thermal Characteristics. With the
introduction of triphenylpentyl groups that enhance solubility
and promote the formation of an amorphous phase, the
synthesized compounds were primarily designed as being
suitable for solution-based processing methods. The resulting
purine derivatives are highly soluble in moderate polarity

https://doi.org/10.1021/acsomega.1c06359
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solvents (CHCl; DCM, THF) and form amorphous films upon
spin-coating from the corresponding solutions. To closely
investigate the solid-state phase behavior, the selected
compounds Sa, 5d, 9a, 9b, and 9d were studied by employing
differential scanning calorimetry (DSC). From this series, only
compound 9d showed the presence of a crystalline state upon
the first heating cycle (melting temperature 176.0 °C). In the
case of other compounds, glass transition temperature (T,) was
detected as the only phase transition. DSC plots of the second
heating cycle for the purine derivatives are given in Figure 1. The
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1.01 5a f\r—\

081 54 __,——j?s:c

0.61 85 °C
98 —— /-

041 M
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Temperature, °C

Figure 1. DSC plots during the second heating for selected push—pull

purine derivatives.

obtained T values vary in the range of 82—102 °C. These
parameters are sufficient to ensure the structural integrity and to
prevent phase transition processes in optoelectronic devices
under typical device operation conditions. For comparison, T, of
a conventional charge-transporting host material as 4,4'—bis€N—
carbazolyl)-1,1’-biphenyl (CBP) is 62 °C.* Structural correla-
tions among the series of the synthesized compounds reveal that
T, increase in the range of 13—20 °C can be linked with the
presence of the cyanophenyl group (compounds 5d, 9d). Asit is
indicated by DFT calculations, which evaluate the ground state
dipole moment (p) values of 5d and 9d at 4 = 11.9 and 10.5 D
(Table S1), these molecules are the most polar among the
examined series. Further discussion concerning molecular
orbital placement relates this to an increased spatial separation
of electron-rich and poor regions of the molecules. Since ;£ can
be associated with a strong amplification in the force of solid-
state intermolecular interactions,”® the consequential rigid-
ification of the glassy lattice manifests in increased T, for 5d and
9d. The same explanation can be given for the outlier
crystallization tendency for compound 9d, which is also caused
by the high polarity of the compound.

The presence of N-heterocyclic molecular fragments has often
been linked to a reduced thermal and chemical stability of the
corresponding molecules.”"”** Thermogravimetric analysis was
performed to evaluate the thermal stability of the compounds 5d
and 9d (Figure S1). The results show that both the molecules
possess good thermal stability with the corresponding
decomposition temperatures of 298 and 258 °C. A notable
increase in stability can be observed for a purine derivative with a
2-amino-6-triazolyl substitution pattern in comparison to a 2-
triazolyl-6-amino counterpart.

Photophysical Characterization. The synthesized materi-
als were initially characterized employing UV—vis absorption
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and photoluminescence (PL) spectroscopy. The obtained
absorption and emission bands are given in Figure 2, and
band maxima values are outlined in Table 1. Taking into account
the structural impact on the photophysical properties, the
placement of substituents at the purine ring in either 2-amino-6-
triazolyl (series S) or 2-triazolyl-6-amino (series 9) arrangement
has the most notable impact on electronic transitions. In the case
of §, UV—vis absorption spectra feature intense bands in the
250—300 nm range that can be attributed predominantly to the
local excitation (LE) of the purine aromatic system.”>>* The
lowest energy bands with maxima at 360—367 nm, on the other
hand, correspond to intramolecular charge-transfer (ICT)
transitions. The FL spectra of § exhibit wide featureless emission
bands in the blue spectral region (maxima at 439—448 nm).
Considering the aromatic substituents at the 1,2,3-triazole ring,
only the introduction of N,N-dimethylaniline (Sc) causes a
notable deviation in emissive properties, redshifting the FL band
by approximately 60 nm. We relate this observation to a stronger
solvatochromic response of the compound and the resulting
stabilization of the excited state energy level. This is presumably
caused by the presence of nitrogen lone pair, which may enhance
specific solute—solvent interactions, such as hydrogen bond-
ing.*® Because of this, dialkyl substituted amines are common
structural fragments met in strongly solvatochromic dyes.> @y
values for § vary in the range of 0.74—0.91 in solution. Generally,
the introduction of electron-donating groups at 1,2,3-triazole
can be associated with reduced ®y;. In spin-coated amorphous
films, the compounds retain fairly large emission efficiency (@,
0.40—0.28), indicating a moderate extent of solid-state
quenching,””*" with the exception of Sc, which shows a
dramatic emission efficiency drop to 0.03.

For the 2-triazolyl-6-amino purine series (9a—d), the lowest
energy absorption and FL bands show a substantial
hypsochromic shift in comparison to the structural analogues
from the 6-triazolyl-2-amino purine series (Sa—d). ICT
absorption bands (A mex 300—305 nm) now partly overlap
with LE transitions, while emission has shifted to the violet part
of the spectrum (dey may 388—4SS nm). Analogous to the
previously observed behavior, only the introduction of the N,N-
dimethylaniline fragment to the 1,2,3-triazole moiety causes a
notable redshift of absorption and FL bands. @ values in
solution for 9a—d (0.17—0.44) are notably lower than those
measured for S. On the other hand, in amorphous films, series 9
show a relatively lesser FL efficiency drop (0.15—0.22), with the
exception of N,N-dimethylaniline-substituted 9c.

All compounds show monoexponential emission decay
curves, associable with a fluorescence process (Figure S2).
Lifetime values vary in the range of 11—13 ns for series 5, while
for compounds 9, the emissive relaxation to the ground state
proceeds substantially faster, in the range of 2—8 ns (Table 1).
The corresponding radiative (k) and nonradiative (k) decay
rates (Table S2) indicate that k, is somewhat comparable among
all compounds, but k,, is notably increased for series 9. It is
worth noting that the FL lifetime of the compounds is longer
than typical values for purine-based emitters.” As shown by
Collier et al., the emission rate in such emitters decreases as the
7-conjugation system of the emitter expands and the charge-
transfer process is not confined to the purine moiety but assumes
an intramolecular charge-transfer character.” A similar situation
is observed for our compounds, where the emissive process
involves charge transfer between different aromatic fragments.

All of the studied compounds show a positive solvatochromic
response for FL bands, without notable band shape trans-
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Figure 2. Absorption and emission spectra for compound series § (a) and 9 (b) measured in CH,Cl,. Solvatochromic response for emission bands of

Sa (c) and 9a (d).

formations (see Figure 2c,d for the solvatochromic response of

Sa and 9a). This indicates a dipole moment increase of the

molecules upon the excitation process and points to the ICT

character of the excited states.>®
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Characterization of Electronic Levels. The configuration
of electronic levels for optoelectronic materials determines
whether compounds are compatible with an incorporated
emitter, host material, or neighboring layers of the charge-
transporting materials or electrodes. The electronic levels in thin

https://doi.org/10.1021/acsomega.1c06359
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Table 1. Experimental and Calculated Photophysical Parameters and Energy Levels for Compounds 5a—5d and 9a—9d

experimental calculations
compound  Apgmy DM? Ay g DM @, " 7,ns" EpeVe I ev? Ag, eV Ey, eV HOMO, eV LUMO, eV AEg g, eV¢  AEg 1y, eV
Sa 364 446 0.91/0.32 13 2.53 5.80 2.85 295 —5.61 —1.63 3.57 2.75
Sb 360 439 0.78/0.28 11 2.54 5.86 3.07 2.79 —5.45 —1.56 3.51 2.76
Sc 365 S11 0.74/0.03 12 2.52 525 2.47 2.78 —4.86 —1.45 3.06 2.61
Sd 367 448 0.90/0.40 12 2.54 5.90 3.15 2.75 =5.79 —1.96 3.42 2.69
9a 320 394 0.31/0.22 3.6 293 5.76 231 345 =573 —-1.23 4.09 3.19
9b 320 399 0.17/0.15 2.0 295 5.85 2.59 3.26 =541 —1.16 3.87 3.08
9c 330 455 0.30/0.03 7.9 2.75 525 2.18 3.07 —4.86 -1.05 3.44 2.88
9d 330 388 0.44/0.20 3.9 2.87 6.04 2.89 3.15 -5.99 -1.75 3.81 3.08

“Measured in CH,Cl,. "Values in CH,Cl, solution and films. “Triplet energy levels, determined in 2-MeTHF at 77 K. dIE — ionization energy. “Ag
— affinity energy. JEy, — photoconductivity threshold value. $Calculated lowest singlet excitation energy. "Calculated lowest triplet excitation

energy.

spin-coated amorphous films of the synthesized compounds
were determined by photoemission yield spectroscopy, to find
ionization energy (I5), and photoconductivity measurements, to
determine the photoconductivity threshold value (Eg). The
electron affinity level (E,) was then calculated as the difference
between I and Eg,. The obtained values are outlined in Table 1.
In agreement with the previously discussed results of photo-
physical characterization, the electronic level measurements
confirm a clear distinction between compounds § and 9. Ey, of §
(2.75—2.95 V) are lower than for 9 (3.07—3.45 eV), indicating
notably higher band gap values for the latter series of
compounds. Several structure—property relationships can be
observed. First, among the structurally comparable compound
pairs that contain identical aryl substituents at the 1,2,3-triazole
ring, the Iy value is almost not influenced by the attachment
pattern of amino and triazole substituents at the purine ring.
This energy level is only affected by the substituents at the 1,2,3-
triazole-attached phenyl ring. The Ay level placement, on the
other hand, is affected by both these structural variations. In
general, the introduction of the N,N-dimethylaminophenyl
fragment at 1,2,3-triazole causes destabilization of Iy and Ag
levels. This could be explained by the resulting donor—
acceptor—donor (D—A-D) type configuration of the resulting
conjugated molecules that reduce delocalization energy of the
push—pull system. In contrast, the presence of the electron-
deficient cyanophenyl group causes stabilization of Iy and Ag, as
the molecules form an extended D—A system now. The
compounds that contain an electronically neutral phenyl
group show the largest Ey values, as the lack of electron-
accepting or -donating groups reduces their overall push—pull
character.

The determination of triplet energy levels (Er) is crucial for
host materials that are being designed for triplet harvesting
emitters. If Et of the charge-transporting material is higher than
that for the emissive compound, exothermic excited triplet state
migration proceeds to the emitter. If the situation is reversed, the
triplet states largely stay on the host molecules, negatively
affecting the corresponding OLED efficiency.”® E; of the
synthesized compounds was determined by employing low-
temperature phosphorescence measurements in a frozen 2-
methyltetrahydrofuran matrix at 77 K. Triplet energies were
assigned at the highest energy phosphorescence band maxima
(see Figures 3 and S3). For series S, E1 values vary in the range of
2.52—2.54 eV (Table 1), but for 9a, b, d, they are 2.87—2.95 €V,
with 9¢ being an outlier at 2.75 eV. These values suggest that
compounds 9 can be potentially used as host materials for blue-
phosphorescent compounds.
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Figure 3. Fluorescence and phosphorescence spectra of Sa and 9a in
the 2-MeTHF matrix at 77 K.

Quantum-Chemical Calculations. DFT calculations for
the synthesized compounds were performed to better explain
the correlations between the synthesized structures and their
photophysical properties. The numerical values of the highest
occupied molecular orbital (HOMO), lowest unoccupied
molecular orbital (LUMO) energy levels, and singlet and triplet
excitation energies are outlined in Table 1, but the visualizations
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Figure 4. Calculated geometries and HOMO/LUMO distribution for compounds Sa—d and 9a—d.

of the orbitals are given in Figure 4. The optimized structures of
the compounds assume conformations, where all of the present
aromatic ring systems are coplanar, indicating that 7-electrons
are delocalized in a conjugated system and no sterical
overcrowding effects take place that would result in a twisted
geometry. Generally, a good agreement between the exper-
imental and DFT values can be found, as the calculated HOMO
and LUMO energy level values correlate well with the measured
ionization potentials and electron affinities.

As it can be concluded from the previously discussed
experimental results, regarding the substitution pattern at 2-
and 6-positions, the photophysical and electronic characteristics
of the compounds change drastically. This discrepancy between
S and 9 is partly explained by the molecular orbital configuration
of the compounds. In the case of Sa, purine-centered HOMO
and triazole-centered LUMO are much more spatially separated
than for 9a, where these frontal orbitals are delocalized all over
the conjugated ring system and largely overlap. This points to a
more pronounced push—pull characteristic for Sa and its
analogues. The assumption is additionally supported by the
calculated band gap values that show a substantial drop in
AEyomo-Lumo for § in comparison to 9. The differing nature of
the molecular orbital configuration may also explain the
detected drastic variations in nonradiative excitation decay
rates (k,,) between the two compound subsets. The less
contained molecular orbitals for series 9 compounds would
result in the excited states that are delocalized across multiple
aromatic ring systems, thus increasing the susceptibility to
relaxation pathways through vibrational or conformational
motion processes.

The introduction of electron-donating groups at the 1,2,3-
triazole fragment drastically changes the molecular orbital
configuration for the compounds, as HOMO then localizes on
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the corresponding electron-rich aryltriazole moiety, while
LUMO is mostly confined to the purine fragment. Despite
this transformation of the electronic system, in terms of
molecular orbital energy values, this causes no major deviations
in regard to other synthesized compounds. For 5d and 9d, the
presence of the electron-accepting cyanophenyl group enhances
the spatial separation between the purine-centered HOMO and
the triazole-based LUMO by shifting the LUMO to the
corresponding electron-deficient benzene ring and the cyano
group. Such increased push—pull characteristic is considered as
the origin for the experimentally observed stabilization of I and
Ag levels in comparison to the rest of the synthesized
compounds. This also reflects in the increased calculated
ground state dipole moment values of the compounds.
Optoelectronic Properties. The evaluation of the
synthesized compounds for use in optoelectronic devices was
initially carried out by the preparation of OLEDs, where
solution-processed EMLs consisted only of the synthesized
purine derivatives. Purines with the highest fluorescence
quantum yield were chosen for OLED preparation, namely,
Sa, 5d, 9a, and 9d. In all of the cases, no electroluminescence
originating from purine derivatives was observed. At the same
time, the prepared OLEDs showed relatively large current
densities, as the values exceeding 100 mA/cm? were measured at
a driving voltage of S—7 V (Figure S4). High current can be
proposed as the main reason for the lack of detectable emission.
Polaron concentration in EML at such current levels is high and,
most likely, an extensive polaron-exciton quenching takes place.
In addition, high current promotes a current leakage. The
prevalence of nonradiative exciton recombination pathways
under such conditions results in excessive heating that can
further reduce the performance parameters of light-emitting
diodes.** An unbalanced charge carrier injection in the devices
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was proposed as another possible cause for the lack of
measurable emission.

After unsuccessful attempts to use the purines as the emitting
compounds, these compounds were tested as potential charge-
transporting host materials for phosphorescent triplet emitters.
Based on its highest measured triplet energy value, compound
9b was chosen as the most suitable material for such a purpose.
Tentative OLEDs with EML composed of conventional
iridium(III) blue emitter Flrpic (10 wt %) and 9b were
prepared. Unfortunately, an identical result as in purine-only
samples was obtained since devices exhibited no electro-
luminescence. To better understand the possible cause for this
poor OLED performance, a multi-host device with ITO/
PEDOT:PSS/EML/BPhen/LiF/Al architecture was prepared,
where EML consisted of Flrpic/9b/CBP (10:30:60 wt %)
(Figure S). In this case, a measurable amount of luminance was
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Figure S. Current density and current efficiency-voltage dependencies
for multi-host OLEDs.

detected, originating from the phosphorescent host. In
comparison with a reference device with Flrpic/PVK/CBP
(10:30:60 wt %) EML, the purine bearing OLED showed a
notable increase in current density, indicating improved charge
transport properties. The device also showed improved
efficiency parameters at the voltage range slightly above the
luminance onset mark. The further driving voltage increase,
however, resulted in a sharp decrease in luminance, while the
reference device experienced a steady rise in current efficiency.
Such behavior indicates a better charge carrier density and
balance at turn-on voltage levels in a purine-containing device,
but a further voltage increase causes a rapid deterioration in the
operational stability. Two possible reasons could be mentioned
for the steep OLED efficiency decrease. Although better-
balanced charge carries in the system, there is still high leaked
current (around 10 mA/cm? at turn-on voltage) so that exciton
quenching by polarons takes place at higher driving voltages.
Second, the prepared emitter layer consists of only small
molecules that could lead to higher Flrpic emitter aggregation
compared to the system with an added polymer host (PVK).
Consequently, exciton—exciton annihilation will be observed
and will result in efficiency roll-off. The roll-off could be
decreased by optimizing the ratio between 9b and CBP. At a
voltage of 8 V, a partial current shortage was observed that
destroyed the OLED and no electroluminescence was observed.

Finally, single charge carrier devices were prepared using
architectures ITO/LiF/purine Sd or 9d/LiF/Al for electron-
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only or ITO/MoO;/purine 5d or 9d /MoO,/Cu for hole-only
transport measurement purposes (Figure 6). The obtained
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Figure 6. Current density—voltage characteristics for electron-only and
hole-only devices of 5d and 9d.

results indicate that the compounds possess bipolar charge-
transporting properties, as the hole and electron-only devices
have similar voltage—charge density dependencies. At the same
time, both compounds show very high current levels. Even at
voltages as low as 2V, the current density exceeds 1 A/cm” and
this parameter reaches the 3 A/cm? mark with a voltage increase
to 7 V. These current density values are more than an order of
magnitude greater than those measured for readily applied
OLED charge-transporting host materials.*** This result
confirms that the large current density in EML is the main
reason for the poor OLED performance of the studied push—
pull purines. The good charge-transporting ability of the
acquired triazolyl functionalized purines can be attributed to
their planar geometry and dipolar nature. Our previous
investigation of closely similar structures has revealed that in
the crystalline state these compounds tend to form highly
ordered vertical stacks that are determined by dipolar 7—x
interactions between the electron-rich purine and electron-
deficient triazolyl ring systems.** Taking into account the good
charge-transporting ability of the synthesized push—pull
purines, their use as semiconductors in organic field-effect
transistors (OFETs) or other devices with purely charge-
transporting functionality can be proposed as the most
promising application directions.

Interestingly, slight variations can be observed between
charge transport properties for 2-amino-6-triazolyl (5d) and 2-
triazolyl-6-amino (9d) configured compounds. While both
compounds show almost overlapping current density—voltage
dependency in the hole-only mode, 5d exhibits vaguely better
electron transportation ability. At the same time, 9d is more
prone to hole transport. The calculated distribution of frontier
molecular orbitals for the corresponding compounds (Figure 4)
shows that the HOMO in both cases similarly lies on the purine
ring system, explaining the almost identical hole-transporting
properties. The LUMO, on the other hand, is located mainly on
the cyanophenyl ring for 9d but is delocalized over the whole
purine—triazole—phenyl system for Sd. Increased LUMO
delocalization seems to be beneficial for the overall electron-
transporting ability of the push—pull purines.
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Bl CONCLUSIONS

The optical and optoelectronic properties of push—pull N(9)-
alkylated 6-piperidino-2-triazolylpurine and 2-piperidino-6-
triazolylpurine derivatives have been investigated. The inter-
changeable 2/6-substitution pattern of the studied compounds
provides a molecular platform in which frontier molecular
orbital energy levels can be greatly modified. This allows
obtaining molecules with ionization energy in the range of 5.25—
6.04 eV, electron affinity of 2.18—3.15 eV, and triplet energy of
2.52—2.95 eV. The compounds also exhibit strong fluorescence
in violet and blue spectral regions, with the measured @ in
solutions reaching 0.91. The functionalization of purines with
phase modifying groups prevents crystallization of compounds
and reduces solid-state emission quenching, allowing the
preparation of amorphous spin-coated host-free films with ®g
of up to 0.40. While the emissive properties and high triplet
energy levels could mark the synthesized compounds as
promising candidates for either emitter or host materials in
the emissive layers of OLEDs, no electroluminescence was
observed in the corresponding devices. This can be attributed to
an excessive charge-transporting ability of the compounds that
leads to either current leakage or strong emission quenching due
to the large current density in the emissive layer. On the other
hand, the bipolar character and good charge-transporting ability
of the investigated compounds can potentially be exploited to
provide materials in other areas of organic electronics, such as
organic field-effect transistors.

B EXPERIMENTAL PART

General Information. 'H- and *C-NMR spectra were
recorded on Bruker Avance at 300 and 75.5 MHz, respectively.
The proton signals for residual nondeuterated solvents (5 7.26
for CDCl,, & 2.50 for DMSO-d,) and carbon signals (5 77.1 for
CDCl,, 6 39.5 for DMSO-d;) were used as an internal reference
for "H- and *C-NMR spectra, respectively.

Analytical thin-layer chromatography (TLC) was performed
on Merck 60 A silica gel F,g, plates. Column chromatography
was performed on Merck 40—60 ym 60 A silica gel. Anhydrous
methylene chloride, dimethylformamide, and acetonitrile were
obtained by distillation over CaH,, tetrahydrofuran was
obtained by distillation over sodium. Commercial reagents
were used as received. The infrared spectra were recorded on
Perkin Elmer Spectrum BX. Wavelengths are given in cm™. For
HPLC analysis, we used Agilent Technologies 1200 Series
chromatograph equipped with an Agilent XDB-C18 (4.6 X SO
mm, 1.8 ym) column and a Phenomenex Gemini NX (4.6 X 100
mm, 3 ym) column. Eluent A: 0.01 M KH,PO, solution with 6%
v/v MeCN added; eluent B: 0.1% TFA solution with 5% v/v
MeCN added; and eluent C: MeCN.

Optical measurements of solutions were carried out at a
typical material concentration of 1 X 107 mol L™*. The UV—vis
absorption spectra were recorded with a Perkin Elmer Lambda
35 spectrometer. Films for optical measurements were prepared
using a spin-coating technique with a Laurell WS-400B-6NPP/
LITE spin-coater on glass slides, using CHCI; solutions with a
material concentration of 30 mg/mL. After the preparation, all
films were dried in an oven at 100 °C for 2 h. Emission spectra,
@y, and lifetime values in solutions or thin films were measured
using a QuantaMaster 40 steady-state spectrofluorometer
(Photon Technology International, Inc.) equipped with a 6-
inch integrating sphere by LabSphere, using the software
package provided by the manufacturer. For lifetime measure-
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ments, excitation at 365 nm was used, while emission was
detected at the respective band maxima. Low-temperature
emission measurements were carried out by cooling the cuvettes
in a liquid nitrogen-filled quartz Dewar. Phosphorescence
spectra were recorded using time-gated detection by collecting
emission in a 50—5000 us interval after the excitation.
Differential scanning calorimetry (DSC) thermograms were
acquired using a Mettler Toledo DSC-1/200W apparatus. The
samples were heated from 50 to 190 °C at a rate of 10 °C min™"
and isothermally aged for 5 min, then cooled to 50 °C at a rate of
10 °C min™" and isothermally aged for S min. The cycle was
repeated 3 times. Decomposition temperatures were obtained
using a Perkin Elmer STA 6000 thermal analyzer.

The molecular ionization energy in a thin film (Iy) and
photoconductivity measurements (Eg,) were carried out on a
self-made experimental system using a method described in our
previous work.** The values of electron affinity energies in thin
film (Ag) were calculated using the difference of experimentally
determined values of Ey, and Ig.

Density functional theory (DFT) calculations were per-
formed using the ORCA™ program package. For auxiliary tasks,
the Avogadro program™® was used. The geometry optimizations
for all compounds were obtained using nonlocal functional
B3LYP with a 6-311G***” basis set. Ground state dipole
moment (y) values were calculated at the same theory level.
Initial atomic coordinates were chosen based on X-ray analysis
data of closely related structures.*> For TDDFT calculations,
def2-TZVP basis, def2/] auxiliary basis, and the RIJCOSX
approximation were used. To reduce the computational cost, the
structures were simplified by substituting triphenylpentyl
moieties with ethyl groups.

Sandwich-type samples with the pixel size of 16 mm? were
prepared for the OLED, electron-only, and hole-only devices.
Indium tin oxide (ITO) glass (Prazisions Glas & Optik GmbH)
with a sheet resistivity of 50 Q was used as a substrate in all
cases. A 12 mm wide ITO strip line was made by wet etching at
the middle of the substrate. ITO substrates were cleaned by the
following method: sonicated in CHCly; sonicated in acetone;
rinsed two times with deionized (DI) water; sonicated in water
with 3 vol % of Hellmanex II detergent; rinsed with DI water;
and sonicated in DI water and isopropyl alcohol.

OLEDs with structure ITO/PEDOT:PSS(40 nm)/EML(60
nm)/TPBi(20 nm)/LiF(1 nm)/Al(120 nm) or ITO/
PEDOT:PSS(40 nm)/EML(60 nm)/BPhen(20 nm)/LiF(1
nm)/Al(120 nm) were prepared. Poly (3,4-ethylenedioxythio-
phene)-poly (styrenesulfonate) (PEDOT:PSS), 2,2',2"-(1,3,5-
benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi), and
LiF were used as hole-injection, electron transport, and
electron-injection layers, respectively. Before deposition of
PEDOT:PSS, the ITO glass (50 ©Q*) was blown dry with
nitrogen and treated with UV-ozone for 20 min. The ITO layer
was covered with PEDOT:PSS (from H.C. Starck, Al4083)
using a spin-coater Laurell WS650. The rotation lasted for 1 min
with a speed of 2000 rpm. The sample was moved into a
glovebox and heated at 150 °C for 30 min. The solution of
emitting layer compounds with a concentration of 7 mg/mL in
tetrahydrofuran was spin-coated on the PEDOT:PSS layer with
2000 rpm for 40 s and heated at 120 °C for 15 min afterward.
The following EMLs were used in different devices: pure push—
pull purines; 9b and bis[2-(4,6-difluorophenyl)pyridinato-
C2,N](picolinato)iridium (Flrpic; Ossila) 90:10 wt %; Flrpic/
9b/4,4’-bis(N-carbazolyl)-1,1’-biphenyl (CBP) (10:30:60 wt
%); and Flrpic/poly(9-vinylcarbazole) (PVK)/CBP (10:30:60
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wt %). Furthermore, the samples were moved from the glovebox
to a vacuum chamber, without exposure to air, for thermal
evaporation of electron transport TPBi (Sigma Aldrich 806781)
or BPhen (Sigma Aldrich 11880), electron-injection LiF (Sigma
Aldrich 449903), and electrodes at the pressure 6 X 107 Torr.
The deposition speed was 1, 0.1, and § A/s for TPB, LiF, and Al,
respectively. The current—voltage characteristics of the OLEDs
were measured using a Keithley 2450 SourceMeter. The
electroluminescence brightness was measured by Konica
Minolta Luminance and Color Meter CS-150. The structure
of hole-only device was ITO/MoO;(10 nm)/compound(60
nm)/MoO;(10 nm)/Al(100 nm) and the electron-only device
was ITO/LiF(1 nm)/compound(60 nm)/ LiF(1 nm)/Al(100
nm). Layer preparation parameters were the same as for OLED.
General Procedures and Characterization of Products. 9-
(5,5,5-Triphenylpentyl)-2,6-dichloro-9H-purine (2). Under an
argon atmosphere, diisopropyl azodicarboxylate (DIAD) (7.88
mL, p = 1.03 g/cm3, 40.02 mmol, 1.5 equiv.) was added
dropwise to a cooled solution of 2,6-dichloropurine 1 (5.00 g,
26.46 mmol, 1.0 equiv.), 5,5,5-triphenylpentanol®® (8.79 g,
27.79 mmol, 1.1 equiv.), and Ph;P (10.21 g, 38.93 mmol, 1.5
equiv.) in absolute THF (40 mL) over 15 min. The reaction
mixture was stirred for 1.5 h at 20 °C, controlled by HPLC, then
evaporated, the residue was dissolved in EtOH (20 mL), and
cooled to —10 °C for 30 min. Formed precipitates were filtered
and washed with cold EtOH (2 X 5 mL). The filtrate was
evaporated and purified by silica gel column chromatography
(DCM/MeCN, gradient 0 — 10%). Yield 8.36 g, 65%. Colorless
amorphous solid, R;= 0.49 (DCM/MeCN =20/1). HPLC: tp =
7.63 min. IR (FT-IR): 3081, 2938, 1597, 1558 cm™". 'H-NMR
(300 MHz, CDCL,) & (ppm): 7.92 (s, 1H, H-C(8)), 7.32—7.14
(m, 15H, H-C(Ph)), 4.15 (t, 2H, %] = 7.2 Hz, (~CH,—)), 2.68—
255 (m, 2H, (~CH,—)), 1.91 (quintet, 2H, %] = 7.5 Hz,
(=CH,-)), 122-1.06 (m, 2H, (—CH,—)). 3C-NMR (75.5
MHz, CDCL,) § (ppm): 1532, 152.9, 151.8, 147.0, 145.7, 130.7,
129.1, 128.0, 126.1, 56.7, 4.5, 39.7, 30.5, 22.9. HRMS (ESI):
caled for [C,gH,,CLLN, + H*] 487.1451, found 487.1446.
2,6-Diazido-9-(5,5,5-triphenylpentyl)-9H-purine (3). NaN,
(0.20 g, 3.08 mmol, 2.4 equiv.) was added to a solution of
alkylated 2,6-dichloropurine 2 (0.62 g, 1.27 mmol, 1.0 equiv.) in
acetone (10 mL), stirred for 14 h at 50 °C, covered from the
light, controlled by HPLC, evaporated, and suspended in water
(30 mL). The formed precipitates were filtered and washed with
water (3 X 10 mL) and dried in a vacuum. Yield 0.63 g, 99%.
Colorless amorphous solid, R; = 0.57 (DCM/MeCN = 20/1).
HPLC: 5 = 7.73 min. IR (FT-IR): 2154, 2134, 1598, 1577 cm ™.
'H-NMR (300 MHz, CDCL,) § (ppm): 7.73 (s, 1H, H-C(8)),
7.33—7.12 (m, 15H, H-C(Ph)), 4.07 (t, 2H, 3] = 7.2 Hz,
(=CH,-)), 2.68—2.55 (m, 2H, (~CH,—)), 1.88 (quintet, 2H,
3] = 7.5 He, (~CH,-)), 1.24—1.07 (m, 2H, (—CH,-)). C-
NMR (75.5 MHz, CDCL,) & (ppm): 156.0, 153.9, 153.7, 147.1,
143.5, 129.1, 128.0, 126.1, 121.1, 56.7, 44.0, 39.8, 30.5, 22.9.
HRMS (ESI): caled for [C,gH,uN;y + H] 501.2258, found
501.2240.
6-Azido-9-(5,5,5-triphenylpentyl)-2-(piperidin-1-yl)-9H-
purine (4). Piperidine (0.60 mL, p = 0.86 g/cm?, 5.99 mmol, 3.0
equiv.) was added to a solution of compound 3 (1.00 g, 1.99
mmol, 1.0 equiv.) in DMF (20 mL) and stirred for 1 h at 20 °C,
covered from the light, controlled by HPLC. The reaction
mixture was evaporated and purified by silica gel column
chromatography (DCM/MeCN, gradient 0 — 10%). Yield 899
mg, 83%. Light yellow amorphous solid, R; = 0.38 (DCM/
MeCN = 10:1). HPLC: f, = 9.46 min. IR (FT-IR): 2934, 2852,
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2119, 1618, 1567 cm™". "H-NMR (300 MHz, CDCl;) & (ppm):
7.44 (s, 1H, H-C(8)), 7.30—7.06 (m, 15H, H-C(Ph)), 3.96 (t,
2H,% =72 Hz, (—CH,-)), 3.83-3.72 (m, 4H, 2 X (—CH,~)),
2.68-2.54 (m, 2H, (~CH,—)), 1.85 (quintet, 2H, 3] = 7.4 Hg,
(~CH,-)), 1.74—1.50 (m, 6H, 3 x (~CH,—)), 1.11 (m, 2H,
(=CH,-)). BC-NMR (75.5 MHz, CDCl,) § (ppm): 158.6,
154.8,152.6, 147.3,140.5, 129.2, 127.9, 126.0, 117.1, 56.7, 45.4,
42,9, 39.8, 30.5, 25.9, 25.0, 22.8. HRMS (ESI): calcd for
[Cy3Hy N + H'] 5432979, found 543.2986.

2-Azido-6-(piperidin-1-yl)-9H-purine (7).’ To a solution of
2,6-dichloropurine (1) (3.00 g, 15.90 mmol, 1.0 equiv.) in
EtOH (30 mL), a solution of NaNj (4.13 g, 63.60 mmol, 4.0
equiv.) in water (15 mL) was added and the reaction mixture
was stirred at 100 °C temperature for 30 min, then it was cooled
and a colorless precipitate was formed, which was filtered and
recrystallized from EtOH (100 mL) to give 2.46 g (w = 75%) of
product 6 as a colorless solid. Then, piperidine (4 mL) was
added to a suspension of 2,6-diazido-9H-purine (6) (2.46 g,
12.18 mmol, 1.0 equiv.)'”*” in water (10 mL) and was stirred at
100 °C temperature for 2.5 h. Then, the reaction mixture was
cooled to room temperature and AcOH was added while the pH
of the solution reached 7. The mixture was kept in the fridge for
3 h. The precipitate was filtered and washed with cold EtOH (30
mL) and recrystallized from EtOH (75 mL) to give product 7 as
a colorless solid. Yield 2.03 g, 52%. mp = 215 °C (decompose).
HPLC: t; = 441 min. IR (FT-IR): 3059, 2931, 2819, 2125
(N3), 1603, 1579, 1367 cm™". "H-NMR (300 MHz, DMSO-d;)
& (ppm): 12.76 (brs, 1H, H-N), 7.96 (s, 1H, H-C(8)), 4.27—
405 (m, 4H, 2 x (-CH,-)), 1.76—1.53 (m, 6H, 3 X
(=CH,-)). ®C-NMR (75.5 MHz, DMSO-d¢) & (ppm):
154.8, 153.1, 152.7, 137.6, 116.4, 45.4, 25.6, 24.1.

2-Azido-9-(5,5,5-triphenylpentyl)-6-(piperidin-1-yl)-9H-
purine (8). Under an argon atmosphere, DIAD (0.41 mL, p =
1.03 g/cm3, 2.10 mmol, 1.1 equiv.) was added over 15 min to a
cooled solution of 2-azido-6-(piperidin-1-yl)-9H-purine (7)
(460 mg, 1.90 mmol, 1.0 equiv.), 5,5,5-triphenylpentanol (633
mg, 2.00 mmol, 1.05 equiv.), and Ph;P (550 mg, 2.10 mmol, 1.1
equiv.) in THF (15 mL) and stirred for 12 h at 20 °C, controlled
by HPLC, filtered, evaporated, diluted with MeCN (S mL), and
cooled to —10 °C for 30 min. The formed precipitates were
filtered and washed with cold MeCN (2 X 3 mL) and dried in a
vacuum. Yield 730 mg, 71%. Colorless amorphous solid, R; =
0.80 (DCM/MeCN = 40:1). HPLC: f; = 9.18 min. IR (FT-IR):
2938, 2853, 2126, 1588, 1486, 1360, 1339, 1250, 997 cm L. *H-
NMR (300 MHz, CDCL) & (ppm): 7.47 (s, 1H, H-C(8)),
7.32—7.12 (m, 1SH, H-C(Ph)), 4.44—4.04 (m, 4H, 2 X
(=CH,-)), 3.99 (t,2H, ¥ = 7.4 Hz, (—CH,—)), 2.64—2.54 (m,
2H, (~CH,—)), 1.84 (quintet, 2H, 3 = 7.4 Hz, (~CH,—)),
1.83-1.64 (m, 6H, 3 x (—CH,—)), 1.20-1.07 (m, 2H,
(=CH,-)). BC-NMR (75.5 MHz, CDCl,) § (ppm): 156.1,
153.9, 152.5, 147.2, 137.6, 129.2, 128.0, 126.0, 117.5, 56.7, 46.3
(assigned from the HSQC spectrum at SO °C temperature),
43.5, 39.9, 30.7, 262, 24.9, 23.0. HRMS (ESI): calcd for
[Cy3Hy N, + HY] 5432979, found 543.2980.

Synthesis of 2-(Piperidin-1-yl)-6-triazolyl-9-alkylpurines 5.
6-(4-(4-Methoxyphenyl)-1H-1,2,3-triazol-1-yl)-9-(5,5,5-tri-
phenylpentyl)-2-(piperidin-1-yl)-9H-purine (5b). 10% AcOH
solution in water (1.0 mL), sodium ascorbate (85 mg, 0.43
mmol, 0.9 equiv.), and CuSO,-SH,0 (51 mg, 0.20 mmol, 44
mol %) were added to a solution of compound 4 (250 mg, 0.46
mmol, 1.0 equiv.) and 4-methoxyphenylacetylene (0.1S mL, p =
1.02 g/cm‘3 1.16 mmol, 2.5 equiv.) in THF (10 mL) and stirred
for 4 h at 20 °C. The reaction mixture was evaporated, the
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residue was dissolved in DCM (20 mL), and washed with NaHS
solution (3 X S mL). The DCM layer was dried over anhydrous
Na,SO,, filtered, evaporated, and purified by silica gel column
chromatography (DCM/MeCN = 5/1). Yield 240 mg, 77%.
Yellow amorphous solid, R; = 0.76 (DCM/MeCN = S:1).
HPLC: t, = 8.75 min, purity 97%. IR (FT-IR): 2933, 2851,
1718, 1628, 1565 cm™". 'H-NMR (300 MHz, CDCL,) & (ppm):
9.00 (s, 1H, H-C(triazole)), 7.95 (d, 2H, %] = 8.6 Hz, Ar), 7.68
(s, 1H, H-C(8)), 7.24—7.09 (m, 15H, Ar), 7.01 (d, 2H, ’] = 8.6
Hz, Ar), 4.05 (t,2H, %] = 7.1 Hz, (~CH,—)), 3.92—3.80 (m, 7H,
2 X (~CH,—), (=CH,)), 2.70-2.58 (m, 2H, (—CH,—)), 1.90
(quintet, 2H, % = 7.1 Hz, (~CH,-)), 1.76—1.56 (m, 6H, 3 X
(=CH,-)), 1.23—1.08 (m, 2H, (—=CH,—)). *C-NMR (75.5
MHz, CDCL) & (ppm): 160.0, 158.4, 156.9, 147.5, 147.2, 145.1,
142.5, 129.2, 128.0, 127.7, 126.1, 123.1, 118.5, 115.5, 114.4,
56.7,55.5, 45.6,43.1, 39.8, 30.5, 25.9, 24.9, 22.8. HRMS (ESI):
caled for [C,,H,,NgO + H'] 675.3554, found 675.354S.
General Synthetic Procedure for 1,3-Dipolar Cycloaddition
Reaction for 5a, 5¢, 5d, and 9a—d. DIPEA (104 uL,p =0.74 g/
cm?, 0.61 mmol, 1.1 equiv.), AcOH (37 L, p = 1.05 g/cm?, 0.61
mmol, 1.1 equiv.), and Cul (21 mg, 0.11 mmol, 0.2 equiv.) were
added to a solution of 2-amino-6-azidopurine 4 or 6-amino-2-
azidopurine 8 (300 mg, 0.55 mmol, 1.0 equiv.) and alkyne (1.5
equiv.) in DCM (9 mL) and stirred for 14—264 h at 20 °C,
covered from the light, and controlled by HPLC. The reaction
mixture was poured into the water (20 mL) and extracted with
DCM (3 X 10 mL). Organic layers were combined and washed
with diluted NaHS solution (10 mL), filtered through Celite,
separated, and washed with brine (10 mL), dried over
anhydrous Na,SO,, filtered, evaporated, and purified by silica
gel column chromatography (DCM/MeCN, gradient 0 —
25%).
6-(4-Phenyl-1H-1,2,3-triazol-1-yl)-9-(5,5,5-triphenylpen-
tyl)-2-(piperidin-1-yl)-9H-purine (5a). Reaction time: 14 h.
Yield 282 mg, 79%. Light yellow amorphous solid, R; = 0.23
(DCM/MeCN = 10:1). HPLC: t; = 8.49 min. IR (FT-IR):
3055,2932,2851, 1628, 1565, 1533, 1446, 1009 cm™". "H-NMR
(300 MHz, CDCl;) 6 (ppm): 9.07 (s, 1H, H-C(triazole)), 7.99
(d, 2H, %] = 7.3 Hz, H-C(Ph)), 7.80 (s, 1H, H-C(8)), 7.47 (t,
2H, 3] = 7.3 Hz, H-C(Ph)), 7.37 (t, 1H, %] = 7.3 Hz, H-C(Ph)),
7.25—7.08 (m, 15H, H-C(Ph)), 4.07 (t, 2H, ] = 7.0 Hgz,
(—=CH,-)), 3.92—3.82 (m, 4H, 2 X (—CH,—)), 2.70—2.59 (m,
2H, (=CH,—)), 1.91 (quintet, 2H, 3] = 7.0 Hz, (—CH,-)),
1.76—1.56 (m, 6H, 3 x (—CH,-)), 1.24—1.08 (m, 2H,
(=CH,-)). BC-NMR (75.5 MHz, CDCly) § (ppm): 158.3,
156.7, 147.5, 147.1, 144.9, 142.6, 130.3, 129.1, 128.9, 128.4,
1279, 1262, 126.0, 119.2, 115.2, 56.6, 45.5, 43.0, 39.7, 30.4,
25.8, 24.8, 22.7. HRMS (ESI): caled for [C,H,oN, + H']
645.3449, found 645.3443.
9-(5,5,5-Triphenylpentyl)-6-(4-(4-(N,N-dimethylamino)-
phenyl)-1H-1,2,3-triazol-1-yl)-2-(piperidin-1-yl)-9H-purine
(5¢). Reaction time: 64 h. Yield 249 mg, 66%. Yellow amorphous
solid, Ry = 0.26 (DCM/MeCN = 10:1). HPLC: t5 = 7.59 min. IR
(FT-IR): 2932, 2856, 1622, 1561, 1561, 1538, 1491, 1445, 1410,
1359, 1020 cm™". '"H-NMR (300 MHz, CDCl,) 6 (ppm): 8.95
(s, 1H, H-C(triazole)), 7.88 (d, 2H, 3] = 8.7 Hz, H-C(Ar)), 7.67
(s, 1H, H-C(8)), 7.26—7.10 (m, 15H, H-C(Ph)), 6.82 (d, 2H, 3]
=87 Hz, H-C(Ar)), 4.05 (t, 2H, > = 7.1 Hz, (—CH,—)), 3.92—
3.82 (m, 4H, 2 X (=CH,—)), 3.01 (s, 6H, (Me),N—), 2.69—
2.60 (m, 2H, (—CH,-)), 1.90 (quintet, 2H, ] = 7.1 Hg,
(~CH,-)), 1.74—1.58 (m, 6H, 3 X (—CH,—)), 1.24—1.08 (m,
2H, (-CH,—)). *C-NMR (75.5 MHz, CDCl;) § (ppm): 158.4,
156.8, 150.6, 148.0, 147.2, 145.2, 142.3, 1292, 127.9, 127.3,
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126.0, 118.7, 117.6, 115.5, 112.6, 56.7, 45.6, 43.0, 40.7, 39.8,
30.5, 25.9, 24.9, 22.8. HRMS (ESI): caled for [C,3H,sNg + HY]
688.3871, found 688.3888.
6-(4-(4-Cyanophenyl)-1H-1,2,3-triazol-1-yl)-9-(5,5,5-tri-
phenylpentyl)-2-(piperidin-1-yl)-9H-purine (5d). Reaction
time: 14 h. Silica gel column chromatography (DCM/MeCN,
gradient 0 — 10%). Yield 298 mg, 81%. Light yellow amorphous
solid, Ry = 0.40 (DCM/MeCN = 10:1). HPLC: t = 8.15 min. IR
(FT-IR): 2934, 2852, 2225, 1630, 1564, 1534, 1491, 1446, 1412,
1232, 1010 cm™". "TH-NMR (300 MHz, CDCl,) § (ppm): 9.21
(s, 1H, H-C(triazole)), 8.13 (d, 2H, ’] = 8.4 Hz, H-C(Ar)), 7.76
(d,2H, 3] = 8.4 Hz, H-C(Ar)), 7.71 (s, 1H, H-C(8)), 7.24—7.10
(m, 15H, H-C(Ph)), 4.07 (t, 2H, ] = 7.2 Hz, (—CH,~)), 3.92—
3.83 (m, 4H, 2 X (—CH,—)), 2.69—-2.59 (m, 2H, (~CH,—)),
191 (quintet, 2H, 3] =7.2Hz, (—CH,—)), 1.74—1.58 (m, 6H, 3
X (=CH,—)), 1.22—1.10 (m, 2H, (—CH,—)). *C-NMR (75.5
MHz, CDCly) & (ppm): 158.4, 157.0, 147.2, 145.8, 144.6, 142.8,
134.8, 132.8, 129.2, 128.0, 126.7, 126.1, 120.7, 118.9, 115.4,
111.9, 56.7,45.6,43.2, 39.8, 30.4, 25.9, 24.9, 22.8. HRMS (ESI):
caled for [C,,H;30N, + H'] 670.3401, found 670.3406.
Synthesis of 6-(Piperidin-1-yl)-2-triazolyl-9-alkylpurines 9.
2-(4-Phenyl-1H-1,2,3-triazol-1-yl)-6-(piperidin-1-yl)-9-(5,5,5-
triphenylpentyl)-9H-purine (9a). Reaction time: 72 h. Yield
314 mg, 88%. Colotless amorphous solid, R; = 0.27 (DCM/
MeCN = 20:1). HPLC: ty = 9.42 min. IR (FT-IR): 3055, 2934,
2853, 1595, 1492, 1437, 1251,1017 cm™". '"H-NMR (300 MHz,
CDCl,) 6 (ppm): 8.64 (s, 1H, H-C(triazole)), 7.95 (d, 2H, ¥ =
7.2 Hz, H-C(Ph)), 7.63 (s, 1H, H-C(8)), 7.46 (t, 2H, 3] = 7.2
Hz, H-C(Ph)), 7.36 (t, 1H, %] = 7.2 Hz, H-C(Ph)), 7.24—7.06
(m, 15H, H-C(Ph)), 4.42—4.24 (m, 4H, 2 X (—CH,-)), 4.15
(t,2H, ¥ = 7.2 Hz, (—CH,-)), 2.67—2.58 (m, 2H, (—CH,—)),
1.92 (quintet, 2H, 3] = 7.2 Hz, (~CH,—)), 1.82—1.72 (m, 6H, 3
X (=CH,—)), 1.28—1.15 (m, 2H, (—CH,—)). "*C-NMR (75.5
MHz, CDCl,) § (ppm): 153.9, 151.7, 149.3, 147.4, 147.2, 138.7,
130.7, 129.2, 128.9, 128.3, 128.0, 126.2, 126.0, 119.0, 118.8,
56.7, 46.7 (assigned from the HSQC spectrum at S0 °C
temperature), 43.7, 39.9, 30.8, 26.3, 24.8, 23.0. HRMS (ESI):
caled for [C4H,Ng + H*] 645.3449, found 645.3439.
2-(4-(4-Methoxyphenyl)-1H-1,2,3-triazol-1-yl)-6-(piperi-
din-1-yl)-9-(5,5,5-triphenylpentyl)-9H-purine (9b). Reaction
time: 240 h. Yield 274 mg, 73%. Colorless amorphous solid, R¢=
0.23 (DCM/MeCN = 20:1). HPLC: t = 8.57 min. IR (FT-IR):
3053,2934,2853, 1594, 1567, 1492, 1445, 1249, 1020 cm ™. *H-
NMR (300 MHz, CDCl;) § (ppm): 8.56 (s, 1H, H-C(triazole)),
7.87 (d,2H, *] = 8.8 Hz, H-C(Ar)), 7.63 (s, 1H, H-C(8)), 7.25—
7.08 (m, 15H, H-C(Ph)), 6.99 (d, 2H, *] = 8.8 Hz, H-C(Ar)),
4.45—4.20 (m, 4H, 2 X (=CH,—)), 4.15 (t, 2H, %] = 7.2 Hz,
(=CH,-)), 3.87 (s, 3H, H,C-0), 2.66—2.58 (m, 2H,
(=CH,-)), 1.92 (quintet, 2H, ] = 7.2 Hz, (—CH,—)), 1.82—
1.71 (m, 6H, 3 x (—CH,—)), 1.29—1.14 (m, 2H, (—CH,—)).
BC-NMR (75.5 MHz, CDCl;) § (ppm): 159.8, 153.9, 151.7,
149.3, 147.2 (2C) (assigned from the HMBC spectrum), 138.7,
129.2,127.9,127.5,126.0,123.4,119.0,117.9, 114.3, 56.7, 55.5,
46.7 (assigned from the HSQC spectrum at S0 °C temperature),
43.7, 39.9, 30.7, 26.3, 24.8, 23.1. HRMS (ESI): calcd for
[C,,H,,NGO + H'] 675.3554, found 675.3566.
9-(5,5,5-Triphenylpentyl)-2-(4-(4-(N,N-dimethylamino)-
phenyl)-1H-1,2,3-triazol-1-yl)-6-(piperidin-1-yl)-9H-purine
(9¢). Reaction time: 264 h. Yield 320 mg, 85%. Beige amorphous
solid, Ry = 0.68 (DCM/MeCN = 10:1). HPLC: t = 7.55 min. IR
(FT-IR): 2934, 2853, 1594, 1571, 1492, 1443, 1356, 1251, 1024
cm’™. "H-NMR (300 MHz, CDCL;) § (ppm): 8.51 (s, 1H, H-
C(triazole)), 7.81 (d, 2H, *] = 8.7 Hz, H-C(Ar)), 7.60 (s, 1H, H-
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C(8)), 7.24—7.09 (m, 15H, H-C(Ph)), 6.82 (d, 2H, ’] = 8.7 Hg,
H-C(Ar)), 4.42—4.24 (m, 4H, 2 X (—CH,—)), 4.14 (t, 2H, 3] =
7.3 Hz, (—~CH,-)), 3.01 (s, 6H, ((Me),N-)), 2.66—2.57 (m,
2H, (-=CH,-)), 1.92 (quintet, 2H, 3] = 7.3 Hz, (—CH,-)),
1.81-1.71 (m, 6H, 3 x (—CH,—)), 1.28—1.14 (m, 2H,
(=CH,-)). BC-NMR (75.5 MHz, CDCly) § (ppm): 153.9,
151.7, 150.6, 149.4, 147.8, 147.2, 138.6, 129.2, 127.9, 127.1,
125.9, 119.0, 118.9, 117.2, 112.6, 56.7, 46.6 (assigned from the
HSQC spectrum at SO °C temperature), 43.7, 40.6, 39.9, 30.7,
26.3, 24.8, 23.1. HRMS (ESI): caled for [C,3HusNy + HY]
688.3871, found 688.3878.

2-(4-(4-Cyanophenyl)-1H-1,2,3-triazol-1-yl)-9-(5,5,5-tri-
phenylpentyl)-6-(piperidin-1-yl)-9H-purine (9d). Reaction
time: 144 h. Yield 317 mg, 86%. Colorless amorphous solid, R¢
= 0.85 (DCM/MeCN = 10:1). HPLC: tg = 8.41 min. IR (FT-
IR): 2937, 2856, 2226, 1597, 1571, 1493, 1445, 1251, 1025
em™.. 'H-NMR (300 MHz, CDCl;) § (ppm): 8.73 (s, 1H, H-
C(triazole)), 8.05 (d, 2H, *] = 8.4 Hz, H-C(Ar)), 7.73 (d, 2H, ]
=8.4 Hz, H-C(Ar)), 7.63 (s, 1H, H-C(8)), 7.24—7.08 (m, 15H,
H-C(Ph)), 4.44—4.24 (m, 4H, 2 X (~CH,~)), 4.15 (t,2H, ¥ =
7.3 Hz, (-CH,-)), 2.67—2.58 (m, 2H, (—CH,-)), 1.92
(quintet, 2H, %] = 7.3 Hz, (—CH,—)), 1.83—1.70 (m, 6H, 3 X
(=CH,-)), 1.27-1.12 (m, 2H, (—=CH,-)). *C-NMR (75.5
MHz, CDCl,) 6 (ppm): 153.9, 151.6, 149.1, 147.2, 145.6, 138.9,
135.1, 132.8, 129.2, 128.0, 126.5, 126.1, 120.0, 119.3, 119.0,
111.7, 56.7, 46.6 (assigned from the HSQC spectrum at S0 °C
temperature), 43.7, 39.9, 30.8, 26.3, 24.8, 23.1. HRMS (ESI):
caled for [C,,H3oN, + H'] 670.3401, found 670.3383.
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Abstract A simple three-step approach for the synthesis of substitut-
ed N7-arylpurines with an overall yield of the whole sequence from 40%
to 71% is described. N7-Arylpurines were constructed by de novo syn-
thesis from commercially available substituted 4-chloropyrimidine-5-
amines. Different substituents at purine C2 and C6 were obtained by
changing the corresponding substituents of the starting pyrimidine.
Further, heteroaromatic, electron-deficient, and electron-rich aromatic
groups were attached to the exocyclic amino group by iodane reagents
under copper catalysis. This moiety is prepared to become purine N7
position after the ring closure. Finally, purine C8 substitution was varied
during the last step of the developed sequence by employing different
reagents for the purine ring closing reactions or post functionalization.

Key words purines, pyrimidines, copper-catalyzed arylation, iodanes,
de novo synthesis, imidazole ring closing

There is a significant interest in the synthesis of various
purine derivatives due to their biological activity and po-
tential application as new drugs. Purine derivatives are
widely employed for treating viral diseases and cancer.!
Many drugs containing or mimicking purine moiety are ei-
ther made of heterocyclic systems with displaced nitrogen
atoms or possess purine substitution pattern, which is rare-
ly observed in nature.? In this context synthetic methods for
purine N7-substitution remain topical in a toolbox of me-
dicinal chemists. There is also rising interest towards nitro-
gen heterocycles as ligands for transition metals and fluo-
rescent purines in materials science.?

N7-Alkylation of purines is known, but it often occurs as
the minor process along with the major N9-alkylation. Also
in the cases when the selectivity is switched towards N7-
product, it still might be necessary to separate it from the
N9-alkylated counterpart.* Alternatively, N7-alkylated iso-
mers can be selectively prepared over at least 4 steps.

On the other hand, the methods for N7 arylation are far
fewer, and the ones that exist, have their limitations. One
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synthetic pathway is a de novo synthesis from aryl-substi-
tuted imidazoles, closing the pyrimidine ring. This pathway
requires specifically prefunctionalized imidazoles to close
the ring. The ring closure proceeds with yields from 9 to
85%, when preparing 7-arylhypoxanthines and up to 46%
for other derivatives.® Another method provides 7-arylpu-
rines in a single step from arylaminoacetonitriles and form-
amidine acetate.” This method only affords purines without
substitution at C2, C6 and C8 in yields from 26 to 70%. Also
substituted 1,2-benzoquinones can be introduced at N7 by
the Michael addition, which is specific to 1,2-quinone de-
rivatives.® A method for N7 arylation of protected adenine
and guanine has been developed, employing Chan-Lam
coupling, which proceeds with moderate yields. This meth-
od still produces a N7/N9 mixture, ratio of which varies
widely depending on the substituents on the aryl group.’
Also a method executing N7 arylation via C-H activation of
thiophene with Selectfluor and Cu(II) catalyst is reported as
a single case among other substrates.'® Another recent arti-
cle presents a single example of N7 arylation with mesity-
lene using electrophotocatalysis.!!
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In light of the aforementioned facts, there is room for
improvement for synthetic pathways towards N7-arylpu-
rines. Hence, we report here a straightforward approach to-
wards N7-arylpurines via de novo synthesis from substitut-
ed pyrimidines. We tested various synthetic approaches to
find the best method of introducing the aromatic moiety in
the necessary position and selected the most efficient one
to prepare N7-arylpurines.

Several synthetic pathways were initially planned
(Scheme 1, Route I-III) in order to determine the optimal
pyrimidine substation pattern, which would be suitable for
installing C5-arylamino substituent before the purine ring
closure. Routes I and IIl were designed for introduction of
arylamino moiety on C and G, while Route II was designed
for arylation of an amino group of E at pyrimidine C5. Route
[ was initially preferred since it required only 2 steps, while
Route Il was only slightly inferior, since we expected that
the transformation from D to B would bring only a negligi-
ble reduction to the overall yield. Route IIl was the longest
and it was unclear how well the dehydroxychlorination step
would proceed.

Our first attempts were at introduction of the arylamino
moiety at pyrimidine C5 (Route I) of C using SyAr reaction
or Buchwald-Hartwig cross coupling with aniline. In the
S\AT reaction product, B was never observed as increased

Table 1 Optimization Studies for Arylation of Substrate 4a with Ph,IOTf

Cl

OH OH Cl
g Ph—NH Y R
r
N& | neat N ~pn POCly NS “~Ph
k\ 90°C I\\ | 105 °C l &
N OH 14h N OH 4h N Cl
1 2,87% 3a, 58%

Scheme 2 Initial attempts toward intermediate D by retrosynthetic
route C

temperature only caused degradation of pyrimidine. Nei-
ther the tested cross-coupling conditions between bromide
C and anilines gave product B, and this route was aban-
doned. Similarly, our initial attempts at palladium-cata-
lyzed cross coupling of E with iodobenzene were unsuc-
cessful (Route II).

Then, inspired by a published precedent of a successful
S\AT reaction at pyrimidine C5 with aniline,'? we started
the sequence from compound 1 (equals to G in route III).
The SyAr reaction in neat aniline proceeded with up to 87%
yield and the following dehydroxychlorination of com-
pound 2 with POCl; provided compound 3a in a 58% yield
(Scheme 2).

The SyAr reaction 1 — 2 was performed using aniline as
a reagent and solvent (20 equiv) but doing so with more
complicated anilines would be undesirable. Reducing the

Cl
N XN ot N H\Ph
l “ - l =
N™ N el
4a 3a
Entry Catalyst Base Solvent Temp (°C) Time (h) Ph,IOTf (equiv) Conversion to product 3a
1 - K,COs, 1.1 equiv Toluene 110 4 1.1 0
2 - - DMF 130 16 1.1 0
3 Cu(OAc), K;PO,, 2.0 equiv THF 40 16 2 0
4 Cul K,CO3, 2.0 equiv DCM 40 16 13 54
5 Cu,0 0
6 Cul Et;N, 2.0 equiv DCM 40 16 1.3 52
7 DCE 80 52
8 K,CO3, 2.0 equiv DCE 80 55
9 NMP 80 20
10 Cu (powder) - NMP 80 2 13 55
1 2 3 85
12 2 4 100
13 Et;N, 4.0 equiv NMP 80 2 4 0
14 - NMP 20 16 2 58
15 50 8 2 67
16 DMF 80 2 4 58
17 THF 60 8 4 0

© 2022. Thieme. All rights reserved. Synthesis 2022, 54, 5529-5539



5531

amount of aniline in the reaction mixture led to solidifying
of reaction mixture and incomplete conversion, which
greatly complicated purification. The use of a mechanical
stirrer led to reaction mixture solidifying on the stirrer and
gave no improvement to conversion. Attempts to use any
solvent and aniline as a reagent lead to a reduction of reac-
tivity and only moderate conversion to compound 2 could
be achieved. Here described technical issues with the SyAr
reaction might be solved by technologies used in mechano-
chemistry, but that will be a basis for another technological
report.

Dehydroxychlorination reaction between the interme-
diate 2 and POCl; gave plenty of unidentified by-products.
However, attempts with other dehydroxychlorination re-
agents, which are known for pyrimidine chlorination'® -
PCls, SOCI,, COCl,, and triphosgene - gave either degrada-
tion or a lower yield. These reactivity/selectivity problems
might be due to the presence of the adjacent NH moiety,'3?
which is inherent to the structure. Given these issues, we
decided to test other methods of arylation of strategic star-
ing material E (Route II, Scheme 1).

Our attention was caught by several reports of heteroar-
omatic NH arylation that use iodine(Ill) reagents, including

purine exocyclic NH arylation, which shares structural ele-
ments with aminopyrimidines.'# Those examples and a re-
port, which showed compatibility of iodine(Ill) reagent
with our substrates,'> encouraged us to investigate N-aryla-
tion with diaryliodanes in detail.

The initial attempts to perform uncatalyzed arylation
using diphenyl-A3-iodanyl triflate'¢ (Ph,IOTf) with base!” or
without it'® did not produce compound 3a and left the
starting material unchanged (Table 1, entries 1, 2). While
the experiment with Cu(Il) catalysis'® gave no conversion to
product 3a, Cu(l) catalysis?® showed a 54% conversion to the
desired product (entry 4). Using different sources of Cu(l)
(or full optimization, see table in SI) showed almost no dif-
ference, except for Cu,0, which did not result in conversion
of starting material. Optimization attempts by changing the
base, solvent, and temperature, did not improve the conver-
sion. Adding more catalyst, base, and Ph,IOTf after the reac-
tion had stalled, did not restart it. Using chromatography,
we observed some degradation products of Ph,IOTf, howev-
er, there was sufficiently large amount of it left intact in the
reaction mixture. It should be noted that also degradation
of 4a was not observed.

Table 2 Copper-Catalyzed Arylation of 5-Aminopyrimidines 4a-d with Diaryliodanes

Diaryliodane

NH, o
NS o NS
A NMP M
Yo N T 80°C Y7 ONT el
4a-d 3a-g
Entry X Y Diaryliodane Ar Time (h) Yield of product 3a-g (%)
oTf
|
1 a H B © 2 3a, 81
»
OTs ,
| ST
2 a H | 2 3b, 65
Z OMe
MeO OMe
oTt
:
3 a H /©/ ;@\ ©\ 48 3¢, 66
NO,
0N 2
oTf ,
| AV
4 a H | x | P 48 3d, 61
N N al
5 a Me ort , 2 3e,71
<
6 H a i \@ 2 3f,78
7 a a ©/\© 2 3g,71
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To achieve full conversion with copper catalysis, we per-
formed an experiment using Cu(0) powder as a catalyst.?!
The initial experiment showed promising conversion and
fully consumed Ph,IOTf, so the amount of Ph,IOTf was in-
creased until full conversion, which was achieved at 4
equivalents of the reagent. An experiment with an added
nitrogen base, which could also complex the copper source,
stopped the reaction. Since it was found that a sacrificial
excess of iodane reagent should be used and a part of it de-
grades under reaction, we attempted longer experiments at
lower temperatures with a smaller excess of iodane, howev-
er, full conversion to 3a could not be achieved this way. Us-
ing DMF instead of NMP impaired the reaction, while no
conversion was observed in THF. That could be explained by
a need for a highly polar solvent to dissolve the active Cu
component as this reaction looks to be homogenous.

Finally, we decided to use 4 equivalents of iodane re-
agent for the optimized reaction conditions of N-arylation,
as they always provided full conversion of aminopyrimidine
starting materials 4a-d. Thus, compound 3a, for which the
optimization was performed, was isolated in good 81% yield
(Table 2, entry 1). Compound 3b was synthesized to show
the ability of this method to introduce aromatic groups
with electron-donating groups. Bis(4-methoxyphenyl)-A3-
iodanyl tosylate??> can be transformed to triflate, but we
were delighted to see that reaction also proceeds with to-
sylate in a 65% yield. It should be noted that the electronic
properties of the diaryliodane had an impact on this reac-
tion - electron-donating groups made this iodane more
prone to degradation®? and full conversion of 4a was not
achieved even with 4 equivalents of this iodane reagent. On
the contrary, mesityl(4-nitrophenyl)-A3-iodanyl triflate,>*
which we used to introduce an electron-accepting 4-nitro-
phenyl moiety, was far more stable in the reaction condi-
tions. As a consequence, it was also less reactive, requiring
48 hours to reach a satisfactory conversion and 66% isolated
yield of product 3c. Next, we planned to introduce a chloro-
pyridine moiety to check whether the proposed synthetic
approach can be performed with functionalized heteroaro-
matics. (6-Chloropyridin-3-yl)mesityl-A*-iodanyl triflate?
was used for the N7-arylation and the electron-deficient
nature of pyridine slowed down the reaction similarly to
the synthesis of nitro derivative 3c. Nevertheless, pyridyl
product 3d was isolated in a good 61% yield. To achieve dif-
ferently C2- and C6-substituted purines at the end of the se-
quence, we performed the N-arylation on different pyrimi-
dine substrates and prepared compounds 3e-g, all with iso-
lated yields over 70%. On the other hand, arylation of 4-
chloropyrimidin-5-amine produced only degradation of
this pyrimidine. It was the only pyrimidine substrate from
the tested ones, which degraded under the reaction condi-
tions. Experiments to introduce a mesityl group using bis-
mesityl-A*-iodanyl triflate’® showed no conversion, possi-
bly due to steric hinderance.

The next step is an introduction of an amine moiety at
pyrimidine C4 (Table 3). This was achieved by an SyAr reac-
tion with NHs. For this purpose, we have used saturated
NH; in iPrOH to reduce the odds of receiving hydrolysis by-
products. After a brief optimization using 3a, we deter-
mined that the optimal temperature for a single substitu-
tion in a reasonable time is 80 °C. Compounds 5a-c and 5e
were obtained in excellent 90-97% yields as Cl atoms at C4
and C6 are symmetrical. In the case of starting material 3d,
a small amount of a competing SyAr product at pyridyl moi-
ety was observed (LC-MS analysis), which slightly dimin-
ished the yield of product 5d to 80%. In the case of products
5f and 5g, the chlorine atoms at C2 are not symmetrical to
those at C4%6 and C6, so it is possible to get the undesired
regioisomer. Fortunately, pyrimidine C2 position is less re-
active than C4 and C6 so only small amounts of the unde-
sired isomers were detected by LCMS and 5f and 5g were
isolated in yields over 70%. We also observed that the SyAr
reaction proceeds more slowly in more electron-rich sys-
tems. Thus, transformation towards 5b and 5e required a
longer reaction time for full conversion.

Table 3 SyAr Substitution of Chloropyrimidine 3a-g with Ammonia

X

H
NH N
SAr 3, X7 A
)\ PPrOH | _
3a-g

80°C Y N7 “NH,

5a-g
Entry X Y Ar Time (h)  Yield of product
5a-g (%)
\,'
1a H © 16 5a,91
PN
2 d H | 48 5b, 90
Z OMe
\,l
3 d H ©\ 16 5¢,97
NO»
PN
4 H | 16 5d, 80
=
N Cl
5 d Me , 24 5e,93
6 H a © 16 5f,73
7 d a 16 59,75

The final step of the proposed synthetic sequence is the
ring-closing reaction (Table 4). From initial experiments
with 5a, we picked ring-closing reaction conditions using
HC(OEt); under acid catalysis.?”! In this way, the reaction
proceeded without any by-product formation and com-
pound 6a was isolated in a 96% yield. Closing ring to a C8-
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Table 4 Purine Ring Closing Reaction of Compound 5a-g

X X
i &
N A N N>_H
AL, A
Y7 N7 ONH, Y N
5a-g

6a-h

Entry X Y R Ar Reagent Solvent Additive Temp (°C) Time (h)  Yield of product 6a-h (%)
1 a H H o HC(OEL), DCM cat. aq HCl 20 16 6a, 96
2 ' CH,C(OEt);  DCE cat. HCl in 1,4-dioxane 140 16 6b, 14

a H Me
3 A0 - - 120 1 6b, 78
4 o HCO,H HC(OEt);  MgSO, 100 16 6¢, 52
a H H ©\
5 ome  HC(OED); DCM cat. aq HCl 40 16 6c, 98
6 o HCO,H HC(OEt);  MgSO, 100 16 6d, 65
»~ >
a H H |
7 = NO, HC(OEt), DCE cat. HClin 1,4-dioxane 80 3 6d, 91
8 NP HCO,H HC(OEt);  MgSO, 100 16 6e, 44
ad H H 1
9 N/ cl HC(OEt), DCE cat. HClin 1,4-dioxane 80 3 6e, 82
0 d  Me H , HC(OEL), DCM cat. aq HCl 20 16 6f, 89
.
M H d H ’ O HC(OEt), DCM cat. aq HCI 20 16 6g, 91
12 a a H HC(OEt); DCE cat. HClin 1,4-dioxane 80 16 6h, 78

substituted purine was also considered, however
CH;C(OEt), turned out to be far less reactive, showing some
conversion to the required product only at 140 °C, at which
a considerable degradation was also observed. Another
method with Ac,0 as a solvent and reagent worked remark-
ably better,?® giving compound 6b in a 78% yield. We also
tested this transformation with benzoic anhydride but
failed to introduce two aromatic rings next to each other,
most likely due to steric hinderance.

Initial attempts to perform ring closing with HC(OEt); at
20 °C for 5b-d did not show any conversion. Then, upon
testing other methods, we found that the imidazole ring
can also be formed with formic acid.? The downside of this
method is the formation of 2 equivalents of water, which at
elevated temperatures give a large amount of hydrolysis by-
product, drastically reducing the yield. The hydrolysis reac-
tion is only moderately curtailed by an excess of added
MgSO,. Seeing these yields as insufficient, we returned to
the initial method and by utilizing higher temperatures,
DCE instead of DCM and anhydrous HCl in 1,4-dioxane to
avoid heating the reaction in the presence of water, we
managed to isolate 6c-e in 82-98% yields. Compounds 6f
and 6g were prepared at 20 °C in 89 and 91% yields, while
5g required heating at 80 °C to provide 6h in a 78% yield.

A specific case was the ring closure to a C8 trifluoro-
methyl-substituted purine 8 (Scheme 3). It is a two-step re-
action, initially forming trifluoroacetamide, which at ele-
vated temperatures eliminates water and forms the imidaz-

ole ring3® In our case, the formed trifluoromethyl-
substituted purine is so electron-deficient and thus reactive
under SyAr conditions. The latter resulted in full hydrolysis
(79% yield of compound 7) with 1 equivalent of water,
which is formed in situ. We were delighted to see that the
dehydroxychlorination of intermediate 7 with POCl; pro-
ceeded well and provided target product 8 in an 88% yield.
Thus, the overall yield of 70% was achieved for the whole
sequence 5a — 7 — 8 as indicated in Scheme 3.

1) (CF5C0)20 ]
ci o}
N DCM/Py J Ph o
NTX ' “pp 20°C16h  pN N pocl; N7 N
] P P — [ | )—CFs
N, 2 THFPY S N 105 °C N~ N
2 95°C24h 2h

5a 7,79% 8,88%

Scheme 3 Introduction of trifluoromethyl group at purine C8

After the imidazole ring is formed, its C8 position can be
functionalized with chlorine atom to obtain compound 9.
Thus, deprotonation of acidic H-C8 with LDA followed by an
electrophilic chlorine source (Scheme 4) gave the expected
product 9. In the case of TsCl,*! product 9 was formed in a
58% yield, but C,Cl¢*? gave a higher yield of 76%.

It is important to note that the chlorine substituents
also can be removed under reductive conditions. Since the
N-arylation of 4-chloropyrimidin-5-amine failed, we could
not prepare 107¢ directly using the above-described syn-
thetic approach. However, the chlorine from compound 6a
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cl Ph 1 LDA Ph PdC, H,
XN CZCIG Hcosz /j: >
Y,
. N/>_ o “h k MeOH/THF
N -78°C

9, 76% 10, 92%

Scheme 4 Chlorination and chlorine reduction of compound 6a

can be easily reduced giving product 10 in a 92% yield
(Scheme 4). Even if the arylation of the respective pyrimi-
dine had worked, the advantage to prepare purine 10 this
way, is the lower price of the commercially available start-
ing material 4a compared to the corresponding 4-chloropy-
rimidin-5-amine.

In conclusion, we have developed a three-step approach
for the de novo synthesis of N7-arylpurines from substitut-
ed pyrimidines. The best method to introduce an aromatic
group at the necessary position was arylation of 5-amino-
pyrimidines using diaryliodanes. The further SyAr reaction
of chloropyrimidines with ammonia is a common reaction,
which was performed with high yields even in cases, where
regioisomers could form. Of the several ways to close the
imidazole ring, orthoformate reaction with acid catalysis
showed the best results for C8 unsubstituted purines, while
C8-alkyl substituted purines were prepared using the cor-
responding anhydrides. Functional groups, which do not in-
terfere with the reaction sequence, were located at purine
C2 and C6 by choosing the appropriate pyrimidine starting
material. We have prepared 6-chloro, 2-chloro, and 2,6-di-
chlorosubstituted purines, which can be readily functional-
ized to modified nucleobases, used in cross-coupling reac-
tions or other transformations. Chlorine substituent at C8
position can be introduced after imidazole ring closure for
more possibilities of further functionalization. Purine de-
rivatives are well accepted privileged structures in medici-
nal chemistry and their application start to emerge also in
the materials science. The developed synthetic approach to
7-arylpurines will be a valuable addition to the toolbox of
purine ring modifications.

Commercial reagents (Acros, Alfa Aesar, Fluorochem, BLD Pharm)
were used as received. Reactions and purity of the synthesized com-
pounds were monitored by TLC using silica gel 60 F,s; aluminum
plates precoated with a 0.25 mm layer of silica gel (Merck). Visualiza-
tion was accomplished by UV light. Column chromatography was per-
formed using silica gel 60 (0.040-0.063 mm) (Upasil). Yields refer to
chromatographically and spectroscopically homogeneous materials
(with purity 295%).

NMR spectra were recorded on Bruker Avance 500 spectrometers. 'H
NMR spectra were recorded at 500 MHz, with internal references
from residual nondeuterated solvents (8 = 7.26 for CDCl;, 8 = 2.50 for
DMSO-dg and 3.31 for CD;0D). '*C NMR spectra were recorded at
125.7 MHz with internal references from solvent carbon signals (5 =
77.16 for CDCls, & = 39.52 for DMSO-dg and 49.00 for CD;0D). '°F NMR
spectra were recorded at 470.5 MHz with no internal reference. Cou-
pling constants are reported in Hz and chemical shifts of signals are

given in ppm and standard abbreviations were used for multiplicity
assignments. The IR spectra were recorded in hexachlorobutadiene
(4000-2000 cm™') and paraffin oil (2000-450 cm™') with an FTIR
PerkinElmer Spectrum 100 spectrometer.

For HPLC analyses Agilent Technologies 1200 Series system was used
(XBridge C18 column, 4.6 x 150 mm, particle size 3.5 pm). Eluent A:
0.1% aq TFA/CH;CN (95:5, v/v), eluent B: CH;CN. Gradient: 30-95% B 5
min, 95% B 5 min, 95-30% B 2 min. Flow rate: 1 mL/min. Wavelength
of detection was set to 260 nm.

HRMS analysis was performed on an Agilent 1290 Infinity series
UPLC system, connected to Agilent 6230 TOF LC/MS mass spectrome-
ter; column Extend C18 RRHD 2.1 x 50 mm, 1.8 um. Eluents: formic
acid in CH5CN (0.1%) and aq 0.1% formic acid.

5-(Phenylamino)pyrimidine-4,6-diol (2)

Aniline (36.5 mL, p = 1.02 g/cm?, 0.4 mol, 20.0 equiv) was added to 5-
bromopyrimidine-4,6-diol (1; 3.82 g, 20.0 mmol, 1.0 equiv) under ar-
gon atmosphere and the resulting reaction mixture was stirred at 90 °C
for 16 h. Next, the reaction mixture was diluted with EtOAc (100 mL)
and kept at 0 °C for 1 h. The precipitate was then filtered, washed
with EtOH (3 x 50 mL) and dried in vacuo; yield 3.53 g (87%); colorless
solid; Ry=0.22 (DCM/EtOH 1:1); mp 205-220 °C (dec.).

IR (hexachlorobutadiene/paraffin oil): 3066, 2600, 1647, 1555, 1444,
1293,1232 cm.

'H NMR (500 MHz, DMSO-ds): 8 = 12.50-11.00 (br s, 2 H, HO), 7.92 (s,
1H,HC2),7.04(t,3 =7.7 Hz, 2 H, C¢H;), 6.72-6.54 (br s, 1 H, HN), 6.58
(t,3]=7.7Hz, 1 H, GgHs), 6.51 (d, 3] = 7.7 Hz, 2 H, CHs).

13C NMR (125.7 MHz, DMSO-de): 8 = 161.7, 146.2, 144.8, 128.2, 116.6,
113.8,106.5.

HRMS (ESI): mjz [M + HJ* caled for CyoH;(N;0,: 204.0773; found:
204.0780.

4-Chloro-N-arylpyrimidin-5-amines 3a-g; General Procedure

Anhydrous NMP was added to a mixture of substituted 4-chloro-5-
aminopyrimidine 4 (1.0 equiv), diaryliodane (4.0 equiv), and Cu (0.1
equiv). The resulting reaction mixture was stirred under argon atmo-
sphere at 80 °C for the designated time (Table 2). The mixture was
then poured into H,0 (150 mL) and extracted with a 1:1 toluene/EtOAc
mixture (3 x 150 mL). The combined organic phases were then
washed with sat. aq NaHCO; (150 mL), H,0 (150 mL) and brine (50
mL), dried (anhyd Na,S0,), filtered, and evaporated. The crude prod-
uct was purified by silica gel column chromatography using either
pure DCM or DCM/MecCN, as indicated by the Ry values.

4,6-Dichloro-N-phenylpyrimidin-5-amine (3a)

Prepared from 4,6-dichloropyrimidin-5-amine (4a; 1.00 g, 6.1 mmol),
diphenyliodonium triflate (10.54 g, 24.5 mmol), Cu (39 mg, 0.61
mmol), and NMP (12 mL); yield: 1.19 g (81%); off-white solid; R, =
0.45 (DCM); mp 100-104 °C.

Alternative Preparation of Compound 3a (Scheme 2)

POCl; (15 mL) was added to compound 2 (1.02 g, 5.0 mmol, 1.0 equiv)
under argon atmosphere, and the reaction mixture was stirred at 105 °C
for 2 h. The mixture was then evaporated, suspended in H,0 (50 mL),
and extracted with EtOAc (3 x 30 mL). The combined organic
phases were washed with sat. aqg NaHCO; (30 mL), H,0 (30 mL) and
brine (20 mL), dried (anhyd Na,SO,), filtered, and evaporated. The
product was purified by silica gel column chromatography (DCM) and
dried in vacuo; yield: 698 mg (58%).
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IR (hexachlorobutadiene/paraffin oil): 3379, 1603, 1518, 1498, 1400,
1376, 1226 cm™.

'H NMR (500 MHz, CDCl;): & = 8.52 (s, 1 H, HC2), 7.30 (t, 3] = 7.7 Hz, 2
H, CgHs), 7.06 (t, 3] = 7.7 Hz, 1 H, CgHs), 6.79 (d, 3] = 7.7 Hz, 2 H, CgH;),
5.96-5.84 (brs, 1 H, HN).

13C NMR (125.7 MHz, CDCl3): & = 154.2, 151.0, 140.7, 132.9, 129.2,
123.1,118.4.

HRMS (ESI): mjz [M + HJ* calcd for C;HgCl,N;: 240.0095; found:
240.0100.

4,6-Dichloro-N-(4-methoxyphenyl)pyrimidin-5-amine (3b)
Prepared from 4,6-dichloropyrimidin-5-amine (4a; 732 mg, 4.5
mmol), di(4-methoxyphenyl)iodonium tosylate (9.15 g, 17.9 mmol),
Cu (29 mg, 0.45 mmol), and NMP (10 mL); yield: 782 mg (65%); or-
ange solid; R;=0.71 (DCM/MeCN 20:1); mp 66-68 °C.

IR (hexachlorobutadiene/paraffin oil): 3267, 1507, 1398, 1369, 1226,
1028 cm™.

'H NMR (500 MHz, CDCl,): § = 8.43 (s, 1 H, HC2), 6.88-6.80 (m, 4 H,
CeHy), 5.88-5.79 (br s, 1 H, HN), 3.80 (s, 3 H, OCH).

13C NMR (125.7 MHz, CDCLy): & = 156.6, 152.0, 149.7, 134.3, 133.9,
122.1,114.5,55.7.

HRMS (ESI): m/z [M + HJ* calcd for C;;H;(Cl,N;0: 270.0201; found:
270.0197.

4,6-Dichloro-N-(4-nitrophenyl)pyrimidin-5-amine (3c)

Prepared from 4,6-dichloropyrimidin-5-amine (4a; 1.09 g, 6.6 mmol),
(2,4,6-trimethylphenyl)(4-nitrophenyl)iodonium triflate (12.61 g,
26.5 mmol), Cu (42 mg, 0.66 mmol), and NMP (12 mL). Different puri-
fication: The quenched reaction mixture was extracted with 1:1 tolu-
ene/hexane mixture (2 x 100 mL) and the combined organic phases
were discarded. The aqueous phase was extracted with a 1:1 tolu-
ene/EtOAc mixture (3 x 150 mL), which was then washed with 5% aq
NaOH (2 x 100 mL), H,0 (150 mL) and brine (50 mL), dried (anhyd
Na,S0,), filtered, and evaporated. The crude mixture was suspended
in Et,0 (30 mL) by ultrasonication, filtered, washed with Et,0 (2 x 5
mL) and dried in vacuo; yield: 1.25 g (66%); brown solid; R; = 0.65
(DCM/EtOH 20:1); mp 214-218 °C.

IR (hexachlorobutadiene/paraffin oil): 3302, 1597, 1498, 1385, 1321,
1306, 1110 cm™.

H NMR (500 MHz, DMSO-dg): 8 = 9.45-9.38 (br's, 1 H, HN), 8.87 (s, 1
H, HC2), 8.09 (d, 3] = 9.2 Hz, 2 H, CgH,), 6.82 (d, 3] = 9.2 Hz, 2 H, CgH,).

13C NMR (125.7 MHz, DMSO-dg): 8 = 159.3, 155.0, 149.9, 139.2, 130.6,
125.7,113.8.
HRMS (ESI):
284.9954,

m/z [M + H]" caled for C,oH,Cl,N,0,: 284.9446; found:

4,6-Dichloro-N-(6-chloropyridin-3-yl)pyrimidin-5-amine (3d)
Prepared from 4,6-dichloropyrimidin-5-amine (4a; 1.00 g, 6.1 mmol),
(2,4,6-trimethylphenyl)(6-chloropyrid-3-yl)iodonium triflate (12.40
g,24.5 mmol), Cu (39 mg, 0.61 mmol), and NMP (12 mL); yield: 1.03 g
(61%); colorless solid; Ry= 0.24 (DCM/MeCN 20:1); mp 174-178 °C.
IR (hexachlorobutadiene/paraffin oil): 3166, 1521, 1484, 1461, 1410,
1389, 1240, 1109 cm™.

H NMR (500 MHz, CDCl,): 8 = 8.60 (s, 1 H, HC2), 7.99 (s, 1 H,
C5NCIH,), 7.25 (d, 3 = 8.5 Hz, 1 H, C5NCIH,), 7.01 (d, 3 = 8.5 Hz, 1 H,
C5NCIH,), 5.94-5.82 (br's, 1 H, HN).

13C NMR (125.7 MHz, CDCl;): & = 155.0, 152.4, 144.9, 139.7, 136.6,
131.7,127.7,124.3.

HRMS (ESI): mjz [M + HJ* caled for CqHgCl3N,: 274.9658; found:
274.9669.

4,6-Dichloro-2-methyl-N-phenylpyrimidin-5-amine (3e)

Prepared from 4,6-dichloro-2-methylpyrimidin-5-amine (4b; 1.00 g,
5.6 mmol), diphenyliodonium triflate (9.66 g, 22.5 mmol), Cu (36 mg,
0.56 mmol), and NMP (12 mL); yield: 1.01 g (71%); off-white solid;
Ry=0.50 (DCM); mp 72-74 °C.

IR (hexachlorobutadiene/paraffin oil): 3375, 1601, 1515, 1476, 1429,
1368,1315cm™.

H NMR (500 MHz, DMSO-dg): 8 = 8.12-8.04 (br s, 1 H, HN), 7.16 (t,
3J=7.2 Hz, 2 H, CHs), 6.78 (t, 3 = 7.2 Hz, 1 H, CeHs), 6.62 (d, ¥ = 7.2 Hz,
2 H, CgHs), 2.60 (s, 3 H, CH).

13C NMR (125.7 MHz, CDCL): § = 162.7, 155.6, 141.7, 129.8, 1294,
122.4,117.4,25.1.

HRMS (ESI): m/z [M + H]* caled for C;;H;oCl,N;: 254.0252; found:
254.0257.

2,4-Dichloro-N-phenylpyrimidin-5-amine (3f)

Prepared from 2,4-dichloropyrimidin-5-amine (4c; 1.00 g, 6.1 mmol),
diphenyliodonium triflate (10.54 g, 24.5 mmol), Cu (39 mg, 0.61
mmol), and NMP (12 mL); yield: 1.14 g (78%); orange solid; R;= 0.65
(DCM); mp 62-64 °C.

IR (hexachlorobutadiene/paraffin oil): 3225, 1564, 1497, 1440, 1387,
1192 cm™.

'H NMR (500 MHz, CDCl,): & = 8.40 (s, 1 H, HC6), 7.41 (t, 3 = 7.7 Hz, 2
H, CgH;), 7.23-7.15 (m, 3 H, CgHs), 6.08-5.92 (br s, 1 H, HN).

13C NMR (125.7 MHz, CDCl3): & = 148.5, 147.9, 143.7, 138.5, 135.7,
130.2,125.4,121.8.

HRMS (ESI): m/z [M + HJ]* caled for C;oHgCl,N5: 240.0095; found:
240.0097.

2,4,6-Trichloro-N-phenylpyrimidin-5-amine (3g)

Prepared from 2,4,6-trichloropyrimidin-5-amine (4d; 967 mg, 4.9
mmol), diphenyliodonium triflate (8.40 g, 19.5 mmol), Cu (31 mg,
0.49 mmol), and NMP (12 mL); yield: 957 mg (71%); off-white solid;
R;=0.78 (DCM); mp 80-82 °C.

IR (hexachlorobutadiene/paraffin oil): 3398, 1600, 1496, 1478, 1434,
1375,1216 cm™.

'H NMR (500 MHz, CDCly): & = 7.31 (t, 3] = 7.2 Hz, 2 H, C¢H;), 7.08 (t,
3]=7.2Hz,1H, CgHs), 6.79 (d, 3] = 7.2 Hz, 2 H, C¢Hs), 5.90-5.78 (br s, 1
H, H-N).

13C NMR (125.7 MHz, CDCl3): & = 155.4, 151.4, 140.5, 131.9, 129.4,
123.5,118.6.

HRMS (ESI): m/z [M + H]* calcd for C,oH,Cl;N;: 273.9706; found:
273.9701.

N>-Arylpyrimidin-4,5-diamines 5a-g; General Procedure

Saturated NH; solution in i-PrOH (5 mL per mmol of substrate 3) was
added to substituted 4-chloro-5-aminopyrimidine 3 and the resulting
reaction mixture was stirred in a pressure flask at 80 °C for the desig-
nated time (Table 3). The reaction mixture was then evaporated, and
the residue was suspended in H,0 and kept at 0 °C for 1 h. The prod-
uct was isolated by filtration, washed on the filter with H,0 and dried
in vacuo.
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6-Chloro-N°>-phenylpyrimidine-4,5-diamine (5a)

Yield: 1.41 g (91% from 1.68 g, 7.0 mmol of compound 3a); colorless
solid; Ry=0.38 (DCM/EtOH 20:1); mp 151-153 °C.

IR (hexachlorobutadiene/paraffin oil): 3383, 3090, 1651, 1563, 1497,
1473,1351,1271 cm™.

H NMR (500 MHz, DMSO-dg): & = 8.11 (s, 1 H, HC2), 7.40-6.55 (br s, 2
H, -NH,), 7.38-7.28 (br's, 1 H, HN), 7.13 (t, 3 = 7.7 Hz, 2 H, C¢Hs), 6.69
(t,3/=7.7 Hz, 1 H, GgH;), 6.49 (d, 3] = 7.7 Hz, 2 H, CH;).

13C NMR (125.7 MHz, DMSO-dg): 8 = 162.9, 155.7, 154.7, 144.9, 128.9,
118.0,115.6, 113.5.

HRMS (ESI): m/z [M + H]* calcd for C,oH,oCIN,: 221.0594; found:
221.0604.

6-Chloro-N°-(4-methoxyphenyl)pyrimidine-4,5-diamine (5b)
Yield: 451 mg (90% from 540 mg, 2.0 mmol of compound 3b); off-
white solid; Ry = 0.38 (DCM/EtOH); mp 137-139 °C.

IR (hexachlorobutadiene/paraffin oil): 3372, 3121, 1637, 1561, 1509,
1473,1277,1240 cm™.

H NMR (500 MHz, CDCl,): & = 8.22 (s, 1 H, HC2), 6.82 (d, 3 = 8.2 Hz, 2
H, C¢H,), 6.65 (d, 3] = 8.2 Hz, 2 H, CgH,), 5.38-5.12 (br s, 3 H, HN, NH,),
3.77 (s, 3 H, OCH).

13C NMR (125.7 MHz, CDCl,): & = 160.1, 155.0, 154.0, 153.9, 135.6,
118.0,117.6,115.1, 55.8.

HRMS (ESI): m/z [M + H]* calcd for C;;H;,CIN,O: 251.0700; found:
251.0704.

6-Chloro-N°-(4-nitrophenyl)pyrimidine-4,5-diamine (5c)

Yield: 519 mg (97% from 570 mg, 2.0 mmol of compound 3c); brown
solid; Ry=0.23 (DCM/EtOH 20:1); mp 219-221 °C.

IR (hexachlorobutadiene/paraffin oil): 3450, 3325, 1643, 1590, 1476,
1300, 1267,1109 cm™'.

'H NMR (500 MHz, CD;0D): 8 = 8.17 (s, 1 H, HC2), 8.09 (d, 3] = 8.8 Hz,
2 H, CgH,), 6.63 (d, 3] = 8.8 Hz, 2 H, CH,).

13C NMR (125.7 MHz, CD;0D): & = 164.5, 158.3, 157.0, 152.6, 140.7,
127.0,115.6,113.8.

HRMS (ESI): m/z [M + HJ* calcd for C;oHoCIN5sO,: 266.0445; found:
266.0452.

6-Chloro-N°-(6-chloropyridin-3-yl)pyrimidine-4,5-diamine (5d)
Yield: 412 mg (80% from 552 mg, 2.0 mmol of compound 3d); color-
less solid; Ry=0.15 (DCM/EtOH 20:1); mp 143-145 °C.

IR (hexachlorobutadiene/paraffin oil): 3460, 3200, 1622, 1569, 1538,
1464, 1350, 1287 cm™.

'H NMR (500 MHz, CDCl;): & = 8.32 (s, 1 H, HC2), 7.90 (s, 1 H,
C5NCIH;), 7.19 (d, 3 = 8.5 Hz, 1 H, C5NCIH,), 6.85 (d, 3/ = 8.5 Hz, 1 H,
C5NCIH;), 5.38-5.18 (br. s, 1 H, HN, NH,).

13C NMR (125.7 MHz, CDCl;): & = 161.2, 156.9, 155.9, 143.0, 138.7,
137.0,124.7,124.5,115.3.

HRMS (ESI): m/z [M + H]* caled for CoHgCl,Ns: 256.0157; found:
256.0161.

6-Chloro-2-methyl-N°-phenylpyrimidine-4,5-diamine (5e)
Yield: 656 mg (93% from 762 g, 3.0 mmol of compound 3e); colorless
solid; Ry=0.35 (DCM/EtOH 20:1); mp 172-174 °C.

IR (hexachlorobutadiene/paraffin oil): 3468, 3074, 1649, 1601, 1550,
1488, 1423, 1299 cm.

H NMR (500 MHz, DMSO-d,): 8 = 7.50-6.50 (br s, 2 H, NH,), 7.24-
7.16(brs, 1 H, HN), 7.11 (t, 3 = 7.2 Hz, 2 H, C¢Hs), 6.67 (t, ¥ = 7.2 Hz, 1
H, CHs), 6.47 (d, 3 = 7.2 Hz, 2 H, CeHs), 2.33 (s, 3 H, CHy).

13C NMR (125.7 MHz, DMSO-dg): 8 = 163.8, 162.9, 155.9, 145.4, 128.9,
117.7,113.3,112.9, 24.8.

HRMS (ESI): mjz [M + H]* caled for C;;H;,CIN,: 235.0750; found:
235.0752.

2-Chloro-N°-phenylpyrimidine-4,5-diamine (5f)

Yield: 486 mg (73% from 720 g, 3.0 mmol of compound 3f); off-white
solid; Ry= 0.40 (DCM/EtOH 20:1); mp 189-191 °C.

IR (hexachlorobutadiene/paraffin oil): 3283, 3117, 1667, 1578, 1494,
1386, 1273, 1248 cm™.

H NMR (500 MHz, DMSO-dg): 8 = 7.89 (s, 1 H, HC2), 7.31-7.03 (br s, 2
H, NH,), 7.26-7.18 (br's, 1 H, HN), 7.19 (t, 3 = 7.2 Hz, 2 H, C¢Hs), 6.83-
6.74 (m, 3 H, CgHs).
13C NMR (125.7 MHz, DMSO-dg): = 160.3, 152.9, 147.3, 144.2, 129.2,
120.9,119.3,115.5.

HRMS (ESI): m/z [M + H]* calcd for C,oH,;oCIN,: 221.0594; found:
221.0596.

2,6-Dichloro-N>-phenylpyrimidine-4,5-diamine (5g)

Yield: 574 mg (75% from 825 mg, 3.0 mmol of compound 3g); color-
less solid; Ry=0.53 (DCM/EtOH 20:1); mp 157-159 °C.

IR (hexachlorobutadiene/paraffin oil): 3467, 3287, 1650, 1602, 15438,
1492, 1366, 1005 cm™.

H NMR (500 MHz, DMSO-dg + D,0): & = 7.13 (t, 3 = 7.2 Hz, 2 H, CgHs),
6.71(t, %] = 7.2 Hz, 1 H, C¢Hs), 6.50 (d, 3] = 7.2 Hz, 2 H, C¢Hs).

13C NMR (125.7 MHz, DMSO-dg + D,0): & = 164.3, 156.2, 154.9, 144.8,
129.6,119.1,115.6, 114.1.

HRMS (ESI): m/z [M + H]" calcd for C,oHoCl,N4: 255.0204; found:
255.0203.

7-Arylpurines 6a-h; General Procedure

The required orthoester (4.0 equiv) and one drop of additive (Table 4)
were added to substituted 4,5-diaminopyrimidine 5 (1.0 equiv) in the
indicated solvent. The resulting reaction mixture was stirred for the
designated time and temperature (Table 4). The reaction mixture was
diluted with DCM (20 mL per mmol of substrate 5) and washed with
sat. aqg NaHCO; (10 mL per mmol of substrate 5), H,0 (10 mL per
mmol of substrate 5) and brine (5 mL per mmol of substrate 5), dried
(anhyd Na,S0,), filtered, and evaporated. If necessary, the products
6e,h were purified using silica gel column chromatography by eluents
indicated with the Ry values.

7-Arylpurines 6¢-e; Alternative Procedure

HCO,H (2.0 equiv) and anhyd MgSO, (10 equiv) were added to substi-
tuted 4,5-diaminopyrimidine 5 (250 mg, 1.0 equiv) in triethyl ortho-
formate (5 mL). The resulting reaction mixture was stirred for 16 h at
100 °C. The mixture was then filtered, and the inorganic material was
washed with acetone (2 x 20 mL), which was evaporated. The product
was purified by silica gel column chromatography.

6-Chloro-7-phenyl-7H-purine (6a)
Prepared from compound 5a (884 mg, 4.0 mmol), triethyl orthofor-
mate (2.7 mL, p = 0.89 g/cm?, 16.0 mmol), aq HCI, and DCM (40 mL) at
20 °C for 16 h; yield: 882 mg (96%); off-white solid; Ry = 0.15
(DCM/MeCN 10:1); mp 203-205 °C.
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IR (hexachlorobutadiene/paraffin oil): 1595, 1536, 1498, 1402, 1343,
1210,961 cm™.

H NMR (500 MHz, CDCL,): & = 8.97 (s, 1 H, HC2), 8.97 (s, 1 H, HC8),
7.64-7.56 (m, 3 H, CgHs), 6.65 (d, 3] = 7.2 Hz, 2 H, CeHs).

13C NMR (125.7 MHz, CDCLy): & = 162.0, 152.9, 149.0, 143.8, 134.5,
130.3,129.7, 1274, 123.2.

HRMS (ESI): mjz [M + H]* caled for C;;HgCIN,: 231.0437; found:
231.0441.

6-Chloro-8-methyl-7-phenyl-7H-purine (6b)

Prepared from compound 5a (221 mg, 1.0 mmol), triethyl orthoace-
tate (0.73 mL, p = 0.89 g/cm?, 4.0 mmol), HCl in 1,4-dioxane, DCE (10
mL) at 140 °C for 16 h; yield: 34 mg (14%).

Alternative Preparation of 6b Using Ac,0

Ac,0 (6 mL) was added to compound 5a (221 mg, 1.0 mmol, 1.0 equiv)
and the resulting reaction mixture was stirred at 120 °C for 1 h. The
mixture was poured into H,0 (70 mL) and extracted with DCM (3 x 40
mL). The combined organic phases were washed with sat. aq NaHCO;
(3 x30 mL), H,0 (30 mL) and brine (20 mL), dried (anhyd Na,SO,), fil-
tered, and evaporated. The product was purified by silica gel column
chromatography (DCM/EtOH 0 — 3%) and dried in vacuo; yield: 191
mg (78%); colorless solid; R;= 0.38 (DCM/EtOH 20:1); mp 184-186 °C.
IR (hexachlorobutadiene/paraffin oil): 1595, 1545, 1501, 1442, 1408,
1239,1159 cm™.

1H NMR (500 MHz, CDCL,): = 8.86 (s, 1 H, HC2), 7.65-7.55 (m, 3 H,
CeHs), 6.65 (d, 3] = 6.7 Hz, 2 H, CeHs), 2.52 (s, 3 H, CHs).

13C NMR (125.7 MHz, CDCly): & = 161.4, 159.5, 152.6, 142.3, 134.6,
130.5, 129.9, 128.4, 124.5, 14.9.

HRMS (ESI): m/z [M + H]" calcd for C;,H;oCIN,: 245.0594; found:
245.0602.

6-Chloro-7-(4-methoxyphenyl)-7H-purine (6c)

Prepared from compound 5b (251 mg, 1.0 mmol), triethyl orthofor-
mate (0.67 mL, p = 0.89 g/cm?, 4.0 mmol), aq HCl, and DCM (10 mL) at
40 °C for 16 h; yield: 255 mg (98%); colorless solid; R; = 0.40
(DCM/EtOH 20:1); mp 218-222 °C.

Alternative Procedure: Prepared from compound 5b (250 mg, 1.0
mmol), HCO,H (75 pL, p = 1.22 g/cm?, 2.0 mmol), and MgSO, (1.2 g,
10.0 mmol); yield: 137 mg (52%).

IR (hexachlorobutadiene/paraffin oil): 1597, 1535, 1512, 1447, 1342,
1249, 1205,1172 cm™.

H NMR (500 MHz, CDCL,): & = 8.94 (s, 1 H, HC2), 8.29 (s, 1 H, HCS),
7.36(d, ¥ = 8.4 Hz, 2 H, CgH,), 7.06 (d, 3] = 8.4 Hz, 2 H, CgH,), 3.91 (s, 3
H, OCH,).

13C NMR (125.7 MHz, CDCLy): & = 161.9, 161.0, 152.9, 149.3, 143.9,
128.7,127.1,123.4, 1147, 55.9.

HRMS (ESI): m/z [M + H]* caled for C;,H;oCIN,O: 261.0543; found:
261.0552.

6-Chloro-7-(4-nitrophenyl)-7H-purine (6d)

Prepared from compound 5¢ (265 mg, 1.0 mmol), triethyl orthofor-
mate (0.67 mL, p = 0.89 g/cm?, 4.0 mmol), HCl in 1,4-dioxane, and
DCE (10 mL) at 80 °C for 3 h; yield: 251 mg (91%); yellow solid; Ry =
0.40 (DCM/EtOH 20:1); mp 243-245 °C.

Alternative Procedure: Prepared from compound 5c¢ (250 mg, 0.94
mmol), HCO,H (71 pL, p = 1.22 g/cm?, 1.9 mmol), and MgS0O, (1.1 g,
9.4 mmol); yield: 169 mg (65%).

IR (hexachlorobutadiene/paraffin oil): 1590, 1520, 1497, 1401, 1343,
1206 cm.

'H NMR (500 MHz, DMSO-dg): 8 = 9.09 (s, 1 H, HC8), 8.94 (s, 1 H,
HC2),8.48 (d, 3] = 8.5 Hz, 2 H, CgH,), 8.03 (d, 3] = 8.5 Hz, 2 H, CgH,).

13C NMR (125.7 MHz, DMSO-dg): 8 = 161.9, 152.2, 150.7, 147.8, 142.5,
139.7,128.9, 1244, 122.8.

HRMS (ESI): m/z [M + H]* calcd for C;;H,CIN;O,: 276.0288; found:
276.0285.

6-Chloro-7-(6-chloropyridin-3-yl)-7H-purine (6e)

Prepared from compound 5d (179 mg, 0.7 mmol), triethyl orthofor-
mate (0.46 mL, p = 0.89 g/cm?, 2.8 mmol), HCI in 1,4-dioxane, DCE (7
mL) at 80 °C for 3 h; yield: 153 mg (82%); colorless solid; R; = 0.33
(DCM/EtOH 20:1); mp 176-178 °C.

Alternative Procedure: Prepared from compound 5d (250 mg, 0.98
mmol), HCO,H (71 pL, p = 1.22 g/cm?, 1.9 mmol), and MgS0, (1.2 g,
9.8 mmol); yield: 116 mg (44%).

IR (hexachlorobutadiene/paraffin oil): 1597, 1536, 1475, 1406, 1343,
1313,1214,1108 cm™.

'H NMR (500 MHz, CDCl;): & = 9.01 (s, 1 H, HC2), 8.59 (s, 1 H,
C5NCIH;), 8.33 (s, 1 H, HC8), 7.81 (d, 3] = 8.5 Hz, 1 H, C5NCIH3), 7.61
(d, 3] =8.5 Hz, 1 H, C5NCIH,).

13C NMR (125.7 MHz, CDCl,): 8 = 162.2, 153.6, 153.4, 148.5, 147.6,
143.6,137.3,130.5, 125.1, 123.1.

HRMS (ESI): m/z [M + H]* calcd for C,oHgCl,N5: 266.0000; found:
266.0006.

6-Chloro-2-methyl-7-phenyl-7H-purine (6f)

Prepared from compound 5e (353 mg, 1.5 mmol), triethyl orthofor-
mate (1.0 mL, p = 0.89 g/cm?, 6.0 mmol), aq HCl, and DCM (15 mL) at
20 °C for 16 h; yield: 328 mg (89%); colorless solid; R = 0.43
(DCM/EtOH 20:1); mp 268-270 °C.

IR (hexachlorobutadiene/paraffin oil): 3051, 1607, 1537, 1495, 1474,
1397,1339,1229 cm™".

'H NMR (500 MHz, CDCl,): & = 8.26 (s, 1 H, HC8), 7.62-7.55 (m, 3 H,
CgHs), 7.47-7.42 (m, 2 H, CgHs).

13C NMR (125.7 MHz, CDCl3): & = 163.1, 162.8, 148.9, 143.3, 134.7,
130.1, 129.6, 127.3, 121.1, 25.8.

HRMS (ESI): m/z [M + H]* caled for C;,H;oCIN,: 245.0594; found:
245.0592.

2-Chloro-7-phenyl-7H-purine (6g)

Prepared from compound 5f (332 mg, 1.5 mmol), triethyl orthofor-
mate (1.0 mL, p = 0.89 g/cm?, 6.0 mmol), aq HCl, and DCM (15 mL) at
20 °C for 16 h; yield 316 mg (91%); off-white solid; R; = 0.20
(DCM/MeCN 10:1); mp 210-220 °C (dec.).

IR (hexachlorobutadiene/paraffin oil): 1605, 1555, 1501, 1416 1389,
1336,1181 cm™.

'H NMR (500 MHz, CDCl3): & = 8.90 (s, 1 H, HC6), 8.48 (s, 1 H, HC8),
7.67 (t,%] = 7.5 Hz, 2 H, CgHs), 7.59 (t, 3] = 7.5 Hz, 1 H, C¢H;), 7.52 (d,
3]=7.5Hz, 2 H, CgHs).

13C NMR (125.7 MHz, CDCl3): & = 163.4, 155.5, 148.3, 142.5, 134.7,
130.9, 129.8, 124.6, 123.7.
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HRMS (ESI): m/z [M + HJ* caled for C;;HgCIN,: 231.0437; found:
231.0439.

2,6-Dichloro-7-phenyl-7H-purine (6h)

Prepared from compound 5g (383 mg, 1.5 mmol), triethyl orthofor-
mate (1.0 mL, p = 0.89 g/cm?, 6.0 mmol), HCl in 1,4-dioxane, DCE (15
mL) at 80 °C for 16 h; yield: 312 mg (78%); off-white solid; R, = 0.24
(DCM/MeCN 20:1); mp 240-242 °C.

IR (hexachlorobutadiene/paraffin oil): 1594, 1495, 1403, 1338, 1228,
1212,999 cm™.

'H NMR (500 MHz, CDCl;): & = 8.34 (s, 1 H, HC8), 7.67-7.57 (m, 3 H,
CgHs), 7.52 (d, 3] = 7.2 Hz, 2 H, C¢H;).

13C NMR (125.7 MHz, CDCl3): & = 163.6, 153.7, 150.3, 144.7, 134.1,
130.6,129.8, 127.3, 122 4.

HRMS (ESI): m/z [M + H]" calcd for C,;H,Cl,N,: 265.0048; found:
265.0056.

7-Phenyl-8-trifluoromethyl-7H-hypoxanthine (7)

Trifluoracetic anhydride (0.28 mL, p = 1.51 g/cm?, 2.0 mmol, 2.0
equiv) was added to a solution of compound 5a (221 mg, 1.0 mmol,
1.0 equiv) in a mixture of DCM (10 mL) and pyridine (1.3 mL). The re-
sulting reaction mixture was stirred at 20 °C for 16 h. Then the mix-
ture was evaporated to dryness and the residue was transferred to a
pressure vial by resuspending it in anhyd THF (10 mL) and pyridine
(1.7 mL). The resulting mixture was stirred at 95 °C for 24 h. Then it
was evaporated, and the residue was suspended in H,0 (20 mL) and
filtered. The precipitate was washed with H,0 (2 x 20 mL) and dried
in vacuo; yield: 221 mg (79%); colorless solid; Ry = 0.23 (DCM/EtOH
20:1); mp >300 °C.

IR (hexachlorobutadiene/paraffin oil): 1682, 1506, 1409, 1291, 1164,
1152 cm™.

'H NMR (500 MHz, DMSO-dg): & = 13.50-11.75 (br. s, 1 H, H-N), 8.15
(s, 1H, HC2), 7.63-7.50 (m, 5 H, CgHs).

13C NMR (125.7 MHz, DMSO-d): 8 = 1544, 153.7, 146.6, 139.1 (, 2 =
38 Hz), 134.2, 130.1, 128.8, 127.5, 119.1, 118.3 (q, Ve = 272 Hz).

19F NMR (470.5 MHz, DMSO-dg): 8 = -59.4.

HRMS (ESI): m/z [M + H]* calcd for C,HgF;N,0: 281.0650; found:
281.0651.

6-Chloro-7-phenyl-8-trifluoromethyl-7H-purine (8)

POCl; (8 mL) was added to compound 7 (221 mg, 0.8 mmol, 1.0 equiv)
under argon atmosphere and the resulting reaction mixture was
stirred at 105 °C for 2 h. The mixture was evaporated, and the residue
purified by silica gel column chromatography (DCM/MeCN 0 — 4%);
yield: 207 mg (88%); colorless solid; R, = 0.56 (DCM/MeCN 10:1); mp
190-193 °C.

IR (hexachlorobutadiene/paraffin oil): 1586, 1514, 1449, 1416, 1287,
1217,1165,1151, 1141 cm™.

H NMR (500 MHz, CDC,): § = 9.04 (s, 1 H, HC2), 7.68 (t, ¥ = 7.5 Hz, 1
H, CgHs), 7.60 (t, 3] = 7.5 Hz, 2 H, CgHs), 7.45 (d, 3 = 7.5 Hz, 2 H, CgHs).

13C NMR (125.7 MHz, CDCls): 8 = 158.7, 154.0, 146.6 (q, 2Jc; = 40 Hz),
145.6,133.0, 131.4, 129.7, 128.5, 125.3 118.1 (q, Ve = 274 Hz).

19F NMR (470.5 MHz, CDCl,): & = -61.1.

HRMS (ESI): m/z [M + H]* caled for C;;H,CIF;N,: 299.0311; found:
299.0312.

6,8-Dichloro-7-phenyl-7H-purine (9)

A solution of BuLi in hexanes (2.4 M, 0.42 mL, 1 mmol, 2.0 equiv) was
dropwise added to a solution of i-Pr,NH (0.15 mL, p = 0.72 g/cm?, 1.05
mmoL, 2.1 equiv) in anhyd THF (5 mL) at -78 °C under argon atmo-
sphere. The resulting LDA solution was stirred at -78 °C for 30 min. A
solution of compound 6a (115 mg, 0.5 mmol, 1.0 equiv) in anhyd THF
(5 mL) was then dropwise added and the freshly formed solution of
LDA and the formed mixture was stirred at -78 °C for 1 h. A solution
of hexachloroethane (237 mg, 1.0 mmol, 2.0 equiv) in anhyd THF (5
mL) was then dropwise added and the reaction mixture was stirred at
-78 °C for 1 h. Upon completion, the mixture was diluted with sat. aq
NH,CI and stirred until it warmed up to 20 °C. The neutralized mix-
ture was extracted with EtOAc (3 x 50 mL), the combined organic
phases were washed with H,0 (30 mL) and brine (20 mL), dried (an-
hyd Na,S0,), filtered, and evaporated. The product was purified by sil-
ica gel column chromatography (DCM/MeCN 0 — 8%) and dried in
vacuo; yield: 101 mg (76%); colorless solid; Ry = 0.30 (DCM/MeCN
10:1); mp 212-214 °C.

IR (hexachlorobutadiene/paraffin oil): 1586, 1541, 1439, 1400, 1349,
1234,982 cm™',

H NMR (500 MHz, CDCly): & = 8.90 (s, 1 H, HC2), 7.68-7.57 (m, 3 H,
CeHs), 745 (d, 3 = 7.4 Hz, 2 H, CgHs).

13C NMR (125.7 MHz, CDCl;): & = 159.9, 153.2, 149.3, 142.7, 133.3,
131.1,129.8,128.7, 125.1.

HRMS (ESI): m/z [M + H]* caled for Cy;H,CL,N,: 265.0048; found:
265.0048.

7-Phenyl-7H-purine (10)7°

HCO,NH, (252 mg, 4.0 mmol, 4.0 equiv) and 10 w% Pd/C (23 mg, 10
w%) were added to a solution of compound 6a (231 mg, 1.0 mmol, 1.0
equiv) in a 1:1 THF/EtOH mixture (40 mL). Then a mild H, bubbling
was applied to the resulting stirred reaction mixture for 30 min. Next,
the bubbling was stopped and the mixture was stirred under H, at-
mosphere for 16 h (rubber balloon containing H,, which ensures am-
bient pressure). The mixture was then filtered through Celite and
washed with EtOH (2 x 20 mL). The combined filtrates were evaporat-
ed and the product was dried in vacuo; yield: 180 mg (92%); colorless
solid.

1H NMR (500 MHz, CDCL,): & = 9.21 (s, 1 H, HC2), 9.06 (s, 1 H, HC6),
8.47 (s, 1 H, HC8), 7.65 (t, 3J = 7.4 Hz, 2 H, CHs), 7.59-7.50 (m, 3 H,
CeHs).
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