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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Temas aktualitate

Anneléti pirimidini ir medicinas kimija priviligétas heterocikliskas struktoras ar
daudzveidigu biologisko aktivitaSu profilu atkariba no pamatcikla uzbiives un aizvietotaju
rakstura. Tas saistits ar annel&to pirimidinu strukturdlo lidzibu gan dzivo organismu $tnu
genétiskas informacijas nesgjiem, gan signalmolekulam, gan ari koenzimiem. Purina
heterocikls ir dzivajos organismos visplasak parstavétais annel&to pirimidinu parstavis, jo
ietilpst nukleinskabju sastava. Turklat adenozina trifosfats ir §inu energiju neso$a molekula, un
citi adenozina atvasinajumi darbojas ka kardiovaskularas sistémas signalmolekulas. Tadel
annel&to pirimidinu fragmenti ar labiem rezultatiem tiek izmantoti pretvirusu, pretvéza, ka arl
sirds un citu slimibu zalvielu izstradg (1. a shema).! 2 Biomimétisku struktiiru modificésana un
pilnveidosana medicinas kimija ir labi zinama stratégija zalvielu izveidg. Tadél jaunu® sintezes
metozu izstrade, kas dod iesp&ju radit gan jaunus molekularos skeletus, gan modificét esoSos
strukturalos biivblokus, ir nozimiga inovaciju komponente medicinas kimija.> Daudziem no
annelétajiem pirimidiniem, ieskaitot purinu atvasinajumus, ir novérojama luminescence, kas
paver to lietojuma iesp&jas bioorganiskaja un analitiskaja kimija ka sensoriem un
materialzinatné ka OLED (organiskas gaismu emitgjodas diodes) materialiem.*® Ari 3aja
lietojuma sfera jaunu sint€zes metozu attistiba dod iesp&ju uzlabot nepiecieSamas vielu fizikalas
Tpasibas.

Heterociklisko savienojumu aizvietotaju modificesana doming tadas metodes ka nukleofTlas
(hetero)aromatiskas aizvietoSanas reakcijas (SnAr), ka arT parejas metalu katalizéti C-C un
C-heteroatoms saisu veido3anas procesi, lietojot 3kérssametinasanas”® un C-H saifu
aktivesanas® ® reakcijas. Daudzos kimiskds modifikacijas procesos tiek izmantotas
tradicionalas halogénu aizejosas grupas, ka ar1 aktiveti O- un S-aizvietotdji, piem&ram, TfO-,
TsO-, RS-, RSO;-.%9 Krietni retak aprakstitas N-centrétas aizejosas grupas, kas ietver imidus,
amidus, imidazolus un 1,2,4-triazolus, ka ari promocijas darba autora zinatniskas grupas
ieteiktos 1,2,3-triazolus.***® Saja konteksta azidogrupas heterocikliskajos savienojumos ir
raksturojamas ka N-centréti pseidohalogenidu tipa aizvietotaji — tas var piedalities SnAr
reakcijas, dodot azidjonu (pseidohalogenids) ka aizejoSo grupu, kas ir zinamas, tomeér maz
pétitas, reakcijas.'? 15 Svarigi, ka azidogrupas novietosana blakus heterocikliska slapekla
atomam (a-pozicija) dod azidoazometina struktiras fragmentu, kam ir raksturigs azida-
tetrazola tautomérais lidzsvars (1. b shema).®7° Tika izteikta hipotéze, ka, lietojot azidogrupas
ka aizejosas grupas heterociklu SnAr reakcijas, ar azida-tetrazola lidzsvaru iesp&ams modulét
reakcijas sp&ju heterociklos. Reakcijas sp&jas modulacija paver iesp&ju dizainét jaunas reakcijas
un ietekm& zinamu parvertibu regioselektivitati, jo Tipasi, ja molekula ir vairaki
azidoaizvietotaji.

Promocijas darba autors un zinatniska grupa fokus&jas uz azidoheterociklu preparativo
sintétisko metozu izstradi divos virzienos: 1) purinu kimisko transformaciju attistiba ar mérki
radit jaunas reakcijas labi zinama un loti plasi lietota vielu klasg; 2) piridopirimidinu
funkcionalizg$ana, jo ST vielu klase ir krietni mazak pétita, salidzinot ar citiem annel&tajiem
pirimidiniem.
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1. shéma. Izveletas annelétu pirimidinu zalvielas un azidu 1pasibas.

Turklat, veicot pétljumus ar vielam, kam ir augsts slapekla saturs, radas logiska
nepiecieSamiba noteikt savienojumu energétisko profilu (1. ¢ shéma). Azidogrupas ievadisana
organiskajos savienojumos palielina sistémas termadinamisko energiju par ~ 355 kJ/mol, tadél
savienojumi ar vairakam azidogrupam veido materialus ar augstu energijas blivumu.?® 2t Azidi
ir jutigi pret aréju triecienu un siltumu, un sadaloties veido N2 gazi un izdala lielu siltuma
daudzumu. Tadgl organiskie azidi ir potenciali spragsto$i savienojumi un azidoaizvietotaju ka
eksplozoforu funkcionalo grupu biezi izmanto augsta blivuma energgtisko savienojumu
kimija.?? Tpasi energ@tiski piesatinati ir smago metalu azidi un mazmolekularie organiskie azidi
ar augstu slapekla masas bilanci (> 50 %). Augstas triecienjutibas dé] mazmolekularos azidus
izmanto primaro spragstvielu dizaina. Energétiska profila noteik§8ana promocijas darba
apskatitajiem azidoheterocikliem lauj pamatot izstradato sintétisko metozu droSu lietojumu.
legiitas zinasanas palidz&ja attistit jauna binara energétiska savienojuma dizain&Sanu,
mérktiecigi lietojot annel€tu pirimidinu molekularo skeletu un taja ievadot maksimalo
azidogrupu skaitu. Seit jauzsver, ka binaru energétisko CxNy savienojumu dizains un sintéze
patlaban piedzivo renesansi,?>?° kas saistita ar vidi nepiesarnojosu detonatoru izstradi, apzinati
izvairoties no smago metalu savienojumu lietojuma.?® %’

Apvienojot interesi par annel&tu pirimidinu reagétsp&jas izpéti un azida-tetrazola lidzsvara
ietekmi uz reakciju gaitu, ir izstradatas vairakas jaunas preparativas metodes purinu un
piridopirimidinu kTmija, ka arT noteikti azida-tetrazola lidzsvara fizikalkimiskie raksturlielumi
$ajas vielu klas@s. Pétitajiem azidoheterocikliem ir noteikts to energétiskais profils, lai gutu
parliecibu par sintétisko metozu drosumu. legiitas zinasanas lava izstradat jaunu energétisko
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savienojumu, apzinati parkapjot robezu starp tradicionalo sinttisko organisko kimiju un
spragstvielu kimiju.

Pétijuma meérkis un uzdevumi

Promocijas darba mérkis ir jaunu sintétisko metodologiju izstrade annelétu azidopirimidinu
funkcionaliz&é$anai, izmantojot azida-tetrazola ITdzsvaru regioselektivitates inducéSanai un
azida funkcionalas grupas daudzpusigas kimiskas Tpasibas. Nemot véra iesp&jamas energétiskas
pasibas vielam ar augstu slapekla saturu, otrs darba mérkis ir eksperimentali noteikt $o vielu
energgtisko profilu un/vai lietojumu primaro spragstvielu izstrade.

Merka izpildei tika noteikti vairaki uzdevumi:

e SnAr reakciju regioselektivitates izpéte annelétu pirimidinu - purina,
pirido[2,3-d]pirimidina un pirido[3,2-d]pirimidina, diazidoatvasinajumos;

e sintézes metozu izstrade SNAr aizvietoSanai annelétajos diazidopirimidinos;

e sintézes metozu izstrade 2,6-diazidopurinu pirimidina gredzena atvér$anai;

e reagtspéjas parbaude selektivi aizvietoto anneléto azidopirimidinu talakai
azidogrupas funkcionalizé$anai;

e cnergetiska profila fizikalo raditaju noteikSana darba pétitajiem annelétajiem
azidopirimidiniem un vismaz viena jauna tipa savienojuma dizaing$ana $aja grupa,
kas atbilstu binarajai CxNy energetisko savienojumu klasei ar augstu slapekla saturu.

Zinatniska novitate un galvenie rezultati

No iesp&jama anneléto azidopirimidinu klasta $aja promocijas darba apskatiti:
» 2,4-diazidopirido[2,3-d]pirimidini un 2,4-diazidopirido[3,2-d]pirimidini ka jauna
tipa struktiiras, kam izp&tita reakcijas sp&ja;
» purini, kam atklatas jauna tipa cikla atvérSanas reakcijas, kas dod
tetrazolilimidazolus ar aizvietotu sanu k&dji;
» pirimidopirimidins, Uz ka bazes dizain&ts binarais energétiskais savienojums CeN1e
un anneléti diazidopirimidini, kam noteikts to energetiskais profils.

2,4-Diazidopirido[2,3-d]pirimidini un 2,4-diazidopirido[3,2-d]pirimidini

Promocijas darba pirmo reizi izpétita 2,4-diazidopirido[2,3-d]pirimidina un
2,4-diazidopirido[3,2-d]pirimidina iegiiSana un to azida-tetrazola lidzsvari. Atklats, ka Sie
savienojumi $kidumos raksturojas ar sarezgitu lidzsvaru, kura iesp&jamas Iidz pat Cetram
tautomérajam formam 2,4-diazidopirido[2,3-d]pirimidina un lidz pat septinam tautomé&rajam
formam 2.4-diazidopirido[3,2-d]pirimidina. Vienigais $kidinatajs, kura polara daba un
fidenraza saiSu tikls nodroSina tautomera Iidzsvara pilnigu novirzisanu uz diazidoformu, ir
trifluoretikskabe. Savukart kristaliskaja fazé abos gadijumos ir novérotas tikai monotetrazola
formas, kas no C(2)-azida grupas veido jaunas annelétas tricikliskas strukthras:
pirido[3,2-e]tetrazolo[1,5-a]pirimidins un pirido[2,3-e]tetrazolo[1,5-a]pirimidins.

Abas heterocikliskajas sisttmas nukleofilas aromatiskas aizvieto$anas reakcijas ar N-, O-
un S-nukleofiliem notiek selektivi pie piridopirimidina C(4), dodot C(5)-aizvietotus
pirido[3,2-e un 2,3-e]tetrazolo[1,5-a]pirimidinus, ko atkariba no aizvietotaju prioritates var
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davét ari par aizvietotiem tetrazolo[ 1,5-a]pirido[3,2- e un 2,3-e]pirimidiniem. Sie savienojumi
Skidumos pastav galvenokart tetrazola forma, tomér sistémas ir novérojams azida-tetrazola
lidzsvars. C(5)-Aizvietotu pirido[2,3-e]tetrazolo[1,5-a]pirimidinu  gadijuma tautoméra
Iidzsvara AGgs veértibas ir robezas no —3,33 kJ/mol Iidz -7,52 kJ/mol, bet
pirido[3,2-e]tetrazolo[1,5-a]pirimidinu gadijuma AGzeg ir —3,02 lidz kJ/mol —5,70 kJ/mol.
legiitie annelétie tetrazola atvasinajumi ir funkcionaliz&ami vara katalizéta azida-alkina
1,3-dipolara ciklopievienoSanas (CUAAC) reakcijas par attiecigajiem triazoliem, pateicoties
azida-tetrazola lidzsvaram $ajas sistémas. Lidzsvara pétjjumos tika novérots, ka: 1) sisteémas ar
elektronu donoriem aizvietotajiem Iidzsvars ir stiprak novirzits uz tetrazola pusi; 2) palielinot
$kidinataja polaritati, tetrazola tautoméra koncentracija palielinas; 3) $kidumus sildot, palielinas
azida tautoméera koncentracija. Sie novérojumi jaunajas heterocikliskajas sistémas labi korelg
ar literatiira aprakstitam azida-tetrazola lidzsvara procesa Tpasibam.

Izstradata sintézes metode, kurda ka izejvielas lieto 2,4-dihlorpiridopirimidinus, tos
parversot par diazidiem, péc tam selektivi aizvietojot ar N-, O- un S-nukleofiliem, darbojas
efektivak neka sakotnéja selektiva mono-SnAr reakcija pie C(4) ar sekojosu azida ievadiSanu
pie C(2). Tas skaidrojams ar faktu, ka autora zinatniskas grupas piedavataja gadijuma anneléta
tetrazola tautoméra forma gan nodroSina selektivitati, gan veicina vispar&o SnAr reakcijas
speju tetrazola elektronus atvelkosSo pasSibu del. Savukart klasiskaja pieeja, sakotné&ji ievadot
heteronukleofilu, kas kltst par elektrondonoru aizvietotaju, tas apgritina nakamo SnAr
reakcijas soli.

2,6-Diazidopurinu pirimidina gredzena atvérSana

Aromatisko nukleofilo aizvieto$anu N(9)-aizvietotos 2,6-diazidopurinos iesp&jams veikt
regioselektivi C(2) vai C(6) pozicija, izveloties piemérotu $kidinataju un reagentu sistemu. Tika
atklats, ka purina atvasinajumiem, kam raksturiga anneléta tetrazola veidosanas pie C(6),
iesp&jams pievienot papildus nukleofilu pie C(2). Ta rezultata rodas Maizenhaimera komplekss,
kas sabriik ar pirimidina cikla atv€rSanos, jo tetrazols izradas labaka aizejosa grupa neka
ienakos$ais N-, O- vai S-nukleofils. ArT $aja gadijuma azida-tetrazola lidzsvars ne vien inducé
regioselektivitati, bet arT aktivé purina heterociklisko sisttmu nukleofila uzbrukumam.
Izmantojot S0  divpakapju sintézes metodi, ieglistami augsti funkcionaliz&ti
iminoimidazoliltetrazoli, kas aizvietoti ar dazadiem heteronukleofiliem. Tika paradits, ka
imidazoliltetrazolu alkiléSanas-ciklizacijas reakcija ieglistami tetrazolodiazepini, kas ir formala
tetrazolopurina homologgSana, paplasinot ta heterociklisko sistému par vienu oglekla atomu.

Energeétiskais profils un jauns binarais savienojums

Visiem darba pétitajiem azidoheterocikliem to energgtiskais profils ir noteikts sadarbiba ar
profesora Tomasa Klapetkes (Thomas M. Klapdtke) grupu no Minhenes Ludviga Maksimiliana
universitates. Dizainéts un iegits jauns energgtisks binarais CsNis Savienojums —
2,4,6,8-tetraazidopirimido[5,4-d]pirimidins. Sis tetraazids $kidumos pastav azida-tetrazola
lidzsvara un cietaja fazg kristalizgjas ka monotetrazola tautomeérs. Pateicoties augstajai slapekla
bilancei (75 %), $im savienojumam piemit primaro spragstvielu ipaSibas un tas detongjas
vieglas berzes vai trieciena iedarbiba. Sis atklajums paver iespéju Latvija uzsakt un attistit
plasakus primaro spragstvielu (detonatoru materialu) petfjumus.
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Darba struktiira un apjoms

Promocijas darbs sagatavots ka tematiski vienotu zinatnisko publikaciju kopa, kas apkopo

petijumus par azidogrupas izmantoSanu sintétiskaja metodologija — regioselektivitates un

reag€tspgjas inducésanai annel&tos pirimidinos un materialzinatng — jaunu primaro spragstvielu
izstradé. Promocijas darba apkopotas cetras publikacijas SCI Zurnadlos un viens raksta
manuskripts.

Darba aprobacija un publikacijas

Promocijas darba galvenie rezultati publicéti tris zinatniskajos originalrakstos, ka ari

sagatavots viens originalp&tijuma raksta manuskripts. Promocijas darba izstrades laika

sagatavots viens apskatraksts. PEtfjumu rezultati prezentéti devinas zinatniskajas konferencgs.

Zinatniskas publikacijas

1.

Zakis, J. M.; Leskovskis, K.; Ozols, K.; Kapilinskis, Z.; Kumar, D.; Mishnev, A,;
Zalubovskis, R.; Supuran, C. T.; Abdoli, M.; Bonardi, A.; Novosjolova, 1.; Turks,
M. Diazidopurine Ring Opening — Synthesis of Tetrazolylimidazole Derivatives.
Manuskripts iesniegts Journal of Organic Chemistry.

Leskovskis, K.; Misnovs, A.; Novosjolova, I.; Krumm, B.; Klapétke, T.; Turks, M.
2,4,6,8-Tetraazidopyrimido[5,4-d]pyrimidine: a Novel Energetic Binary
Compound. Cryst. Eng. Comm. 2023, 25, 3866-3869. doi:10.1039/D3CE00563A.
Leskovskis, K.; Novosjolova, I.; Turks, M. Structural Study of Azide-Tetrazole
Equilibrium in Pyrido[2,3-d]Pyrimidines. J. Mol. Struct., 2022, 1269, 133784.
doi:10.1016/j.molstruc.2022.133784.

Leskovskis, K.; Misnovs, A.; Novosjolova, I.; Turks, M. SnAr Reactions of
2,4-Diazidopyrido[3,2-d]pyrimidine and Azide-Tetrazole Equilibrium Studies of
the Obtained 5-Substituted Tetrazolo[1,5-a]pyrido[2,3-e]pyrimidines. Molecules
2022, 27, 7675-7675. doi:10.3390/molecules27227675.

Leskovskis, K.; Zakis, J.; Novosjolova, I.; Turks, M. Applications of Purine Ring
Opening in the Synthesis of Imidazole, Pyrimidine, and New Purine Derivatives.
Eur. J. Org. Chem. 2021, 2021, 5027-5052. doi:10.1002/ejoc.202100755.

PétTjumu rezultati prezentéti devinas konferences.

1.

Leskovskis, K., Novosjolova, I., Turks, M. Synthesis and physical properties of
2,6,8-triazidopurine and 2,4,6,8-tetraazidopyrimido[5,4-d]pyrimidine. No: 13th
Paul Walden Symposium: Program and abstracts, Latvija, Riga, 14.-15. septembris,
2023. Riga: 2023, 48. lpp.

Leskovskis, K., Novosjolova, 1., Turks, M. Azide-Tetrazole Equilibrium Driven
Reactions of Fused Diazido Pyrimidines and Characterization of Tautomerism
Therein. No: International Symposium on Synthesis and Catalysis 2023: Book of
Abstracts, Portugale, Evora, 5.-8. septembris, 2023. Evora: 2023, 211. Ipp.
Leskovskis, K.; Novosjolova, |.; Turks, M. Azide-Tetrazole Equilibrium in
Pyrido[3,2-d]pyrimidines. No: Latvijas Universitates 81. zinatniska konference
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KIMIJAS sekcija: Book of Abstracts, Latvija, Riga, 17. marts, 2023. Riga: 2023, 5.
Ipp.

4. Leskovskis, K.; Novosjolova, I.; Turks, M. Azidoazomethine-Tetrazole
Tautomerism in Pyrimidines. No: Balticum Organicum Syntheticum 2022: Program
and Abstract Book, Lietuva, Vilnius, 3.-6. julijs, 2022. Vilnius: 2022, 109. Ipp.

5. LeSkovskis, K.; Novosjolova, I.; Turks, M. Synthesis of Tetrazole Fused Pyrido-
Pyrimidines. No: 2nd Drug Discovery Conference: Abstract Book, Latvija, Riga,
22.-24. septembris, 2022. Riga: 2022, 61. Ipp.

6. LeSkovskis, K.; Turks, M.; Novosjolova, |. Azido-Azomethine — Tetrazole
Tautomerism in Pyridopyrimidines. No: ORCHEM22: Abstract Book, Vacija,
Minstere, 5.—7. septembris, 2022. Minstere: 2022, 115. Ipp.

7. Leskovskis, K. Aromatic Substitution of Azido-Pyridopyrimidines and Study of
Their Azide Tetrazole Equilibrium. No: The 27th Croatian Meeting of Chemists and
Chemical Engineers: Book of Abstracts, Horvatija, Veli Lo$inj, 5.-8. oktobris, 2021.
Veli Losinj: 2021, 123. Ipp.

8. Leskovskis, K. Azide-Tetrazole Equilibrium Study in
2,4-Diazidopyrido[2,3-d]pyrimidine. No: Riga Technical University 62nd
International Scientific Conference “Material Science and Applied Chemistry”:
Program and Abstracts, Latvija, Riga, 22. oktobris, 2021. Riga: 2021, 32. Ipp.

9. Leskovskis, K. SNAr Regioselectivity and Azide-Tetrazole Equilibrium Study in
Pyrido[2,3-d]pyrimidine. No: 12th Paul Walden Symposium on Organic Chemistry:
Program and Abstract Book, Latvija, Riga, 28.—29. oktobris, 2021. Riga: 2021,
34. Ipp.

Darba drosibas informacija

UZMANIBU! Heteroaromatiskie azidosavienojumi ar slapekla saturu > 50 % var biit
specigi energgtiskie materiali ar augstu jutibu pret triecieniem un berzi. Sintez&jot un stradajot
ar vairakiem no aprakstitajiem azidoheterocikliem, ir jaiev@ro atbilstosi drosibas pasakumi, kas
ietver, bet neaprobeZojas ar: dro§ibas brillem; sejas aizsargu; ausu aizbazniem; Kevlar
cimdiem; droSibas aizslietni; iezem&tu laboratorijas aprikojumu un apaviem.
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PROMOCIJAS DARBA GALVENIE REZULTATI

1. Azida-tetrazola lidzsvars un ta lietojums sintétiskaja metodologija

Heterocikli ar azidoazometina strukttiru ir unikali ar iespgjamo azida-tetrazola lidzsvaru
§1,<Tdumos.28’ 2 Azida-tetrazola lidzsvars ir valences tautomérisms, kas noris, azidam
savienojoties ar blakus esoSu imina fragmentu 1,5-dipolara ciklizacijas reakcija.
Azida-tetrazola lidzsvars ir dinamisks, un to ietekmé aizvietotaju stereoelektroniskie efekti,
$kidinataja polaritate, temperatiira un vides pH.%0-%

Izoléts tetrazola gredzens ir par ~ 40 kJ/mol stabilaks neka azida tautomérs, pateicoties
6 m-elektronu aromatiskajai sistémai,® tadél tautomérais lidzsvars izoléta tetrazola sistema
parasti nav nov@rojams. Tap&c azida funkcionalas grupas transformacijas §adam sisttmam nav
iesp&jamas. Pieméram, S-feniltetrazola (1T) reducésana ar H» uz platina katalizatora notiek ar
selektivu benzola aromatiska gredzena reduc€Sanu un tetrazola funkcionala grupa paliek
neskarta (2. shéma).®*

NH, N, NN
o | N o | N
H,, Pt | H,, Pt
=z 2 2 N 2, 2 N
W et NH N N
N AcOH | AcOH
1A 1T

2. shéma. Feniltetrazola reducésana.

Savukart annelétas azidoazometina sistémas pastav dinamisks azida-tetrazola lidzsvars, ko
iespgjams novérot ari ar dazadam spektroskopiskajam metodeém (IS, UV, KMR). Reakcijas
§adas sist€émas var notikt gan ar tetrazola formu — reagé anneléta sistéma vai kada cita tai
piesaistita funkcionala grupa, gan ar azida formu — reducésana, ciklopievienoSana vai nitrénu
reakcijas.  Piem@ram, 2-azidopiridinu 4A  iesp&ams  selektivi reducét lidz
tetrahidropiridotetrazolam (5) vai 2-aminopiridinam (6), mainot $kidinataju un vides pH
(3. shema). *®

N NH2  y, pac B N AN | Hp PdIC N
- = _ G

_N NH5, H,0 L _N ~N-N | AcOH, EtoH N~y

6 LoaA aT 5

3. shéma. 2-Azidopiridina reducésana.

Pateicoties elektronus atvelko$as grupas IpaSibam, annelétas tetrazola sist€mas ir
reagétspéjigakas nukleofilu pievieno$ana, salidzinot ar to azidoanalogiem. Piemé&ram,
4-azidopirimidina 7 sistéma tautomerizgjoties reage ar deni jau normalos apstaklos bez skabes
vai bazes piedevam, veidojot hemiaminalu 8. To iespgjams viegli reducét ar H> Pd/C
katalizatora klatieng, iegiistot annelétas sistémas reduceSanas produktu 9 ar saglabatu tetrazola
funkciondlo grupu (4. ashéma).3® Tetrazolo[1,5-a]pirimidinu 10T baziskos apstaklos

iespgjams atvert, veidojot tetrazola sali 11 (4. b shema).%
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4. shéma. Azidopirimidinu funkcionalizé$ana.

Azida-tetrazola lidzsvaru stipri ietekmé& annel@taja sistéma esoso aizvietotaju elektroniskie
efekti. Mainot sist€tmas kopgjo elektronu blivumu, iesp&jams pilnigi apgriezt tautomero
lidzsvaru. Pieméram, ar tetrazolu annel&ta pirimidina sistéma 12, oksidgjot pirimidinu par
N-oksidu, tetrazols 13T tautomerizgjas par azidu 13A, ko iespgjams funkcionalizét azidam
raksturigaja CuAAC reakcija (5. sheéma).®

=Z
<1

=z
s
)z
*

| — | ‘
N/)\Me \N)\Me CuAAC
12T 12A
l[O]
N
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, N
N N, N

_N h
I N ! .///
N ~Z "N ]

Z "N
| ® — @ | | @ |
‘/)\Me \N)\Me CUAAC \N)\Me
o@ O@ O@
13T 13A 14

5. shéma. Elektronisko efektu virzita anneléta tetrazolo[ 1,5-C]pirimidina funkcionaliz&Sana.

Heterocikliskajas sistémas ar divam azidoazometina grupam paveras iesp&ja veikt
regioselektivas transformacijas, veicot apzinatu $kidinataja izvéli un temperataras kontroli
(1. aatt.). Nukleofilu pievienoSana pirimidinos ar divam identiskam aizejo$ajam grupam
parasti noris aktivakaja C(4) vieta (1. att., 15). Savukart, mainoties lidzsvaram, pievieno$anas
var: 1) paatrinaties (1. att., 16), pateicoties tetrazola elektronus atvelkosajam Ipasibam, kas
stabilizé Maizenhaimera (Meisenheimer) kompleksa intermediatus vai 2) notikt ar mainitu
regioselektivitati (1. att., 17), sisttma veidojoties tetrazolam, kas nevar staties SnAr reakcija,
vai 3) nenotikt vispar (1. att., 18).

Annelétu  2,4-diazidopirimidinu sérija ir zinams, ka 2,6-diazidopurinos 19%° un
2,6-diazidodeazapurinos 20*° aizvietosanas noris C(2) pozicija ar mainitu regioselektivitati, ko
sekm@ annel@tais tetrazola fragments, savukart ar 2,4-diazidohinazoltnu 21 regioselektivitates
maina nenotiek un reagétspgjigaka ir C(4) pozicija.
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1. att. Azida-tetrazola lidzsvars un reagétsp&ja annelétos 2,4/2,6-diazidopirimidinos.

Literatiira ir labi zinams, ka aizvietotajiem heterocikliskaja sistéma ir vitala loma uz
azida-tetrazola tautoméro lidzsvaru (2. att.). Elektronu donorie aizvietotaji virza lidzsvaru uz
tetrazola formas pusi, stabilizgjot tetrazola tautomeru, kamér elektronu akceptorie aizvietotaji —
azida formu.®* 4142 Galvenie lidzsvaru ietekmé&josie argjie faktori ir: $kidinataja polaritate
(polaraki skidinataji stabiliz€ tetrazola sistémas dipola momentu); temperatiira (augstakas
temperatiras veidojas termodinamiski izdevigaka — azida forma); heterocikliskas sistemas
proton&Sana (elektroniem nabadziga sistema veidojas azida tautomérs).?® Biezak izmantotie
$kidinataji tautomerizacijas procesa pétijumiem ir DMSO, TFA un CHCls. Sajos $kidinatajos
parasti iespgjams novérot azida-tetrazola sist€émas lidzsvara gal&jibas: DMSO - tetrazols
(augstas polaritates dél); TFA — azids (sistema tiek protonéta vai veidots izteikts Gidenraza saiSu
tikls); CHCls — tautoméru maisijums. 36 4% 44

Azida-tetrazola tautom@rismu iesp&jams pieradit ar tadam metodem ka UV un IS
spektroskopija.*® Atseviskos specifiskos gadijumos to var veikt ar planslana hromatografiju®®
un kusanas punkta noteikanu.** Savukart ar °N KMR iespgjams analizét slapekla atomus, lai
arT magnétiski aktiva °N kodola dabiga koncentracija savienojumos ir ~ 0,36 % un *°N kodola
ziromagnétiska jutiba ir ievérojami zemaka ka citiem kodoliem. So iemeslu d&] ®N KMR
pétijumi substratiem ar dabigo slapekla izotopu sadalijumu ir apgratinati. Tomér azida-tetrazola
lidzsvars savienojumos ar azida-tetrazola fragmentam netalu esoSiem protoniem ir loti labi
novérojams un viegli kvantificgjams ar *H KMR. Péc signalu integré$anas iegilist tautoméro
formu attiecibu, kas raksturojama ar lidzsvara konstanti Kiazsy.3" %% 4" Uznemot *H KMR
spektrus dazadas temperatiiras, iesp&jams raksturot lidzsvara procesu ar termodinamiskajiem
parametriem (Gibsa briva energija, entalpija un entropija).3! 4849
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2. att. Azida-tetrazola lidzsvaru ietekm&josie faktori.

Jebkurs dinamiska lidzsvara process kimija tiek raksturots ar lidzsvara konstanti Kpdzsv.),
kas ir apgriezeniskas kimiskas parvértibas atruma koeficientu attieciba sistémai, kura iestajies
Kimiskais lidzsvars. Tatad lidzsvara konstanti (1.1.vienddojums) var izteikt ka divu
komponensu koncentraciju attiecibu Iidzsvara stavokli, ko iesp&jams viegli noteikt ar 'H KMR
spektroskopiju p&c signalu integralas attiecibas.

T
KIszsv = [_l (11)

[A]

T — tetrazola tautoméra koncentracijas integrala vértiba,

kur Kpazsy — Iidzsvara konstante;
A — azida tautoméra koncentracijas integrala vertiba.

Lidzsvara esoSas sist€mas var raksturot ar tautomerizacijas procesa termodinamiskajiem
parametriem — Gibsa brivo energiju, entalpiju un entropiju. Gibsa briva energija nosaka
lidzsvara virzienu konkrétajos apstaklos un procesa termodinamisko iesp&jamibu. Savukart
entalpija raksturo absollito sisteémas stabilitati neatkarigi no ar€jiem apstakliem (augstaka
veértiba — stabilaka sistéma). Izmantojot Gibsa-Helmholca (Gibbs-Helmholtz) vienadojumu
(1.2. vienadojums), iesp&jams aprékinat Gibsa brivo energiju tautomerizacijas procesam.

AG =-RT InK4,, (1.2)
kur AG — Gibsa briva energija tautomerizacijai, J/mol;
R — universala gazu konstante, J/(mol-K);
T — temperatiira, K;
Krdzsy — lidzsvara konstante.

Tautomerizacijas procesa entalpiju un entropiju nosaka grafiski, att€lojot Gibsa brivo
energiju pret temperatiru, un aprékina péc Gibsa brivas energijas vienadojuma
(1.3. vienadojums), kur y ass vértiba absolttas nulles temperatiira (0 K) ir sistémas entalpija,
taisnes slipums — sist€émas entropija (3. att.).

AG=AH -TAS, 1.3)

kur AG — Gibsa briva energija tautomerizacijai, J/mol;
AH — tautomerizacijas entalpija, J/mol;

AS — tautomerizacijas entropija, J/(mol-K).
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AG

AH

T

3. att. Gibsa brivas energijas vienadojuma grafiskais att€lojums.

Dinamiska Iidzsvara procesa, lai gan iestdjies lidzsvars, visu laiku pastav apgriezeniska

reakcija A 2 B kas raksturojama ka divas reakcijas A 2 BunB k4 A ar atruma konstantem (ka
un kg), kas ir savstarpgji proporciondlas un izsaka lidzsvara konstanti (1.4. vienadojums).
Kingtiskas konstantes lauj aprekinat Iidzsvara iestaSanas atrumu, ko raksturo ar reakcijas
puslaiku ty,.

k
K lidzsv = k_B’
A

1.4)
kur Kidzsy — lidzsvara konstante;

ks — tie3as reakcijas atruma konstante (s %);

ka — apgrieztas reakcijas atruma konstante (s 2).

Dinamiska procesa atruma mérisanai ar KMR izmanto kTmiskas apmainas spektroskopijas
eksperimentu (EXSY), kura méra magnetizacijas parnesi protonam tautomerizgjoties no vienas
formas otra.>® Azida-tetrazola lidzsvara kinétisko konstan$u noteik3ana ir svariga lidzsvara
raksturoSanai. Piem&ram, l€nas tautomerizacijas gadijuma Iidzsvara pétijumu veikSanai
nepieciesams ilgstoss laika periods lidzsvara stavokla sasnieg$anai sistéma.*? %! Kingtiskas
konstantes nosaka reagétsp&jas atrumu reakcijas, kad reagg viens izvélets tautomers.
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1.1. Azida-tetrazola lidzsvars purina sistema un pirimidina cikla atvérSana

Purins ir daba plasi sastopams slapekla heterocikls, kura atvasinajumi — adenins un
guanins — ietilpst DNS sastava. Tapéc liela dala pretvirusu un pretvéza preparatu ir veidoti uz
purina un nukleozidu fragmentu lidzibas principa.

Purins ir stabila heterocikliska sist€ma, pateicoties tas konjugétas m-elektronu sist€mas
aromatiskumam. Tomér elektronus atvelkosu funkcionalo grupu ievadiSana uz purina cikla
slapekliem padara sistému elektrofilaku un veicina nukleofilu pievienosanos. N-nukleofilu
pievienoSana aktivétiem puriniem rezult€jas ar formalu N(1) grupas un slapekla atoma
aizvieto$anu tandéma pirimidina cikla atvérSanas un saslégSanas reakcija pec SN\(ANRORC)
mehanisma (6. a shema). Savukart sarma pievienoSana $adam sisttmam parasti rezultgjas ar
C(2) oglekla fragmenta izskel$anu bez pirimidina ciklizacijas (6. b shéma).5? Sada purina cikla
atver$ana ir vienkarsa sintétiska strat€gija augsti funkcionalizétu imidazolu un pirimidinu, kas
ir biezi izmantoti farmakofori medicinas kimija, pateicoties to lidzibai ar biologiskajas sistémas

sastopamajiem nukleozidiem, iegisanai.>® %

Sn(ANRORC)
a

X
<Nﬁ)b Héﬁﬂ —— ¢
R 2

Ha pn-EAG R

24
[ Purina cikla atvérSana ‘
b
EAG.
X NH
N _EAG N EAG
¢ A~ — T Sy, — ¢ I A
' N f\\ OH N
N ! N"NH
R R H R
25 26 27

6. shéma. Purina pirimidina cikla atvérSana.

Pastav Cetri iespgjamie purina sist€mas aktivéSanas mehanismi (7. sh&€ma). Pirmkart,
hipoksantini ir reag€tsp&jigaki, pateicoties eso$ajai karbonilgrupai, un elektronus atvelko§as
grupas ievadisana N(1) pozicija lauj atvért hipoksantinus ar dazadiem nukleofiliem jau istabas
temperattra. Otrkart, annel&tos purinos N(1) pozicija ir dala no atseviskas konjugétas sist€émas,
kas to padara par aizejoSo grupu. Treskart, elektronus atvelko$as grupas ievadiSsana N(1)
pozicija purinos un adeninos padara to par izcilu aizejoSo grupu. Aktiveétd adenina sist€ma
parasti notiek Dimrota (Dimroth) pargrupésanas.>®>® Visbeidzot, elektronu akceptoras grupas
ievadisana N(7) pozicija destabiliz€ imidazola ciklu un ta atvérSana notiek gandriz jebkados
apstaklos.
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[ Purina cikla aktivéSana
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7. shéma. Purina cikla aktivéSanas mehanismi.

Detalizétaka informacija par purinu aktivéSanas veidiem un atvérSanu — apskatraksta
1. pielikuma.

Balstoties iepriek$gjos pétijumos 9-aizvietotu 2,6-diazidopurinu kimija, ir zinams, Kka,
pateicoties azida-tetrazola lidzsvaram, nukleofila aromatiska aizvietoSanas $adas sistemas
notiek C(2) pozicija (8. shema).>3%5% Sada C(6) pozicijas aizsargasana nukleofila
uzbrukumu veicina ari SnAr procesu atlikusaja heterocikliskaja sistéma, pateicoties tas
elektronu atvelkoSajam ipaSibam. Kristera Ozola magistra darba aprakstitajos pé&tijumos,
izmé&ginot talaku otra nukleofila pievienoSanu 2,6-diazidopurinam, tika novérots, ka iegitais
savienojums nebija sagaidamais 2,6-diaizvietosanas produkts.®! Produkta analize paradija, ka
tas satur divus pievienotos tiola nukleofilus un tetrazola fragmentu, kas atbilda purina cikla
atversanas produktam 37.

| N=N
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8. shema. K. Ozola novérta SNAr aizvieto$ana 2,6-diazidopurinos un cikla atvérsana.5

Analiz§jot literatiras datus par pirimidinu atvérSanu, tika noskaidrots, ka s$ada
tetrazolopirimidina cikla atvérSana ir veikta divos piemeros. Pirmkart, pievienojot stipru bazi,
demonstr&jis Montgomerijs (Montgomery).*® Otrkart, ciklu atvérsanu ar oglekla nukleofiliem,
tiem saglabajoties produkta struktiird, veicis Tislers (7isler)%2%® (9. shéma). Tade] $aja
promocijas darba tika izstradata metode purina cikla atvérSanai ar dazadiem nukleofiliem,
apvienojot regioselektivu 2,6-diazidopurina aizvietoSanu ar tandému pirimidina cikla
atveérSanu.
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9. shéma. Tetrazolopirimidinu cikla atvérsana.

Uzsakot pétijumu par 2,6-diazidopurinu ciklu atvérSanu, vispirms tika veikta reakcijas
apstaklu optimizacija tiola nukleofila gadijuma (1.1. tab.), par substratu izvéloties C(2)
aizvietotu 6-azidopurinu 42, jo apstakli regioselektivai 2,6-diazidopurina aizvieto$anai ar
tioliem ir zinami no K. Ozola magistra darba. Savukart cikla atvérSanas apstaklu optimiz&sanai
ar spirtu tika izvelets neaizvietots 2,6-diazidopurins 45a (1.2. tab.).

Cikla atvérSana ar tioliem tika secinats: 1) nepolaros $kidinatajos (toluols) aizvietoSana
notiek C(2) un C(6) pozicijas, jo pastav diazida forma, tad€| atvér$anai nepiecieSams polars
$kidinatajs DMF; 2) cikla atvérSanai nepiecie$ama stipra nenukleofila baze NaH, jo, izmantojot
vajakas bazes (DBU (1,8-diazabiciklo[5.4.0Jundec-7-gns), K2CO3), notiek aizvietosana C(2) un
C(6) pozicijas; 3) pazeminata temperatiira mazina blakusproduktu veido$anos, jo paliclinas
tetrazola koncentracija un stabilizgjas Maizenhaimera komplekss.

Optimizgjot purina cikla atverSanas reakcijas apstaklus ar spirtiem, tika novérotas atskirigas
tendences, salidzinot ar tioliem. Piemeérotakais $kidinatajs bija toluols, kas deva augstako
selektivitati cikla atvérsanas reakcijai. Sis novérojums ir pretgjs purinu atvérianas apstakliem
ar tiola nukleofiliem un visparigajam konceptam, ka polari $kidinataji stabiliz€ veidojoSos
Maizenhaimera intermediatu. Piemérotaka baze arT Saja gadfjuma izradijas NaH, tomeér
interesanti, ka 1idzigi rezultati tika iegati, izmantojot DBU, kas tiolu gadijuma nebija sp&jigs
veikt cikla atvérSanu. Ari temperatiiras pazeminasana ipasi neietekméja reakcijas iznakumu, lai
gan temperattras palielinaSana pat nedaudz uzlaboja cikla atverSanas reakcijas iznakumu un
selektivitati.
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1.1. tabula

Reakcijas apstaklu optimizacija purina 42 cikla atvérSanai ar tiolu

o, 0
o

42

apstakh

o

n-N

JosiN el
g
NTON

N

© o

O
O e O
O 44

(galvenais blakusprodukts)

Nr.  Skidinatajs Baze (ekviv) T (°C) 'Z“ﬁl(‘(%“)‘f 432 'ZEj(‘{,i/‘;)'i‘ 42
1 DMF NaH (1,5) it 55 12

2 DMF KOtBu (1,5) it 62 4

3 DMF DBU (1,5) i.t. 0 55

4 toluols NaH (1,5) it 5 76

5 toluols KOtBu (1,5) it 4 68

6 MeCN NaH (1,5) it 8 76

7 MeCN KOtBu (1,5) it 50 20

8 THF NaH (1,5) i.t. 43 40

9 THF KOtBu (1,5) it 36 30

10 i-ProH KOtBu (1,5) it 34 24

11 DMSO KOtBu (1,5) it 64 2

12 NMP NaH (1,5) it 39 21

13 DMF NaH (0,9) it 44 32

14 DMF KOtBu (2,5) i.t. 54 7

15 DMF NaH (1,5) 0 68 5

16 DMF KOtBu (1,5) 0 64 8

a - iznakums noteikts ar kvantitativo 'H KMR metodi reakcijas maisijuma, izmantojot

1,2,3-trimetoksibenzolu ka ieksgjo standartu.

So atikirigo tendenci iespgjams skaidrot ar reakcijas mehanisma mainu atkariba no

nukleofila. Tiolats ka labaks nukleofils pievienojas purina sist€mai un veido Maizenhaimera

kompleksu. Savukart spirtu gadijuma reakcija notiek saskanota SnAr procesa bez

Maizenhaimera kompleksa veidosanas.®*® Sads mehanisms izskaidrotu reakcijas norisi

nepolara $kidinataja un relativi vajakas bazes DBU spgju veikt cikla atvérSanu.
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1.2. tabula

Reakcijas apstaklu optimizacija purina 45a cikla atvérSanai ar spirtu

N-N
| N N
N3 N N o
o6 TN 5 LI
aKi RN
/N N/)\N;; apstakli ”'CSH11J\ N N//ko/\/
n-CsHyq o Yo n-CsHq

45a \) 46a 47

Nr.  Skidinatajs Baze (ekviv.)? T (°C)  lzndkums46a  lznakums 47

(%) (%)°

1 DMF NaH (3) it 38 21
2 MeCN NaH (3) it 0 0
3 THF NaH (3) it 36 33
4 n-PrOH NaH (3) it 50 42
5 toluols NaH (3) it 47 22
6 NMP NaH (3) it 38 30
7 diglims NaH (3) it 44 16
8 toluols K>COs3 (3) it 0 0
10 toluols KotBu (3) it 5 45
11 toluols KOH (3) it 13

12 toluols n-BuLi (3) it 7 4
13 toluols NaH (3) 0 49 16
14 toluols NaH (3) 50 55 13
15 toluols NaH (5)° it 0 0
16 toluols NaH (3)¢ it 66 11
17 DMF NaH (3)¢ it 21 42
18 DMF DBU (3)" it 36 1
19 toluols DBU (3)¢ it 49 1

a — iznakums noteikts ar kvantitativo 'H KMR metodi reakcijas maisijuma, izmantojot

1,2,3-trimetoksibenzolu ka ieks$gjo standartu; b — alkoksids pievienots divas porcijas; ¢ — alkoksids pievienots
viena porcija; d — alkoksids pievienots pa pilienam.

Izmantojot optimiz&tos reakciju apstaklus, sadarbojoties ar laboratorijas kolégiem
(sk. raksta autoru sarakstu), izpé&tits substratu klasts diazidopurinu cikla atvérSanai ar tioliem
(10. shéma). Purina N(9) pozicijas aizvietotajs praktiski neietekméja reakciju iznakumus,
iznemot ribozilatvasinajumiem dalgjas acetata aizsarggrupu skelSanas dé]. Reakcijas noritgja
veiksmigi gan ar pirm&jiem, gan otr&jiem tioliem. Jaatzime, ka purina cikla atvérSana ar
aromatiskajiem tioliem nav iesp&jama konkrétajos apstaklos, visticamak, tap&c, ka ariltiolats ir
labaka aizejosa grupa neka tetrazola anjons.
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1) K,CO3, DMF, 45°C g
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10. shéma. Diazidopurina 45 atvérSana ar tioliem.

Izmantojot piemekl&tos reakcijas apstaklus O-nukleofilu gadijuma (NaH/toluols), tika
demonstrets substratu klasts purina cikla atv@rSanai ar dazadiem spirtiem (11. shéma). Jauzsver,
ka izdevas iegit ciklisko pievieno$anas produktu 46b, izmantojot etilénglikolu ka nukleofilu.
AIT $aja gadijuma purina cikla atvérSana ar aromatiskiem (fenols) un stériski lieliem (t-BuOH,
adamantanols) spirtu nukleofiliem nav iesp&jama.

I °N

N, N
/NfN @ o+ ¢ f\u

N

<N ‘ N/)\N NaH, toluols, i.t. R JN\ /.
R : 36-88 %

45 46

R = alkil-, aril- @ = alkil- ‘

A N y H o
o g o O/\/ ’:; J\O
’ o)
46a, 76 % v 46b, 36 % L
11. shéma. Diazidopurina 45 cikla atvérSana ar spirtiem.

Purina cikla atvérSana ar aminu nukleofiliem izradijas neiespjama. Tomér, paklaujot
purinus 48 ar aminoaizvietotajiem C(2) pozicija cikla atvérSanas apstakliem ar pirmé&jiem un
otréjiem spirtiem, tika ieguti karbamimidati 49 (12. shéma). Aromatisku (fenols) un stériski
lielu (t-BuOH) spirtu pievienosana nebija efektiva. Saja gadijuma — reakcija ar fenolu, tika
ieglits hidrolizes produkts ar 62 % iznakumu, kas arT bija galvenais blakusprodukts $T tipa
reakcijas.
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12. sheéma. Tetrazoloaminopurinu 48 cikla atvérSana ar spirtiem.

Lidzigi tika ieguti arT alkoksiaizvietotu tetrazolopurinu 50 cikla atvérSanas produkti 51 ar
pirm&jo un otr&jo spirtu Vvai tiolu pievienosanu (13. shéma). Produktu stereoselektivitati nebija
iespgjams noteikt ar KMR spektroskopiju, tacu izdevas iegiit savienojuma 51a monokristalu,
kas paradija Z-dubultsaites geometriju produkta.

NN
—N ‘ IN
1N A
(wa e <N | N
N oo ®  NaH, DV it oy I @
n-CsHys 60-78 % 6" X
50 51
@0 - aki- ‘
N-N
| N
N N
¢TI H
N

I

g
O>:Z
>i

51a,78% °° ©
13. shéma. Tetrazoloalkoksipurinu 50 atvérSana ar alkoksidiem un tioliem.

Izstradatas metodes funkcionalitates demonstrésanai iegutie cikla atvérSanas produkti 52
tika alkiléti un talak baziskos apstaklos ciklizeti par diazepina atvasinajumiem 54 (14. shéma),
tadgjadi veicot formalu purina pirimidina cikla paplasinasanu par vienu oglekla atomu.
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14. shéma. Annelétu tetrazolodiazepinu 54 sintéze.

Sis nodalas pétijumi pladak aprakstiti originalpublikacijas manuskripta 2. pielikuma.

1.2. Azida-tetrazola lidzsvara un SnAr reakciju petijjumi
pirido[2,3-d]pirimidina heterocikla

ST pétijuma dala tika sakta ar galvenas izejvielas — 2,4-diazidopirido[2,3-d]pirimidina 56
(diazids) — sintézi no dihlorida 55 SnAr reakcija ar NaN3 (15. shéma). Ar nosaukumu diazids
promocijas darba ir apzimétas formalas diazida struktiiras, jo §is sistémas eksisté ka vairaku
azida-tetrazola tautomé&ru maisfjums. Stabilakais tautomers 2,4-diazidopirimidinu sisteémas
parasti ir tetrazolo[1,5-a]pirimidina forma.* 4+ 578 Ar rentgenstruktiiranalizi tika noskaidrots,
ka ari 2,4-diazidopirido[2,3-d]pirimidina heterocikliska sisteéma kristaliskaja fazé pastav ka
5-azidopirido[3,2-e]tetrazolo[1,5-a]pirimidins (56AT). Sis tautoméeras formas SnAr reakcijas
rezultétos ar nukleofilu pievieno$anu C(4) pozicija, kas ir sagaidams pirimidina sistémam ar
diviem identiskiem C(2) un C(4) pozicijas aizvietotajiem.

N

o
Cl N3 g
4 ) J
=z | SN NaNj z | \Jl\ o ]
_——— —_—
~ _ acetons, H,0 ~ P /é\ :
N N)\C' 50°C, 1h N™ "N Ny ¢ -’&‘\‘/%\
! 7/
55 56, 98 % 56AT “—

15. shéma. Diazida 56 sintéze.

Talak tika izpé&tits azida-tetrazola lidzsvars, lai noteiktu iespgjamo C(2) vai C(4)
regioselektivitati SnAr reakcijas ar diazidu 56. SnAr reakciju pétijumi tika sakti ar
cikloheksantiola pievienoSanu diazidam 56 dazadas polaritates Skidinatajos: CHCls, THF,
DMF un DMSO. Visos gadijumos pievienosanas noritéja C(4) pozicija, kas liecinaja par
tautoméras formas 56AT parakumu un augstaku reag@tsp&ju neatkarigi no $kidinatdja
polaritates (16. shema). Aromatisko tiolu pievieno$ana nebija veiksmiga, un reakcija tika atgtita
izejviela.
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16. sheéma. Diazida 56 SNnAr reakcija ar cikloheksantiolu.

Ka kontroles eksperiments tika veikta cikloheksantiola un secigu natrija azida pievieno$ana
dihloridam 55 (17. shéma). AT $aja reakciju sekvencg tika iegiits produkts 58 ar tadu pasu C(4)
regioselektivitati ka aizvietojot diazidu 56 ar tiolu. Tacu, salidzinot abas sint&tiskas stratégijas,
jasecina, ka diazida sintézes cels (16. shéma) ir vienkarsaks ar vieglaku produktu attiri§anu un
augstaku kopg&jo iznakumu. Pievienojot aromatisko tiolu (tiofenolu) dihloridam 55,
monoaizvieto$anas produktus 59b un 59c¢ praktiski nebija iesp&jams izdalit no reakcijas
maisijuma, jo reakcijas maisijuma strauji veidojas diaizvietotie produkti 60b un 60c.

@Q

cl
AN ‘SH (f\ _ NaNg  F | NaH
S T K,COs T DMF Sn NA\ DMF /K ¥
DMF 50°C, 1h \ N s0°c,16h
55 1h 59a,72%  70% 58 N=N 60a: R = CyHex, 75 %
b 59b, 5 % 60b: R = Ph, 63 %
59¢, 0 % 60c: R = p-CICqHg, 47 %

strauja otra ekvivalenta pievienoSanas
59b un 59c gadijuma

17. shéma. 2,4-Dihlorpirido[2,3-d]pirimidina (55) nukleofila aizvietoSana SnAr reakcija.

Talak tika veiktas SNAr reakcijas ar O-nukleofiliem, Kuras tika iegati produkti ar zemiem
iznakumiem hidroksida pievienoSanas (hidrolizes) un citu blakusproduktu veido$anas dél
(18. shéma). Jaatzime, ka $aja gadijuma iegiits aromatiska nukleofila — fenola, pievienoSanas
produkts 61b.

N3 @ oH
_ ‘ SN KoCOj P
N P DMF \ L
N™ "N "N; it, 16 h NNy

56 \9{ 61a,30 % 61b, 13 %

18. shéma. Diazida 56 SnAr aizvietoSana ar O-nukleofiliem.

N-nukleofilu pievienoSana diazidam 56 noritgja salidzino$i atri, un aminu SnAr
aizvietoSanas produkti 62 tika iegiiti ar labiem iznakumiem (19. shéma). Hidrazina,
hidroksilamina un anilina pievienoSanas gadijumos tika novérota neidentificgjamu produktu
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maisijumu veidoSanas. legiitie pirido[2,3-d]pirimidina aminoatvasinajumi 62 uzradija zemu
Skidibu lielakaja dala organisko $kidinataju.

Ns HN/.
= | N @+, /‘ SN
SN N/)\N DMSO Sy N/&
3 it, 15 min \ N
% 3-11% R
o
N,n—CSHﬂ [Nj
/‘ SN
Sy ./KN
N=N

62a, 60 % 62b, 57 %

19. shéma. Diazida 56 SnAr aizvieto$ana ar N-nukleofiliem.

Lai demonstrétu aizvietoto produktu lietojumu un azida-tetrazola lidzsvara esamibu,
savienojuma 62 reagétspgja tika parbaudita CuAAC reakcija. Izmantojot katalitisko sistému
CuS0s-5H,0/natrija askorbats/Nets, tika iegati triazoli 63 (20. shéma). Nemot veéra tetrazola
tautoméra parakumu savienojumiem 62 Skidumos un cietaja fazg, azida tautoméeru
funkcionalizé8$ana liecina par lidzsvara esamibu, kas patstavigi atjauno zemakas koncentracijas
reag€josa tautomera — azida, daudzumu sisteéma.

.//

CuS0,4-5H,0, NEty

= ‘ SN Natrija askorbats “ ‘ =N
Sy N/g THF, H,0 N N/)\N A\

N 60 °C, 16 h .3’.

N=N 40-75% N=N

58, 62 =N-, S- ® - =k, ari- 63
s :
= = ‘ NN
w ”%NW@
N=

63a, 40 %

20. shéma. 2-(1,2,3-Triazolil)pirido[2,3-d]pirimidinu 63 sintéze.

Diazida 56 azida-tetrazola tautomérisma raksturs tika demonstréts ari Staudingera
(Staudinger) reakcija ar trifenilfosfinu (21. shéma). Interesanti, ka reakcija izdalits
iminofosforans 64, kas parasti ir nestabils Staudingera reakcijas starpprodukts.
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21. shéma. Iminofosforana 64 sintéze Staudingera reakcija.

No iegitajiem tetrazolo[1,5-a]pirido[3,2-e]pirimidina atvasinajumiem Iidzsvars CDCls
$kidumos tika novérots merkaptoatvasinajumam 58 un alkoksiatvasinajumiem 6la un 61b.
Aminogrupa ka elektrondonorais aizvietotajs sp&ja pilnigi nobidit lidzsvaru tetrazola formas
virziena. Ari polaraja DMSO-ds $§kiduma lidzsvars tika nobidits galgji tetrazola formas virziena
un azida forma nebija novérojama, ari palielinot §kiduma temperatiiru.

Tautomerizacijas procesa termodinamisko parametru vertibas dotas 1.3. tabula. Iegttas
lidzsvara procesa entalpijas produktiem 61a, 58 un 61b ir attiecigi —23,19 k/mol,
—21,30 kJ/mol un —17,02 kJ/mol. Ta ka entalpija raksturo tetrazola sistémas stabilitati®? un
elektrondonorie aizvietotaji stabilizé tetrazola formu, eksperimentali iegiitas entalpiju vértibas
seciba Oi-Pr 61a > Sc-Hex 58 > Oph 61b labi korelg ar literatiira zinamo teoriju.

1.3. tabula

Lidzsvara konstantes un tautomerizacijas termodinamiskas vertibas aizvietotiem
tetrazolo[1,5-a]pirido[3,2-e]pirimidiniem 58, 61a un 61b CDCl3 §kiduma?

R R
= | N Kkt = | N
SN N/)\Nz, kn SN N\/KN
A N=N
T
Savienojums R T(K)  Kuas®  AGzes (kJ/mol) AH (kd/mol) AS (J/mol-K)
298 5,21
58 /O 313 3,48 —4,08 £ 0,15 -21,30+0,78 -57,71+2,10
- 323 2,68
J\ 298 9,99
6la o 313 6,30 -5,70 £ 0,27 -23,19+1,09 -58,70 £2,76
b 323 485
298 3,39
61b o/© 313 2,48 —3,02 £ 0,65 -17,02+3,69 —46,93 10,16
ke 323 1,99

a— A: azida forma, T: tetrazola forma; b — Kia.sv = [T])/[A], izteikts ka *H KMR signala integralu attieciba.

Diazida tautomérais lidzsvars izradijas parak sarezgits termodinamisko parametru
noteik$anai, jo sistéma vienlaikus pastav Cetras tautoméras formas. Diazidam 56 ir piecas
teorGtiski iespgjamas tautoméras struktiras: diazids 56AA, bis-tetrazols 56TT, linears
azidotetrazols 56 AT’ un divi azidotetrazoli 56AT un 56TA (22. shéma). P&tot lidzsvaru ar
'H KMR spektroskopiju, gandriz visos organiskajos $kidinatajos tika noveérotas detras
tautomeéras formas un D2SO4 §kiduma — viena forma. Provizoriskajos diazida tautoméro formu
DFT aprékinos tika atklats, ka linearajai tetrazola formai 56 AT’ ir par 60—75 kJ/mol augstaka
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raSanas energija, salidzinot ar par&jam struktaram. Balstoties Uz aprékinato augsto energetisko
barjeru, tika postuléts, ka 'H KMR pétijumos linearo formu 56AT’ nenovéro. Polarikos
$kidinatajos — DMSO-ds, MeCN, MeNO; un MeOD-ds — vajakos laukos esoSie signali
(tetrazola tautomera forma) tika noveroti parakuma, bet mazak polarajos (CDClz, MTBE, CsDs)
— stiprakos laukos eso$o signalu (azida tautoméra forma) intensitates pieaug. Paaugstinot
§kidumu temperaturu, tika novérota stiprakos laukos eso$o signalu (azida forma) intensitates
palielinaganas. Sie signalu intensitates mainas novérojumi polaritates un temperatiiras ictekm@
atbilst literatiras datiem — tetrazola forma ir parakuma zemas temperatiiras un polaros
Skidinatajos, bet paaugstinata temperatiira un nepolari $kidinataji veicina azida formas
veidosanos.

No $aja nodala pétitajiem savienojumiem vienigi diazidam 56 izdevas novérot signalu
apmainas spektroskopijas eksperimenta (EXSY), kas pieradija dinamiska lidzsvara eksistenci
$aja sistema.

I N -N N3 N3
. i = X
=z ‘ N _ NN = ‘ SN - ‘ /’1 A NAON-N
NNy T | )\ = a = N N )Q
N:N N N3 3 N=N
56TT 56TA 56AA 56AT 56AT

22. shéma. Diazida 56 tautomeéras strukttras.

Sis apaksnodalas p&tfjumi plasak aprakstiti originalpublikacija 3. pielikuma.

1.3. Azida-tetrazola lidzsvara un SNAr reakciju petijumi
pirido[3,2-d]pirimidina heterocikla

Vispirms dihlorida 65 SnAr reakcija ar NaN3 tika iegtts 2,4-diazidopirido[3,2-d]pirimidins
66  (23. shéma). Ar  rentgenstruktiranalizi ~ tika  noskaidrots, ka  ari
2,4-diazidopirido[3,2-d]pirimidina heterocikliska sistéma kristaliskaja fazé pastav ka
5-azidopirido[2,3-e]tetrazolo[1,5-a]pirimidins (66AT).

Cl N3
4
/N ‘ \)N\ NaNj /N ‘ \/rl
X _ acetons / H,O X P
N” ~ClI 50°C,1h N™ "Ng :
65 66, 95 % 66AT

23. shéma. 2,4-Diazidopirido[3,2-d]pirimidina (66) sintéze.

Vispirms pirido[3,2-d]pirimidina SnAr aizvieto$anai tika izméginata KoCOs/DMF reagentu
sisttma (24. shéma). Ari $aja gadijuma tika iegati C(4) regioselektivitates aizvietoSanas
produkti 67. Mainot reagentu sistému uz mazak polaru $kidinataju — metilénhloridu — un bazi
uz trietilaminu (apstakli b), tika iegtts tas pasas C(4) regioselektivitates produkts 67.
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N, s
N2 @ s+ N
2N 2N
) a: K,COy, DMF, it, 1 h
x N/)\Ns b: NEtz, DCM, it, 15 min N/KN
| ’
66 47-95 % 67 N=N

® = akil-, aril-

67a, 64 % 67b, 84 %

24. shéma. 2,4-Diazidopirido[3,2-d]pirimidina (66) SnAr aizvieto$ana ar tioliem.

Talak tika izméginata SnAr reakcija ar N-nukleofiliem (25. shéma). DMSO vide
p-metoksibenzilamina pievienoSanas reakcija tika iegats produkts 68a ar 49 % iznakumu bez
papildu bazes pievienoSanas. Tika nolemts veikt $kidinataja polaritates ietekmes izpéti uz
regioselektivitati ar merki iegit C(2) aizvietoSanas produktu. Veicot reakciju dazadas
polaritates §kidinatajos — benzols, toluols, DCM, CHCls, MeCN un EtOH, vienmér tika iegits
C(4) aizvieto$anas produkts 68a. Tas norada, ka 5-azidotetrazolo[1,5-a]pirido[2,3-e]pirimidina
(66AT) tautomérs ir reagétspejigakais tautomérs ar lielako koncentraciju $kiduma neatkarigi
no izveleta skidinataja polaritates. Augstakais C(4) aizvietoSanas iznakums tika iegiits DCM
$kiduma, tadel tas tika izmantots arT turpmakajos pétijumos. Reakcijas ar pirmgjiem un otr&jiem
aminiem tika iegiti produkti ar labiem iznakumiem, un veiksmigas bija arT amonjaka un
hidrazina pievienoSanas reakcijas. Aizvieto$ana ar aromatisku aminu — anizidinu — nebija
veiksmiga, un reakcija tika atgata izejviela.

N, N, HN/.
5
N | SN N | SN @ \H, iNfN
— 3a A .
A N/ N, X N\/KN DCM, i.t,, 15 min A N\/RN
’ ! o, ’
66 66AT N=N 61-98 % 68 N=N
@ - alkil, HN-
XX o
HN h N N
N X ; N
= | N OMe _ 7 | SN
= N\/KN iR 4 X NN
N=N 3 N=N
68a, 98 % 68b, 94 %

25. shéma. 2,4-Diazidopirido[3,2-d]pirimidina (66) SnAr aizvieto$ana ar aminiem.

Veicot SnAr reakcijas ar O-nukleofiliem, tika novérota blakusproduktu veidosanas, un
spirtu adukti 69 tika iegati ar zemiem iznakumiem (26. shéma). Lidzigi ka N-nukleofilu
gadijuma, arf aril-O-nukleofili neuzradija reakcijas sp&ju.
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Ny @ oH o]
_N ‘ SN K,CO3 _N ‘ SN
X PN MeCN N A
N™ "N; 80°C,16h N"ON
66 20-32 % g9 N=N
® - akil-

26. shéma. 2,4-Diazidopirido[3,2-d]pirimidina (66) SnAr aizvieto$ana ar alkoksidiem.

legiito produktu talakais lietojums veiksmigi tika paradits CUAAC reakcija (27. shéma).
Nemot veéra tetrazola tautoméra parakumu produktu 67—69 Skidumu sisteémas (1.4. tab.) un
cietaja faze, azida tautoméru funkcionalizé$ana liecina par lidzsvaru, kas patstavigi atjauno
reag€josa tautoméra — azida — daudzumu sistéma.

o
HN HN
OO NEt, CuSO, 5H0 OO
z SN OMe Natrija askorbats 2 SN OMe
THF / H,0 - | o
70°C,16h NN, @

20-83 % 70 N=\

NTONT CN
N

27. shéma. 2-Triazolilpirido[3,2-d]pirimidinu 70 sintéze.

Bistriazola sint€ze no diazida 66 nebija veiksmiga daudzu blakusproduktu veidosanas del.
Galvena komponente ar 15 % iznakumu reakcijas maisijuma bija dal&ji reducétais CuAAC
reakcijas produkts 71 (28. shéma). Literatiira ir zinams, ka CuSQO4-5H2O/natrija askorbata
sisttma var reducét azidoheterociklus lidz konkrétajam aminam, kas ari novérotS $aja

gadijuma.®
N3 NH,
N = CuSO4-5H,0 (20 mol %) N

“ \)N\ . ©/ Na askorbats (40 mol %), NEtg (2 ekv.) ) \)N\

P W THF / H,0 P
N"ON; . 70°C, 16 h N NN
66 (5 skviv.) 71,15 % N=N

28. shéma. 2,4-Diazidopirido[3,2-d]pirimidina (66) CuAAC reakcija ar tandému azida
reducésanu.

Iegiito produktu 68c izdevas funkcionalizét ari Staudingera reakcija ar trifenilfosfinu
(29. shéma). Iegutais iminofosforans uzradija baziskas Ipasibas un viegli protongjas heterocikla
N(1) pozicija, veidojot sali 72’, kas tika pieradits S$kiduma un cieta fazé ar
rentgenstruktiiranalizi. Savienojums 72 ir strukturali lidzigs fosfaziniem, kas ir nejoniskas

superbazes.”® "
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HN/”'Cest HN/”'C6H13
N ‘ SN PPh; N ‘ SN HCI NN
N A\ DCM N PY _PPh; DCM ) !
NN it 3dienas N" N MTBE
N:N \/‘\ =cn
68c 72,329
»32% protonésanas y }/
vieta

72

29. shéma. Iminofosforana 72 un ta HCl sals 72’ sintéze.

Staudingera (Staudinger) reakcija ar trifenilfosfinu izdevas iegiit apgrieztas C(2)
regioselektivitates produktu 73 (30. shéma), ta strukttra tika pieradita rentgenstruktiiranalize.
Sis reakcijas regioselektivitate vél nav izskaidrota, un pétfjumi turpinas. Tomér apgrieztas
regioselektivitates produkts pierada azida-tetrazola lidzsvara virzitas selektivas transformacijas
iesp&jamibu pirido[3,2-d]pirimidina sistéma.

N3 N—"\{
N X Ph b N [N
= N 3 _vggﬁ — [~ N
N ‘ /)\ toluols - N ‘ /)\
N N3 N ‘l;l
Phg
66 73,26 %

30. shéma. Apgrieztas regioselektivitates Staudingera reakcija.

Tika veikti kontroleksperimenti, mainot reagentu pievienoSanas secibu, lai parliecinatos par
C(4) augstaku reagétsp&ju (salidzinot ar C(2)) pirido[3,2-d]pirimidina heterocikla sistéma
(31. shéma). Vispirms pievienojot aminu un tad natrija azidu, tika iegits identisks produkts 68c
ka diazida 66 SnAr reakcija ar aminu. Tomér janorada, ka azida pievienosanas C(2) pozicija
norit§ja tiTs dienas paaugstinata temperattra, 1idz tika sasniegta pilniga izejvielas konversija.
Lidziga literatiiras pieméra hlora aizvieto$ana 4-amino-2-hlorpirido[3,2-d]pirimidina ar natrija
azidu nebija iespgjama ari veicinoSos apstaklos, reakciju veicot pie EtOH virSanas
temperatiiras.”> Lai ari produkta 74 veidoSands notiek selektivi bez 2.4-diaminoprodukta
veidoSanas, aminogrupas elektrondonorais efekts savienojuma 74 samazina vai pat aptur talaku
SnAr reakciju norisi sistema.

~n-CeH1z
o] HNf"-CeHm HN
N
N ‘ SN n-CgH13NH; (3 ekv.) _N SN NaNj z ‘ SN
N N/)\CI DCM . ‘ P acetons / H,0 X N&N
i.t., 15 min N Cl 60 °C, 3 dienas N:N/
65 74,89 % 68c, 96 %

31. shéma. Savienojuma 68c¢ sintéze mainita reagentu pievienoSanas seciba.

Interesanti, ka, veidojoties diazidam 66, azida pievienoSanas noris visnotal atri (30 min) un
istabas temperatiira. Sis novérojums lauj postulét hipotézi par tetrazola tautoméra veidosanos
péc pirmas azida grupas pievienoSanas C(4) pozicija (32. shéma). Veidojoties intermediatam
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75T, tetrazols ka elektronus atvelkosa grupa veicina otra azida pievieno$anos C(2) pozicija un
talak notiek tautomerizacija uz stabilako diazida tautoméru 66AT.

ol N; - - N,
N ‘ SN NaN, N ‘ SN _NaNg

N Cl N \

65 75A 66TA 66AT N:N

32. shéma. Hipotetiskais diazida 66 veidoSanas reakcijas mehanisms.

Talaka darba gaita tika veikta lidzsvara pétisana ar 'H KMR metodi tetrazoliem 67—69
dazados $kidumos un temperatiras. Aprekinatas azida-tetrazola tautomerizacijas
termodinamisko parametru — Gibsa briva energija, entalpija un entropija — vertibas apkopotas
1.4. tabula. Visiem iegiitajiem savienojumiem lidzsvars DMSO-ds $kiduma ir pilnigi novirzits
tetrazola tautomeéra virziena. Savukart nepolaraka $kidinataja — CDClIs tika novérots azida
tautomers un azida-tetrazola lidzsvars. Palielinot Skiduma temperattru, lidzsvars tika novirzits
uz azida tautomeéra veido$anos. Entalpijas veértibas tetrazola formai, kas aprékinatas, izmantojot
Gibsa brivas energijas vienadojumu (1.3. vienadojums), apstiprina tetrazolu ka energétiski
izdevigako tautomero formu dotajos eksperimentalajos apstaklos. Tetrazola tautomera parsvaru
normalos apstaklos (25 °C) tautomerizacijas procesam Skidumos kvantitativi raksturo
aprékinatas Gibsa brivas energ@ijas negativas vertibas. p-Metoksibenzilamino- un
heksilaminoaizvietoto produktu Gibsa brivas energijas bija vislielakas (1.4. tab., 68a un 68c),
tadgjadi Iidzsvars tika vairak novirzits tetrazola virziena. Spirtu aizvietoto produktu
tautomerizacijas Gibsa brivas energijas vertibas (1.4. tab., 69a un 69b) ir augstakas neka tiolu
67 analogiem. Zemakas tautomerizacijas Gibsa brivas energijas vertibas aprékinatas otréjo
aminu aizvietotiem produktiem. Nemot v&ra $0s datus (1.4.tab.), var secinat, ka
elektrondonorie aizvietotaji — N-nukleofili > O-nukleofili > S-nukleofili — virza [idzsvaru uz
tetrazola veidoSanas pusi un otr&jo aminu telpiskie traucgjumi nivel€ tetrazola veidoSanas
procesu (4. att.).

AGjgg (kJ/mol)
E_
F
"
g
8!

78 79 80 8L 8 83 8 8 8 87 8 89 9 91 92 93 94 95 96 97
Tetrazola daudzums (%)

4. att. Tautomerizacijas Gibsa brivas energijas salidzinajums tetrazoliem 67-69.

Pétijuma tika apskatits ari diazida 66 tautomérais lidzsvars ar *H KMR spektroskopiju
dazados $kidinatajos (5. att.). 2,4-Diazidopirido[3,2-d]pirimidina augstakas kartas tautomgerais
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lidzsvars bija parak sarezgits, lai precizi identific€tu tautoméru formam raksturigos signalus.
Atkariba no $kidinatdja batiski mainijas tautoméru signalu attieciba un tautoméro formu skaits
$kiduma. Palielinoties S§kidinataja polaritatei, palielinas arT vajakos laukos esoSo signalu
intensitates — lidzsvars tika virzits uz tetrazola tautoméra veidoSanas pusi. Sie novérojumi
korele ar literatira minétam azida-tetrazola tautome@risma IpaSibam. Vairuma gadijumu
novérotas tris lidz Cetras tautoméras formas. Trifluoretikskabes $kiduma novérota viena
tautoméra forma, D>SO4 §kiduma — divas tautoméras formas. Loti iesp&jams, ka skabaja vidé
pirimidina heterocikls tiek protonéts un pirimidinija sisttma lidzsvars tiek pilniba novirzits
azida formas virziena. Visinteresantaka aina tika novérota AcOD-ds4 $kiduma, kur pastavéja
septinas tautomé&ras formas, kas liecina par kadas no betaina formas esamibu $kiduma (6. att.).

TFA-d, (1)

N

|

AcOD, (7 \
_AcOD4, (7) T i e I
\
SINE) o _ ol I -
16.0 9‘.8 9‘.6 9‘.4 9‘.2 9‘.0 8‘.8 8‘,5 S‘A 8‘.2 8‘.0 7‘.8 7‘.6 7‘.4 E‘,B 6‘.6 6‘.4

|

5. att. Diazida 66 *H KMR spektri dazados $kidinatajos (iekavas noradits novéroto
tautoméru skaits).

6. att. Diazida 66 iesp&jamas betatna tautomeéru struktiiras.

Sis apaksnodalas p&tijumi plasak aprakstiti originalpublikacija 4. pielikuma.
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1.4. tabula

Lidzsvara konstantes un tautomerizacijas termodinamiskas vertibas aizvietotiem
tetrazolo[1,5-a]pirido[2,3-e]pirimidiniem 67-69 CDCl3 $kiduma®

R
kt /N ‘ NN
X
kA N\/K/N
T NN

Savienojums R T (K) Kiazsy ®  AGaos (kJ/mol) AH2es (kJ/mol) ASzes (J/mol-K)
298 8,44
67a i 313 432 -529+011 -3211+194 90,14 +6,24
323 3,11
298 6,26
67b A/© 313 392  -454+002 -2363+038 —64,08+121
AL 323 2,99
208 12,39
67c /©/ 313 637  -624+002 -3053+034 -81,69+111
L 323 4,81
298 6,53
67d A 313 449 4654003 —2014+061 -51,96+195
e 323 3,47
298 419
67e /© 313 257  -355+028 -31,75+4,90 -94,33+ 15,74
L 323 1,53
208 15,08
67f /O 313 496  -611+012 -4205+213 -120,72+6,83
L 323 3,30
N 208 20,83
68a L 313 1505 7524022 -21,91+391 -48,05+1253
OMe 323 10,39
o 298 3,89
68b [Nj 313 253  -336+002 -2265+032 —6471+1,03
e 323 1,01
208 19,20
68c HNTTTS 313 1277  -732+003 -2035+056 —4374+178
323 1019
208 5,92
68d (Nj 313 381  —440+007 —2452+131 —67,42+4,20
e 323 2,74
| 298 3,83
68e [ j 313 259  -333+001 -1992+025 -5569+0,79
" 323 2,06
298 8,59
69a OD 313 336  -533+017 -4802+295 -14327+09,49
e 323 1,92
208 11,84
690 L 313 600  -612£016 -3L55%275 -8550+8:83
323 4,45

a— A: azida forma, T: tetrazola forma; b — K,y = [T)/[A], izteikts ka *H KMR signala integralu attieciba.
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2. Poliazidopirimidinu sintéze un fizikalo ipasibu pétijumi

Azida funkcionala grupa organiskas kimijas specialistam parasti asocigjas ar bistamibu, jo,
stradajot ar azida grupu saturoSiem mazmolekulariem savienojumiem, pastav
spradzienbistamibas risks. Lai gan organiskaja sint€zg tas ir nevélams blakusefekts, energétisko
materialu (spragstvielu) izp&té detonacijas sp&a un jutiba pret argjo impulsu ir svarigas
fizikalas 1pasibas.

Spragstvielas tiek izmantotas gan militaraja sfera, gan civilaja inZenierija — ierou municija,
kalnripnieciba, celu bave, €ku nojauksana, gaisa spilveni u.c. Spragstvielas péc to jutibas un
veiktspgjas iedala divas kategorijas — primaras (inicigjosas) un sekundaras (brizantas)
spragstvielas. Primaras spragstvielas biezi vien ir poliazidosavienojumi, kas ir jutigi un
detongjas pie nelielas ar€jas energijas pievades — berzes, trieciena, siltuma vai elektriska ladina
izlades forma. Primaras spragstvielas parasti nav brizantas un paredz&tas izmantoSanai
detonatoros sekundaro spragstvielu inici€Sanai. Sekundaras spragstvielas ir daudz spécigakas
un stabilakas par primarajam. To detongSanai nepiecieSams detonacijas vilnis, ko panak ar
detonatoriem. Sekundaras spragstvielas bieZi vien ir bazétas uz polinitroorganiskajiem
savienojumiem un  augsto  energiju  ieglst  eksotermiska, iek§molekulara
oksidésanas-reducgsanas procesa, kura izdalas liels daudzums gazveida produktu — CO2, CO
un Na.73.74

Mausdieniga tendence energétisko materialu dizaina ir heterociklu funkcionalizéSana ar
eksplozoforam grupam. Slapekla heterocikliskie savienojumi — tetrazols, triazols, furazans,
triazins un tetrazins — ir pieméroti bavbloki energétisko materialu dizainam, pateicoties to lielai
rasanas entalpijai no energétiski bagatajam N-N un C-N saitém’ un to augstajai termalajai
stabilitatei.”® N-N saites organiskajos savienojumos ir energétiski bagatas, jo t0 sadaliSanas
rezultata rodas slapeklis (N2), kura triskarsa N=N saite ir Tpasi stabila. Salidzinot ar analogu
C=C saiti, kuras veidosanas no divkarsas C=C saites ir endotermiska (pozitiva raanas entalpija)
(2.1. vienadojums), slapekla triskarsas saites veidoSanas process ir eksotermisks (negativa
rasanas entalpija) (2.2. vienadojums) un par ~ 375 kJ/mol termodinamiski izdevigaks.”’

HN=NH — N=N + H> AH29g = —200 (kJ/mol) (2.1)
H>C=CH2> —» HC=CH + H2 AHags = 175 (kJ/mol) (2.2)

Binarie CxNy savienojumi ar augstu slapekla bilanci ir relativi jauna energgtisko
savienojumu klase. To dizains balstas uz slapekli bagatiem heterocikliem, kas savstarpgji
saistiti ar azo- vai diazotiltiniem un satur vairakas azidogrupas. Binaro energgtisko savienojumu
energija nerodas oksidésanas-reducésanas procesa, bet no neparasti augstas rasanas entalpijas,
kas skaidrojama ar lielo C-N un N=N sai$u daudzumu un energétiskajam azido grupam.?® 24 78
81 Ar slapekli bagatiem energgtiskajiem savienojumiem nereti ir augstaks vielas blivums un
labaka termiska stabilitate, salidzinot ar klasiskajam polinitrospragstvielam. Jauzsver, ka
galvenais sadalisanas produkts no $adiem slapekli saturoSiem savienojumiem ir nekaitiga N2
gaze, kas ir svarigs aspekts videi un cilvékam nekaitigu spragstvielu izstradei un integracijai
industrija.®

Aktiva vides aizsardziba, saglabaSana un atjaunoSana ir pagajusa gadsimta industrializacijas
procesa sekas, to risinaSana ir svarigs uzdevums ilgtsp&jigai nakotnei. Tadé]l modernaja
industrijas un zinatnes attistiba liela nozime ir vidi saudzgjosiem procesiem, tehnologijam un
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materialiem. Biezak izmantotas primaras spragstvielas detonatoros ir svina azids un svina
stifnats, kas atstaj nelabvéligu ietekmi uz cilvéka veselibu un apkartgjo vidi, tapéc jaunu
spragstvielu izstradé aizvien nozimigaks kliist vides nekaitiguma faktors.?: 27

Lidz §im jaunatklato binaro energétisko savienojumu klasta (7. att.) nav materialu, kas
athilstu noteiktajiem musdienigu spragstvielu parametriem — augsta veiktsp&ja, zema
triecienjutiba, termala un kimiska stabilitate, zema toksicitate un mérogojama sintéze no 1&tam
izejvielam.” 8 Nereti binarajiem energétiskajiem savienojumiem ir zema sublimacijas
temperattra (76, 77), parlicku augsta jutiba (78, 79) vai sarezgita sintéze un nepietiekama
termala stabilitate (80, 81).2324 7881

N3 Ns N
N N. = 3 N
NZ\‘N 3N JN\ E\ IN*N\ N/ NN N N,
N N N NI
N3)\\N)\N3 N N, N>37 3 N N N\N’/N
76 77 78 79
N, N3
N&N N‘)§N
|
N3)\N/ N;N\WN\ N3 N3)\N/)\NCNWN‘\)N\
N N N. 2N, =N N N
80 Y g1 N NS
N3 N*N
N

3

7. att. Literataira zinamie slapekla bagati binarie energétiskie savienojumi.

Promocijas darba izstrades laika, sadarbojoties ar profesora Tomasa Klapetkes grupu no
Ludviga-Maksimiliana universitates Minheng, tika nolemts parbaudit izmantoto
azidoheterociklu energgtisko profilu (2.1. tab.). Tika noskaidrots, ka darba izmantotie diazidi ir
relativi stabili, ka to parada trieciena un berzes jutibas un sadaliSanas temperatiiras. Purina un
ta atvasinajumi ar N(9) alkilaizvietotajiem uzradija labu stabilitati, un savienojumu sadaliSanos
ar triecienu vai berzi praktiski nav iesp&jams panakt. Pirimidini bez alkilaizvietotajiem uzradija
paaugstinatu trieciena un berzes jutibu, un, pieliekot lielaku speku, iesp&ams panakt to
sadali$anos. Toties 2,6-diazidopurina (83) (120 N un 1 J), 2,6-diazidodeazapurina (84) (80 N
un 1J) un 2,4-diazido-8-azahinazolina (56) (40 N un 2 J) berzes un trieciena jutiba lidzinas
pentaeritrola tetranitratam (PETN) (3 J un 60 N), kas ir etalons primaro spragstvielu jutibas
slieksnim.® Tatad savienojumi 83, 84 un 56 ietilpst primaro spragstvielu kategorija, un darbs
ar tiem lielos daudzumos ir bistams.
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2.1. tabula

Anneletu diazidopirimidinu fizikalie un energétiskie parametri

fx /N/ dx

”CSH11

N3 N3 N,
"N Z >N =

4 7 /

e TEse
N )\

H N N, H \N)\N3 )\
83 84 n- C4H9 85

Berzes Trieciena

Savienoi N bilance (%
avienojums ilance (%) jutiba (N)  jutiba (J)

ESIP(MJ) k. p.(°C)  Tsad®

35a 51 > 360 20 > 480 58 159
56 59 40 2 > 480 171 175
82 53 288 2 > 480 126 172
83 69 120 <1 > 480 sadalas 166
84 63 80 <1 > 480 sadalas 168
85 49 > 360 20 > 480 85 155
PETN® 18 60 3 60 143 179

a — elektrostatiskas izlades jutiba; b — sadali$anas temperatra.

Talak tika attistita ideja par vairaku azida funkcionalo grupu ievadiSanu pirimidina, lai tam
pieskirtu detonacijas ipaSibas. Darba gaita autora zinatniska grupa iedomajas par anneléta
dipirimidina — pirimido[5,4-d]pirimidina poliazidé$anu, kura, ievadot Cetras azida funkcionalas
grupas, iegitu binaro savienojumu CeNis. Sis iegiitais produkts lidzinatos
1,3,5-triazidotriazinam, bet biitu ar augstaku sublimacijas siltumietilpibu un labaku termisko
stabilitati, kas ir triazidotriazina iztriiksto§as ipasibas.®

No komerciali pieejama 2,4,6,8-tetrahlorpirimido[5,4-d]pirimidina SnAr reakcija ar NaNs
izdevas iegit tetraazidu 87 (33. shéma). Monokristala rentgendifrakcijas analize tika iegita
kristala struktiira ar vienu tetrazola fragmentu, kas liecina par $i tautoméra preferenci cieta faze.
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33. shéma. 2,4,6,8-Tetraazidopirimido[5,4-d]pirimidina 87 sintéze.

Sadarbiba ar profesora Klapetkes grupu ir noteiktas vielas fizikalas ipasibas un aprékinati
detonacijas veiktsp&jas parametri $im savienojumam, kas apkopoti 2.2. tabula. Tetraazids 87
izradijas arkartigi jutigs uz ar&jo impulsu, uzradot < 1 J trieciena un 1 N lielu berzes jutibu, kas
ir lidzvertigi parametriem, ko uzrada komerciala primara spragstviela Pb(Ns).. Diferenciali
termiskaja analizé netika novérots vielas kuSanas punkts, bet gan tikai strauja eksotermiska
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sadali$anas pie 155 °C. Karstas virsmas testa tetraazids 87 sadalijas ar uzliesmojumu, un karstas
adatas testa notika detonacija. Detonacija $aja testda ir pozitivs rezultats un norada, ka $im
savienojumam ir potencials klit par primaro spragstvielu. Tomer, veicot divus sekundaras
spragstvielas PETN inicieSanas testus ar tetraazidu 87, sekundaras spragstvielas detonacija
nenotika.

Izmantojot EXPLO5 programmataru, tika aprékinats tetraazida 87 detonacijas frontes
spiediens — 20,8 GPa un detonacijas atrums — 7477 m/s. Tetraazida 87 detonacijas parametri ir
salidzinami ar citu bindro savienojumu — 1,3,5-triazidotriazins (TAT) un 3,6-bis-(2-(4,6-
diazido-1,3,5-triazin-2-il)-diazenil)-1,2,4,5-tetrazins ~ (BDTDT), detonacijas  Tpasibam
(2.2. tab.). Tomér, salidzinot ar Pb(N3)2, tetraazidam 87 ir zemaks detonacijas spiediens, kas
izskaidro pagaidam nepietickamo veiktsp&ju sekundaras spragstvielas inicié$anas testa.

2.2. tabula

2,4,6,8-Tetraazidopirimido[5,4-d]pirimidina (87) un citu binaro savienojumu un primaras
spragstvielas — Pb(N3)2 — fizikalie un energéetiskie parametri

Meritie parametri 87 TAT® BDTDT? Pb(Ns)2
Trieciena jutiba (J) <1 15 5 2,54
Berzes jutiba (N) 1 <5 29 0,1-1
Elektrostatiskas izlades jutiba 13 360 174 <5
(mJ)
p (glcmd) 1,7032 1,707 1,763 4,8
N bilance (%) 75,7 82,4 79,13 28,9
Q (%)° —64,8 —47,0 —55,7 -11,0
Trus. (°C) sadalas 94 sadalas 190
Tsadatisanas (°C) 155 187 189 315
Aprekinatie parametri®
AHueigosanas (KI/KQ) 5095 5159 6130 1546
Tdetonacijas (K) 3787 3536 4740 3401
Pc; (GPa)® 20,8 22,6 29,4 338
Vdetonacijas (M/S) 7477 7866 8602 5920

a — rentgenstaru difrakcijas analizé iegitais teorétiskais blivums, kas parrékinats uz 298 K, izmantojot
p208= p1/(1 + (298 — T)) vienadojumu, kur ey = 0,00015 un T — monokristala analizes temperattira; b — skabekla
bilance aprékinata pret COz (Qcoz = (NO — 2xC — yH/2)(1600/molmasa)); ¢ — detonacijas spiediens Capmana-Zugg
(Chapman-Jouguet) punkta; d — aprékini veikti, izmantojot Gaussian16 un EXPLO5 (V7.01.01) programmatru.

Petfjumu turpinajuma tika veikta ar tetraazida salu sintéze, izmantojot oksid&josas skabes
(34. shéma). Ir zinams, ka salu veidoSana ievérojami uzlabo savienojumu fizikalo un termisko
stabilitati, turklat oksid&jos$o skabju izmantoSana paliclina skabekla bilanci un detonacijas
veiktspgju.’* 87-88 Sintezgtie nitrata 88 un perhlorata 89 sali fiziskas stabilitates testos uzradija
ieverojami labaku stabilitati (1 — 2 J triecienjutiba un 1 — 40 N berzes jutiba). Savukart
sekundaras spragstvielas iniciacijas testos, izmantojot tetraazida perhlorata (89) detonatoru,
pagaidam nav izdevies panakt detonaciju.
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34. shéma. Tetraazida salu 88 un 89 sinteze.

Péc ilgstoSiem tetraazida salu 88 un 89 kristalizacijas méginajumiem tika ieguts
monokristals no trifluoretikskabes skiduma, kas kristalizgjies nevis ka tetraazida sals, bet gan
trifluoretikskabes solvats ar idens molekulas tiltinu (8. att.).

8. att. Rentgenstruktiiranalizg iegiita tetraazida 87 trifluoretikskabes un Gidens solvata
molekulara struktira.

Sis apak$nodalas pétfjumi plasak aprakstiti originalpublikacija 5. pielikuma un
nepublicétajos rezultatos 6. un 7. pielikuma.
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SECINAJUMI

1. Nukleofilo aromatisk0 aizvieto$anos 2,6-diazidopurinos, pateicoties azida-tetrazola
lidzsvaram, iesp&jams veikt ar C(2) selektivitati. Nakama nukleofila pievienoSana $Im
sisttmam atkartoti notiek C(2) pozicija, veidojot Maizenhaimera kompleksa intermediatu,
kam seko purina cikla atvérSana. ST jaunda sintdtiska metode dod pieeju
tetrazolilimidazoliem ar augsti funkcionalizétu sanu k&di.
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2. Reciklizgjot tetrazolilimidazolus, kas iegiiti purina cikla atverSanas rezultata, var iegtt
tricikliskus imidazo[4,5-f]tetrazolo[1,5-d][1,4]diazepinus, formali paplasinot purina
pirimidina ciklu par vienu oglekla atomu.
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3. Nukleofila aromatiska aizvietoSanas 2,4-diazidopiridopirimidinos noris C(4) pozicija.
Izstradatas sintétiskas metodes C-5 aizvietotu tetrazolopiridopirimidinu iegfiSanai ir
efektivakas par konvencionalajam sintézes stratégijam.
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4. Tegutie C-5 aizvietotie tetrazolopiridopirimidini $kidumos pastav galvenokart tetrazola
forma, tomér ir funkcionaliz€jami azidiem raksturigajas reakcijas, pateicoties
azida-tetrazola tautomérajam lidzsvaram.
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5. Tetrazola funkcionalas grupas elektronus atvelko$as pasibas veicina SnAr reakciju norisi
annel&tu pirimidinu sistémas, un tajas aizvietosanas reakcijas noris atrak neka alternativi
aizvietotos annel&tos pirimidinos.

N-N N-N Q Q
I I
EXﬁN’N Nukleofils EXrN’N > EXﬁN Nukleofils EXﬁN
" . - " .
S e Sy S e S

6. 2,4,6,8-Tetraazidopirimido[5,4-d]pirimidins (CeNie) ir jauns binarais energétiskais
savienojums. Tas ir jutigs pret berzi un triecienu un sadalas ar detonaciju. Sim struktiiras

dizainam ir liels nakotnes potencials energétisko materialu izp&té un attistiba, pateicoties
augstajam slapekla saturam, labam funkcionaliz€Sanas iesp&jam un vieglai pieejamibai.

1N 20,8 kPa
<1J 7477 mis
N3
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GENERAL OVERVIEW OF THE THESIS

Introduction

Annulated pyrimidines are privileged heterocyclic structures in medicinal chemistry with a
diverse profile of biological activities depending on the main ring’s structure and the
substituents’ nature. This is related to the structural similarity of the annulated pyrimidines to
the carriers of genetic information in cells of living organisms, signal molecules, and
coenzymes. The purine heterocycle is part of nucleic acids and is the most widely represented
member of annulated pyrimidines in living organisms. In addition, adenosine triphosphate is an
energy-carrying molecule in cells, and other adenosine derivatives act as signaling molecules
in the cardiovascular system. Therefore, fragments of annulated pyrimidines are used in the
development of anti-viral and anti-cancer drugs, as well cardiovascular drugs and preparations
with good results (Scheme 1, a).1* 2 The modification and improvement of such biomimetic
structures in medicinal chemistry is a well-known strategy for the development of new drugs.
In this aspect, the development of new?® synthesis methods, which make it possible to create
new building blocks and perform skeletal editing in new ways, is a vital innovation component
in medicinal chemistry.> Many of the annulated pyrimidines, including purine derivatives,
exhibit luminescence, which opens up the possibilities of their application in bioorganic and
analytical chemistry as sensors and in materials science as OLED materials.* Also, in this
field of application, developing new synthesis methods allows for improvement of substance’s
necessary physical properties.

The development of heterocyclic compound chemistry methods for modifying heterocyclic
substituents is dominated by methods such as nucleophilic (hetero)aromatic substitution
reactions (SnAr), as well as transition metal-catalyzed C-C and C-heteroatom bond formation
processes using cross-coupling”® and C-H activation®® reactions. Many of these processes use
traditional halogen leaving groups or activated O- and S-substituents such as TfO-, TsO-, RS-,
and RSO2-.%0 Scarcely described are N-centered leaving groups, which include imides, amides,
imidazolyl- and 1,2,4-triazolyl substituents, and also 1,2,3-triazolyl moieties in purine
derivatives recommended by our scientific group.!**® In this context, azido groups in
heterocyclic compounds can be characterized as N-centered pseudohalide type substituents —
i.e. they can participate in SnAr reactions by giving an azide ion (pseudohalide) as a leaving
group. Although reactions of this type are known, they have been little studied.> 4 5
Importantly, the placement of the azido group adjacent to the heterocyclic nitrogen atom (in the
a-position) gives the azidoazomethine structural fragment which can undergo characteristic
azide-tetrazole tautomeric equilibrium (Scheme 1, b).*6-1° We proposed hypothesis that when
using azido groups as leaving groups in heterocycle SnAr reactions, their reactivity can be
modulated by steering the azide-tetrazole equilibrium. This opens up the possibility of
designing new reactions and affecting the regioselectivity of certain transformations, especially
when the molecule contains several azido substituents.

Within the Thesis, we focused on the development of preparative synthetic methods of
azidoheterocycles in two directions: 1) the development of purine chemistry methods with the
aim of creating new methods in a well-known and widely used class of substances;
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2) modification of pyridopyrimidines, because this class of substances has been less studied
compared to other annulated pyrimidines.

[ Selected annelated pyrimidine drugs.
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Scheme 1. Properties of selected drugs and azides of annulated pyrimidines.

Additionally, while conducting research with substances with a high nitrogen content, there
came a logical obligation to determine the energy profile of the compounds (Scheme 1, c). 2>
Introduction of azido group in organic compounds increases the thermodynamic energy of the
system by ~ 355 kJ/mol, hence, compounds with multiple azido groups are high energy density
materials.?® 2! Azides are sensitive to external impact and heat, and upon decomposition, they
form N2 gas and release a large amount of heat. Therefore, organic azides are potentially
explosive compounds, and the azido substituent as an explosophore functional group is often
used in the chemistry of high-density energetic materials.?® Heavy metal azides and
low-molecular organic azides with a high nitrogen mass balance (> 50 %) are particularly
energetically rich. Low molecular weight azides are used in the design of primary explosives
due to their high impact sensitivity. Determination of the energetic profile of the
azidoheterocycles used in the Thesis verifies the safety of the developed synthetic methods.
This knowledge further led to the design of a new binary energetic compound by targeting the
molecular skeleton of annulated pyrimidines and introducing the maximum number of azido
groups into it. It should be emphasized here that the design and synthesis of binary energetic
CxNy compounds is currently undergoing a renaissance -%° associated with the search for
environmentally friendly detonators, deliberately avoiding the use of heavy metal
compounds.?6:27



Combining interest of the reactivity of annulated pyrimidines and the effect of the azide-
tetrazole equilibrium on the course of reactions, several new preparative methods in the
chemistry of purines and pyridopyrimidines have been developed, as well as the
physicochemical parameters of the azide-tetrazole equilibrium in these classes of substances
have been determined. The energetic profile of azidoheterocycles used herein have been
determined to gain confidence in the level of safety while working with them. The gained
knowledge made it possible to develop a new energetic compound, deliberately crossing the
line between traditional synthetic organic chemistry and chemistry of explosives.

Aims and Objectives

The aim of the Thesis is the development of new synthetic methodologies for the
functionalization of annulated azido pyrimidines, using the azide-tetrazole equilibrium for
regioselectivity induction and the versatile chemical properties of the azide functional group.
Taking into account the possible energetic properties of substances with high nitrogen content,
the second aim of the work is to experimentally determine the energetic profile and/or
application of these substances in the development of primary explosives.

To fulfill the goal, several tasks were set:

e to investigate regioselectivity of SNAr reactions in diazido derivatives of annulated
pyrimidines — purine, pyrido[2,3-d]pyrimidine and pyrido[3,2-d]pyrimidine;

e to develop synthesis methods for SNAr reactions in annulated diazidopyrimidines;

o to develop pyrimidine ring-opening methods of 2,6-diazidopurines;

o to explore further functionalization of the azido group of selectively substituted
annulated azidopyrimidines;

o to determine the energetic profile of the used annulated azido pyrimidines and to
design at least one new compound in this group that would correspond to the binary
CxNy class of energetic compounds with high nitrogen content.

Scientific Novelty and Main Results

From the possible list of annulated azidopyrimidines, this Thesis examines:
» 2,4-diazidopyrido[2,3-d]pyrimidines and 2,4-diazidopyrido[3,2-d]pyrimidines as
novel structures whose reactivity has been investigated;
» purines, for which a new type of ring-opening reactions that give
tetrazolylimidazoles with a substituted side chain has been discovered;
> anew type of energetic binary compound CeN1s based on pyrimidopyrimidine and
the energetic profile of the more commonly used annulated diazidopyrimidines

2,4-Diazidopyrido[2,3-d]pyrimidines and 2,4-diazidopyrido[3,2-d]pyrimidines

In the Thesis, the synthesis of 2,4-diazidopyrido[2,3-d]pyrimidine and
2,4-diazidopyrido[3,2-d]pyrimidine and their azide-tetrazole equilibria were investigated for
the first time. These compounds were found to exhibit a complex equilibrium in solutions in
which up to four tautomeric forms are possible for 2,4-diazidopyrido[2,3-d]pyrimidine and up
to seven tautomeric forms for 2,4-diazidopyrido[3,2-d]pyrimidine. Trifluoroacetic acid is the
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only solvent whose polar nature and hydrogen bonding ensures a complete shift of the
tautomeric equilibrium to the diazido form. On the other hand, in the crystalline phase, only
monotetrazole tautomers from the C(2)-azide group are formed in both cases, and new
annulated tricyclic ~ structures  —  pyrido[3,2-e]tetrazolo[1,5-a]pyrimidine  and
pyrido[2,3-e]tetrazolo[1,5-a]pyrimidine are present.

In both heterocyclic systems, nucleophilic aromatic substitution reactions with N-, O-, and
S-nucleophiles proceed selectively at C(4) of pyridopyrimidine to give C(5)-substituted
pyrido[3,2-e and 2,3-e]tetrazolo[1,5-a]pyrimidines. These compounds exist mainly in the
tetrazole form in solutions; however, the azide-tetrazole equilibrium is observed. In the case of
C(5)-substituted pyrido[2,3-e]tetrazolo[1,5-a]pyrimidines, the free Gibbs energy values of
tautomerization (AGags) are in the range from —3.33 kJ/mol to —7.52 kJ/mol, while for
pyrido[3,2-e]tetrazolo[1,5-a]pyrimidines, AGagg are —3.02 kJ/mol to —5.70 kJ/mol. Due to the
azide-tetrazole equilibrium in these systems, the resulting annulated tetrazole derivatives are
functionalizable in copper-catalyzed azide-alkyne 1,3-dipolar cycloaddition (CuAAC)
reactions to the corresponding triazoles. In the equilibrium studies, we observed that 1) in
systems with electron-donating substituents, the equilibrium is strongly shifted towards
tetrazole; 2) by increasing the polarity of the solvent, the tetrazole tautomer concentration
increases; 3) heating the solutions increases the concentration of the azide tautomer. These
observations in the new heterocyclic systems correlate well with the properties of the azide-
tetrazole equilibrium process described in the literature.

The developed synthetic method using 2,4-dichloropyridopyrimidines as starting materials,
converting them to diazides and then selectively substituting them with N-, O-, and S-
nucleophiles works more efficiently than the initial selective mono-SnAr reaction at C(4)
followed by the introduction of azide at C(2). This can be explained by the fact that in our
procedure, the annulated tetrazole provides both selectivity and contributes to the overall SNAr
reactivity due to the electron-withdrawing properties of the tetrazole. Compared to the classical
approach, the initial introduction of a heteronucleophile introduces an electron-donor
substituent that makes the next step of the SNAr reaction difficult.

Ring opening of the pyrimidine ring of 2,6-diazidopurines

Aromatic nucleophilic substitution in N(9)-substituted 2,6-diazidopurines can be performed
regioselectively at the C(2) or C(6) position by choosing a suitable solvent and reagent system.
We found that for purine derivatives, which have tendency for the formation of annulated
tetrazole at C(6), it is possible to add an additional nucleophile at C(2). This results in a
Meisenheimer complex that collapses with the opening of pyrimidine due to the tetrazole being
a better leaving group than the incoming N-, O-, or S-nucleophile. Also, in this case, the
azide-tetrazole equilibrium induces regioselectivity and activates the purine heterocyclic
system for nucleophilic attack. Applying this two-step synthesis method, highly functionalized
iminoimidazolyltetrazoles substituted with various heteronucleophiles can be obtained. We
showed that tetrazolodiazepines are obtained by the alkylation-cyclization reaction of
imidazolyltetrazoles, which is a formal homologation of tetrazolopurine as the expansion of the
heterocyclic system by one carbon is achieved.
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Energetic profile and new binary compound

The energetic profile of azidoheterocycles used in the research has been determined in
collaboration with the group of Professor Thomas M. Klapotke at the Ludwig Maximilian
University of  Munich. A  new energetic binary CeNis compound —
2,4,6,8-tetraazidopyrimido[5,4-d]pyrimidine has been designed and obtained. This tetraazide
exists in azide-tetrazole equilibrium in solutions and crystallizes in the solid phase as the
monotetrazole tautomer. Due to its high nitrogen balance (75 %), this compound has the
properties of a primary explosive and detonates under the influence of light friction or impact.
This discovery opens up opportunities to begin more extensive studies of primary explosives
(detonator materials) in Latvia.

Structure and Volume of the Thesis

The Doctoral Thesis has been prepared as a collection of thematically related scientific
publications dedicated to the use of the azido group in synthetic methodology — inducing
regioselectivity and reactivity in annulated pyrimidines and in materials science, specifically
the development of new primary explosives. The Thesis includes four publications in SCI
journals and one article manuscript.

Publications and Approbation of the Thesis

The results of the Thesis have been reported in three scientific original articles and one
prepared manuscript. One review article has been published. The results have been presented
in 9 conferences.
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Safety Statement

CAUTION! Heteroaromatic azidocompounds with nitrogen content > 50 % can be

powerful energetic materials with high sensitivities towards shock and friction. Therefore,
proper security precautions must be applied while synthesizing and handling several of the
described azidoheterocycles. The security precautions include but are not limited to safety
goggles, face shield, ear plugs, Kevlar gloves, lab safety shield, earthed laboratory equipment

and shoes.
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MAIN RESULTS OF THE THESIS

1. Azide-Tetrazole Equilibrium and its Application
in Synthetic Methodology

Heterocycles with the azidoazomethine structure are unique due to their possible
azide-tetrazole equilibrium in solutions.?® 2° The azide-tetrazole equilibrium is a valence
tautomerism that occurs when an azide adds to an adjacent imine moiety in a 1,5-dipolar
cyclization reaction. The azide-tetrazole equilibrium is dynamic and is affected by the
stereoelectronic effects of the substituents, solvent polarity, temperature, and pH of the
solution.30-32

An isolated tetrazole ring is ~ 40 kJ/mol more stable than the azide tautomer due to the
6 n-electron aromatic system.®® Thus, tautomeric equilibrium is not usually observed in an
isolated tetrazole system. Consequently, transformations of the azide functional group are
impossible for such systems. For example, 5-phenyltetrazole (1T) reduction with H, on a
platinum catalyst occurs with selective reduction of the benzene aromatic ring, and the tetrazole
functional group remains unreduced (Scheme 2).34

N -N
NH N N-N
2 3 | N | N
Y CNH, | M2 P02 NH N Ha PO N
o AcOH : AcOH
1A 1T

Scheme 2. Reduction of phenyltetrazole.

However, in annulated azidoazomethine systems, a dynamic azide-tetrazole equilibrium is
present and can be observed with various spectroscopic methods (IR, UV, NMR). Reactions in
such systems can occur with both tetrazole and azide tautomers. The latter can undergo
reduction, cycloaddition, or nitrene reactions. For example, 2-azidopyridine 4A can be
selectively reduced to tetrahydropyridotetrazole (5) or 2-aminopyridine (6) by changing the
reaction solvent and pH of the solution (Scheme 3).%

M2y, pae N NN Hy ParC N,

‘ NH-, H ol I N > N
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6 L 4A 4T 1 5

Scheme 3. Reduction of 2-azidopyridine.

Fused tetrazole systems are more reactive towards nucleophile addition than their azido
analogs due to the electron-withdrawing properties of the tetrazole functional group. For
example, the 4-azidopyrimidine system 7 undergoes tautomerization and reacts with water
readily under normal conditions without acid or base additives, forming hemiaminal 8. The
reduction of formed hemiaminal with H in the presence of a Pd/C catalyst yields the annulated
system reduction product 9 with a preserved tetrazole functional group (Scheme 4 a).%
Tetrazolo[1,5-a]pyrimidine 10T can be opened under basic conditions to form tetrazolate salt
11 (Scheme 4 b).¥"
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Scheme 4. Functionalization of azidopyrimidines.

The electronic effects of the substituents present in the system strongly influence the
azide-tetrazole equilibrium. Changing the total electron density in the system makes it possible
to reverse the tautomeric equilibrium completely. For example, upon oxidation of tetrazolo
annulated pyrimidine system 12 to N-oxide, the formed tetrazole 13T tautomerizes to azide
13A, which can be functionalized in the azide-charectaristic CUAAC reaction (Scheme 5).%
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Scheme 5. Electronic effects guided functionalization of annulated tetrazolo[1,5-c]pyrimidine.

In heterocyclic systems with two azidoazomethine groups, the opportunity to perform
regioselective transformations opens up by carefully choosing the solvent and controlling the
temperature (Fig. 1 a). Nucleophilic addition in pyrimidines with two identical leaving groups
usually occurs at the most active C(4) site (Fig. 1, 15). However, when the equilibrium shifts,
the addition can: 1) accelerate (Fig. 1, 16) due to the electron-withdrawing properties of the
tetrazole, which stabilizes the intermediates of the Meisenheimer complex, or 2) occur with
changed regioselectivity (Fig. 1, 17), due to the formation of tetrazole in the system, which
cannot enter the SNAr reaction, or 3) not occur at all (Fig. 1, 18).

In series of annulated 2,4-diazidopyrimidines, it is known that in 2,6-diazidopurines 19%°
and 2,6-diazidodeazapurines 20*° the substitution proceeds with altered regioselectivity at the
C(2) position facilitated by the annulated tetrazole fragment. Meanwhile, regioselectivity in
2,4-diazidoguinazolines 21%* does not change, yet the C(4) position becomes more reactive.
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Fig. 1. Azide-tetrazole equilibrium and reactivity in 2,4/2,6-diazidopyrimidines.

It is well known in the literature that the substituents in the heterocyclic system play a vital
role on the azide-tetrazole tautomeric equilibrium (Fig. 2). Electron-donating substituents shift
the equilibrium towards the tetrazole tautomer by stabilizing the tetrazole tautomer, while
electron-accepting substituents favor the azide tautomer.®? 1 42 The main external factors
affecting the equilibrium are solvent polarity (more polar solvents stabilize the dipole moment
of the tetrazole system), temperature (at higher temperatures, the more thermodynamically
stable azide tautomer is formed), and protonation of the heterocyclic system (azide tautomer is
formed in an electron-poor system).22 The most commonly used solvents for studies of the
tautomerization process are DMSO, TFA, and CHCls. In these solvents, it is usually possible
to observe the extremes of the azide-tetrazole equilibrium: tetrazole in DMSO (due to high
polarity), azide in TFA (the system is protonated or a distinct network of hydrogen bonds is
formed), and a mixture of tautomers in CHCI3,36: 4344

Azide-tetrazole tautomerism can be detected by methods such as UV and IR spectroscopy.*®
In certain cases, it can be performed with thin-layer chromatography®® and melting point
analysis.** With >N NMR, it is possible to analyze nitrogen atoms. However, the natural
abundance of the magnetically active **N nucleus is ~ 0.36 %, and the gyromagnetic sensitivity
of the >N nucleus is significantly lower than for other nuclei. Therefore, >N NMR on substrates
with natural isotopic nitrogen distributions is difficult. However, the azide-tetrazole equilibrium
in compounds with protons close to the azide-tetrazole fragment is very well observed and
easily quantified by 'H NMR. The ratio of tautomers is obtained by signal integration and
characterized by the equilibrium constant Keq.3” 447 It is further possible to characterize the
equilibrium process with thermodynamic parameters (Gibbs free energy, enthalpy, and entropy)
by obtaining *H NMR spectra at different temperatures.3% 48 49
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Fig. 2. Factors influencing the azide-tetrazole equilibrium.

A dynamic equilibrium process in chemistry is characterized by the equilibrium constant
Keg, the ratio of the reaction rate constants of a reversible chemical transformation for a system
where chemical equilibrium has been reached. Hence, the equilibrium constant (1.1) can be
expressed as the ratio of the concentrations of two components in an equilibrium state, which
can be easily determined by *H NMR spectroscopy by the integral ratio of the signals.

K(eq.): [71/[4], (1.1)
where

Keq — equilibrium constant;

T — integral value of tetrazole tautomer;

A —integral value of azide tautomer.

Systems in equilibrium can be characterized by the thermodynamic parameters of the
tautomerization process — Gibbs free energy, enthalpy, and entropy. The Gibbs free energy
characterizes the direction of equilibrium under the given conditions and the thermodynamic
feasibility of the process. Enthalpy, on the other hand, describes the absolute stability of the
system regardless of external conditions (higher value — more stable system). The Gibbs free
energy for the tautomerization process is calculated with the Gibbs-Helmholtz Equation (1.2).

AG = *Rﬂﬂ(K(qu)), (12)

where
AG — Gibbs free energy of tautomerization, J/mol;
R — universal gas constant, J/(mol-K);
T — temperature, K;
Keq — equilibrium constant.

Enthalpy and entropy of the tautomerization process are determined by graphically
representing the Gibbs free energy against temperature and calculated according to the Gibbs
free energy Equation (1.3), where the value of the y-axis at zero Kelvin temperature is the
enthalpy of the system, and the slope is the entropy of the system (Fig. 3).

AG=AH - TAS, (1.3)

where
AG — Gibbs free energy of tautomerization, J/mol;
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AH — enthalpy of tautomerization, J/mol;
AS — entropy of tautomerization, J/(mol-K).

AG

AH

T

Fig. 3. Graphical representation of the Gibbs free energy equation.

Although an equilibrium is reached in a dynamic process, there is a reversible reaction

A 2 B still occurring, which can be characterized as two separate reactions A it B and B k4 A
with rate constants (ka un kg). These constants are mutually proportional and express the
equilibrium constant Keq (1.4). Reaction rate kinetic constants allow the calculation of the
equilibration time, which is characterized by the reaction half-time T, .

K(eq): kB/kA ’ (14)
where
Keq — equilibrium constant;
ks — reaction rate constant (s™2);
ka — reverse reaction rate constant (s2).

Measuring the rate of the dynamic process is performed with an NMR chemical exchange
spectroscopy experiment (EXSY) in which the transfer of magnetization during proton
tautomerization from one tautomer to another is measured.>® Determination of the kinetic
constants of the azide-tetrazole tautomerization is essential for the characterization of the
equilibrium. For example, to perform equilibrium studies in a case of slow tautomerization, a
long period of time is required until an equilibrium state is reached in the system.*? 5! Also, the
rate of reactivity in reactions where one selected tautomer reacts can be determined.
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1.1. Azide-Tetrazole Equilibrium in the Purine System
and the Ring-Opening of its Pyrimidine Cycle

Purine is a nitrogen heterocycle widely found in nature, whose derivatives — adenine and
guanine — are part of DNA. Therefore, many antiviral and anticancer drugs are based on purine
and nucleoside fragments.

Purine is a stable heterocyclic system due to its conjugated aromatic m-electron system.
However, introduction of an electron-withdrawing functional groups onto the nitrogens of the
purine ring makes the system more electrophilic and favors the addition of nucleophiles. The
addition of N-nucleophiles to N(1) activated purines results in a formal replacement of the N(1)
group and the nitrogen atom in a tandem pyrimidine ring opening and closing reaction by the
SN(ANRORC) mechanism (Scheme 6 a). On the other hand, the addition of hydroxide to such
systems usually results in cleavage of the C(2) carbon fragment without pyrimidine
re-cyclization (Scheme 6 b).52 Such purine ring opening is a simple synthetic strategy to obtain
highly functionalized imidazoles and pyrimidines, which are frequently used pharmacophores
in medicinal chemistry due to their similarity to nucleosides found in biological systems.5 %

Sn(ANRORC)

a
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Scheme 6. Ring-opening of pyrimidine cycle in purines.

There are four possible activation mechanisms for the purine system (Scheme 7). First,
hypoxanthines are more reactive due to the carbonyl group, and the introduction of an
electron-withdrawing group at the N(1) position allows the opening of hypoxanthines with
various nucleophiles readily at room temperature. Second, the N(1) position in annulated
purines is part of a separate conjugated system, making it a leaving group. Third, the
introduction of an electron-withdrawing group at the N(1) position in purines and adenines
makes it an excellent leaving group. In activated adenine systems, Dimroth rearrangement
usually takes place.%5-8 Finally, the introduction of an electron-withdrawing group at the N(7)
position destabilizes the imidazole ring, and its opening occurs almost instantly.
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Scheme 7. Purine activation mechanisms.

For details on the types of activation and opening of purines, see the review article in
Appendix 1.

Based on the previous studies in the chemistry of 9-substituted 2,6-diazidopurines,
nucleophilic aromatic substitution in such systems is known to occur at the C(2) position due
to the C(6) azide tautomerization into a tetrazole (Scheme 8).5 3% 5% 60 Sych protection of C(6)
site against nucleophile attack promotes the SNAr process in the remaining heterocyclic system
due to its electron-withdrawing properties. Kristers Ozols, in his Master’s Thesis, explored the
addition of two nucleophiles to 2,6-diazidopurine and observed that the resulting compound
was not the expected 2,6-disubstitution product.®* Analysis of the product showed that it
contains two added thiols as nucleophiles and the tetrazole fragment corresponding to the purine
ring-opening product 37.

N-N
3 N NN AN
| 6 | .
</N ‘ =N polar solvent (NfN’N &SH ¢ f ’SH 4 ru
N N%N:; non-polar solvent N N/)\N S VAP /K /. base “Ji ‘N
L L N
35A 35T

L J 7 ®

Scheme 8. SnAr substitution and ring-opening in 2,6-diazidopurines observed by K. Ozols.5*

Literature review revealed two hits on the ring-opening of tetrazole annulated pyrimidines.
First, one example of purine ring-opening with a hydroxide was demonstrated by
Montgomery.*® Second, a fused pyrimidine ring-opening with carbon nucleophiles, which enter
in the product structure, by Tisler 5263 (Scheme 9). Therefore, in the Thesis, a method was
developed of purine ring-opening with different nucleophiles, combining the regioselective
2,6-diazidopurine substitution and tandem pyrimidine ring-opening reaction.
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Scheme 9. Ring-opening of tetrazolopyrimidines.

The research began on the ring-opening of 2,6-diazidopurines with optimization of reaction
conditions in the case of thiol nucleophiles (Table 1.1). The C(2)-substituted 6-azidopurine 42
was chosen as the substrate because the optimal conditions for regioselective substitution of
2,6-diazidopurine with thiols are known from K. Ozols’ Master’s Thesis. Next, unsubstituted
2,6-diazidopurine 45a was chosen for optimization of reaction conditions in the case of
alkoxynucleophiles (Table 1.2).

In the ring-opening reaction with thiols, it was concluded: 1) in non-polar solvents (toluene),
the substitution takes place both at the C(2) and C(6) positions because of diazide tautomer —
hence, a polar solvent (DMF) is needed for the ring-opening; 2) the ring-opening requires a
strong non-nucleophilic base (NaH), because weaker bases (DBU
(1,8-diazabicyclo[5.4.0Jundec-7-ene), K»COs) promote substitution at both C(2) and C(6)
positions; 3) lower temperature reduces the formation of side products due to increased
concentration of tetrazole and stabilization of the Meisenheimer complex intermediate.

Different trends were observed in the optimization of reaction conditions for purine
ring-opening with alcohols compared to tiols. In this case, the most suitable reaction solvent
was toluene, which gave the highest selectivity for the ring-opening reaction. This observation
is contrary to the ring-opening with thiols and also to the general concept that polar solvents
stabilize the forming Meisenheimer intermediate. The most suitable base, also in this case, was
NaH. However, similar results were obtained using DBU, which was incapable of ring-opening
in the case of thiols. Also, a decrease in the reaction temperature had an insignificant effect on
the yield. Although, an increase in the reaction temperature even slightly improved the yield
and selectivity of the ring-opening reaction.
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Table 1.1

Optimization of Reaction Conditions for Ring-opening of Purine 42 with a Thiol

42

</fo
9

-N
N~
N

O/SH é:f\ﬂ + . SQ
" conditions Q . JN\S/O </Nf:/)N\SQ
SR

(main by-product)

starting material

No. solvent base (eq.) T (°C) yield 43a (%)? 42 (%)?
1 DMF NaH (1.5) rt. 55 12

2 DMF KotBu (1.5) rt 62 4

3 DMF DBU (1.5) rt. 0 55

4 toluene NaH (1.5) rt. 5 76

5 toluene KotBu (1.5) rt. 4 68

6 MeCN NaH (1.5) rt. 8 76

7 MeCN KotBu (1.5) rt. 50 20

8 THF NaH (1.5) r.t. 43 40

9 THF KotBu (1.5) rt. 36 30
10 i-PrOH KotBu (1.5) rt 34 24
1 DMSO KotBu (1.5) rt 64 2

12 NMP NaH (1.5) rt 39 21
13 DMF NaH (0.9) rt 44 32
14 DMF KotBu (2.5) rt 54 7

15 DMF NaH (1.5) 0 68 5

16 DMF KotBu (1.5) 0 64 8

a — yield was determined by quantitative *H NMR in the crude reaction mixture using

1,2,3-trimethoxybenzene as an internal standard.

This contradictory trend might be explained by the change of the reaction mechanism
depending on the nucleophile used. In the case of thiols, the reaction proceeds through a
Meisenheimer complex, as the thiolate is a superior nucleophile. However, in the case of
alcohols, the reaction presumably does not occur through the formation of a Meisenheimer
complex but rather in a concerted SnAr process.54% Such a mechanism would explain the
course of reaction in a non-polar solvent and the ability of the relatively weak base (DBU) to
carry out ring-opening.
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Table 1.2

Optimization of Reaction Conditions for the Ring opening of Purine 45a with Propanol 8466

N-N,
N, Nf\N’N o
Ny n-ProH < | H N N\
{NfN/ANS B {NfNioW
n-CsHyy 0”0 " nCyHyy
45a - 46a 47

No. Solvent base (eq.)° T (°C) yield 46a (%6)* yield 47 (%)*
1 DMF NaH (3) rt 38 21
2 MeCN NaH (3) r.t. 0 0
3 THF NaH (3) r.t. 36 33
4 n-ProH NaH (3) r.t. 50 42
5 toluene NaH (3) r.t. 47 22
6 NMP NaH (3) rt. 38 30
7 diglyme NaH (3) r.t. 44 16
8 toluene K>COs3 (3) r.t. 0 0
10 toluene KotBu (3) rt 5 45
11 toluene KOH (3) rt. 13 2
12 toluene n-BuLi (3) rt. 7 4
13 toluene NaH (3) 0 49 16
14 toluene NaH (3) 50 55 13
15 toluene NaH (5)° rt 0 0
16 toluene NaH (3)¢ rt 66 11
17 DMF NaH (3)¢ rt. 21 42
18 DMF DBU (3)° rt. 36 1
19 toluene DBU (3)¢ rt. 49 1

a — yield was determined by quantitative 'H NMR in the crude reaction mixture, using
1,2,3-trimethoxybenzene as an internal standard; b — alkoxide was added in two portions; ¢ — alkoxide was added
in one portion; d — alkoxide was added dropwise.

In cooperation with laboratory colleagues (see the list of authors), a range of substrates for
diazidopurine ring-opening with thiols were screened by applying the optimized reaction
conditions (Scheme 10). The substituent at the N(9) position of the purine practically did not
affect the yield, except for the ribosyl derivatives due to partial deprotection of the acetate
protecting groups. The reactions proceeded smoothly with both primary and secondary thiols.
It should be noted that purine ring-opening with aromatic thiols is not possible under the given
conditions, most likely because the arylthiolate is a better leaving group than the tetrazole anion.
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Scheme 10. Ring-opening of diazidopurine 45 with thiols.

Next, applying the optimal reaction conditions (NaH/toluene), a range of substrates was
demonstrated for purine ring-opening with various alcohols (Scheme 11). It should be
emphasized that the cyclic addition product 46b was obtained using ethylene glycol as a
nucleophile. Also, in this case, the addition of aromatic (phenol) and sterically large (t-BuOH,
adamantanol) alcohols is not possible.
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Scheme 11. Ring-opening of diazidopurine 45 with alcohols.

Purine ring-opening by the addition of amine nucleophile turned out to be impossible.
However, subjecting purines 48 with amino substituents at the C(2) position to ring-opening
conditions with primary and secondary alcohols yielded carbamimidates 49 (Scheme 12).
Again, the addition of aromatic (phenol) and sterically large (t-BuOH) alcohols was not
feasible. In this case, the hydrolysis product was obtained with a yield of 62 % in the reaction
with phenol, which was also the main by-product.
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Scheme 12. Ring-opening of tetrazoloaminopurines 48 with alcohols.

Similarly, ring-opening products 51 of alkoxy-substituted tetrazolopurines 50 were
obtained by adding primary and secondary alcohols and thiols (Scheme 13). The
stereoselectivity of the products could not be determined by NMR spectroscopy, but a single
crystal of compound 51a was obtained, which showed the Z-double bond geometry in the

product.
i
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Scheme 13. Ring-opening of tetrazoloalkoxypurines 50 with alkoxides and thiols.

To demonstrate the utility of the ring-opened compounds, their cyclization into diazepine
derivatives 54 was developed by the alkylation of the products 52 followed by cyclization in
basic conditions (Scheme 14). Thus a formal enlargement of the pyrimidine ring of purine by

one carbon was achieved.
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Scheme 14. Synthesis of annulated tetrazolodiazepines 54.

For a more detailed description of the research in this chapter, see the original
publication in Appendix 2.

1.2. Azide-Tetrazole Equilibrium Studies and SxAr Reactions
in the Pyrido[2,3-d]pyrimidine Heterocycle

This subproject was started with the synthesis of the substrate of interest —
2,4-diazidopyrido[2,3-d]pyrimidine 56 (diazide) from dichloride 55 in SnAr reaction with
NaN3z (Scheme 15). The name diazide in the Thesis refers to the formal diazide structures, as
these systems exist as a mixture of several azide and tetrazole tautomers. The most stable
tautomer in  2,4-diazidopyrimidine  systems is usually in the form of
tetrazolo[1,5-a]pyrimidine.* 44 67. 68 With the X-ray structural analysis, it was found that also
the heterocyclic system of 2,4-diazidopyrido[2,3-d]pyrimidine in the crystalline phase exists as
5-azidopyrido[3,2-e]tetrazolo[1,5-a]pyrimidine (56AT). Reactions of this tautomer in SnAr
reactions would result in nucleophilic addition at the C(4) position, which is expected for
pyrimidine systems with two identical substituents at the C(2) and C(4) positions.

B
cl Ns =
4 )|
= | SN NaN; = | \)N\ “} ?N\J
~ _ acetone, H,0 N 2 - & L ,
N N)\CI 50°C. 1 h NTONT N, @ \x&’\i\/&-w
55 56,98 % 56AT it

Scheme 15. Synthesis of diazide 56.

Next, the azide-tetrazole equilibrium was explored to determine the possible C(2) or C(4)
regioselectivity in SnAr reactions with diazide 56. The studies of SnAr reactions started by
adding cyclohexanethiol to diazide 56 in solvents of different polarities: CHCIs, THF, DMF,
and DMSO. In all cases, the nucleophile addition occurred at the C(4) position, indicating the
higher reactivity of the tautomeric form 56AT regardless of solvent polarity (Scheme 16). The
addition of aromatic thiols was unsuccessful, as the starting materials were recovered unreacted.
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Scheme 16. Diazide 56 SnAr reaction with cyclohexanethiol.

As control experiments, cyclohexanethiol was added to the dichloride 55, followed by the
addition of sodium azide (Scheme 17). In this reaction sequence, product 58 was obtained with
the same C(4) regioselectivity as when reacting diazide 56 with a thiol. Nevertheless,
comparing the two synthetic strategies, it should be noted that the diazide synthesis route
(Scheme 16) is simpler, with easier product purification and higher overall yield. The
mono-substitution products 59b and 59¢ were practically impossible to isolate from the reaction
mixture upon the addition of an aromatic thiol (thiophenol) to the dichloride 55, as the
di-substitution products 60b and 60c formed rapidly in the reaction mixture.

Cl
= SN
NS ‘ =

N~ °N

55

S
GSH (f\ CNaNg  F ‘ SN NaH AN
T KOs Towr S A A DMF Sy @

DMF 50°c,(1h N N N 5000 16n
fo1h 59a, 72 % 70 % 58 N=N 60a: R = CyHex, 75 %
5955 % 60b: R = Ph, 63 %

59c, 0 % 60c: R = p-CICH,, 47 %

rapid addition of second equivalent
to 59b and 59¢

Scheme 17. Nucleophilic aromatic substitution in 2,4-dichlorpyrido[2,3-d]pirimidine (55).

Next, SNAr reactions with O-nucleophiles were performed. Herein, products with low yields
were obtained due to hydroxide addition (hydrolysis) and the formation of other side products
(Scheme 18). It should be noted that the addition of aromatic alcohol — phenol — was successful,
and product 61b was obtained, albeit with a low yield.

N; @ oH
= ‘ \J\l\ K2CO3 SN
N P DMF
NT N Ns i 16h N/KN
\ ;
N=N

56 \{ 61a, 30 % 61b, 13 %

Scheme 18. SnAr substitution in diazide 56 with O-nucleophiles.
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The addition of N-nucleophiles to diazide 56 proceeded relatively quickly and the amine
SNATr substitution products 62 were obtained in good yields (Scheme 19). The formation of
unidentifiable product mixtures was observed when hydrazine, hydroxylamine, and aniline
were added. The resulting pyrido[2,3-d]pyrimidine amino derivatives 62 showed low solubility
in most organic solvents.

N; i '®
= XN @+, = SN
SN ‘ N/)\N:; DMSO. SN ‘ N/KN
rt, 15 min I
56 35-71% 62 N°N @ -y

b
yn-Cetr

62a, 60 % 62b, 57 %

Scheme 19. SNAr substitution in diazide 56 with N-nucleophiles.

Further reactivity of compound 62 was tested in CUAAC to demonstrate the utility of the
substituted products and the presence of azide-tetrazole equilibrium. Triazoles 63 were
successfully obtained using a CuSOs4-5H,0/sodium ascorbate/NEts catalytic system (Scheme
20). Considering the tetrazole tautomer of compounds 62 being the major one, the achieved
azide functionalization indicates the presence of an equilibrium that provides sufficient azide
reacting concentration in the system.

o

CuS0,4-5H,0, NEt;3
= ‘ SN sodium ascorbate = ‘ =N
N A THF, H,0 N PN

NTONN 60 °C, 16 h NTONTONTS, @
=N

N=N 40-75 %
58, 62 =N-, S- @ = aikyl-, aryl- 3
s” i
= ‘ SN
L, 0
N=N

63a, 40 %

Scheme 20. Synthesis of 2-(1,2,3-triazolyl)pyrido[2,3-d]pyrimidine 63.

The azide-tetrazole equilibrium of diazide 56 was also demonstrated in the Staudinger
reaction with triphenylphosphine (Scheme 21). Iminophosphorane 64 was isolated from this
reaction, which is usually an unstable Staudinger reaction intermediate.
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Scheme 21. Synthesis of iminophosphorane 64 in the Staudinger reaction.

From the obtained tetrazolo[1,5-a]pyrido[3,2-e]pyrimidine derivatives, the equilibrium in
CDCls solutions was observed for mercapto- and alkoxyderivatives 58, 61a, 61b. The amino
group, as an electron-donating substituent, was able to shift the equilibrium towards the
tetrazole tautomer completely. Also, in the polar DMSO-ds medium, the equilibrium shifted
towards the tetrazole tautomer, and the azide tautomer was not observed even at elevated
temperatures.

Thermodynamic values of the tautomerization process are given in Table 1.3. The obtained
equilibrium process enthalpies for products 61a, 58, and 61b are —23.19 kJ/mol, —21.30 kJ/mol,
and —17.02 kJ/mol, respectively. Since the enthalpy represents the absolute stability of the
tetrazole system®! and the electron-donating substituents stabilize the tetrazole tautomer, the
experimentally obtained enthalpy values in the order Oi-Pr (61a) > Sc-Hex (58) > OPh (61b)
correlate well with the theory in literature.

Table 1.3

Equilibrium Constants and Thermodynamic Values of Tautomerization of
Tetrazolo[1,5-a]pyrido[3,2-e]pyrimidines 58, 61a and 61b in CDCl3 Solution?

= | N kr = | N
SN N/)\N3 kn SN N\/gN
A N=N
T
Compound R T (K) Keq® AGags (kd/mol) AH (kJ/mol) AS (J/mol-K)
298 5.21
58 /O 313 3.48 —4.08 £ 0.15 —-2130+£0.78 —-57.71+210
e 323 2.68
J\ 298 9.99
6la 0 313 6.30 -5.70 £0.27 —-2319+1.09 -58.70+2.76
o 323 485
298 3.39
61b O/@ 313 2.48 -3.02 £ 0.65 -17.02+3.69 —46.93+10.16
e 323 1.99

a — A: azide tautomer; T: tetrazole tautomer; b — Keq = [T]/[A], expressed as the ratio of *H NMR signal
integrals.

Four tautomeric forms for the diazide 56 in CDCls solution existed simultaneously, and the
equilibrium was too complicated to determine thermodynamic parameters. The diazide 56 has
five theoretically possible tautomeric structures: diazide 56AA, bis-tetrazole 56TT, linear
azidotetrazole 56AT?, and two angular azidotetrazoles 56 AT and 56 TA (Scheme 22).
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While studying the diazide 56 equilibrium with *H NMR spectroscopy, four tautomeric
forms were observed in almost all organic solvents and one tautomeric form in D>SO4 solution.
In preliminary DFT calculations of diazide tautomeric forms, it was found that the linear
tetrazole form 56AT’ has a 60—75 kJ higher formation energy than the other structures.
Therefore, it was postulated that the linear form 56AT> was not observed in *H NMR studies
based on the high energy barrier. The signals at weaker fields (tetrazole tautomeric form) were
dominant in polar solvents — DMSO-ds, MeCN, MeNO>, and MeOD-ds, and the intensities of
signals at stronger fields (azide tautomeric form) increased in less polar solvents (CDCls,
MTBE, CeD¢). An increase was observed in signal intensities at stronger fields (azide form)
with increasing the temperature of solutions. These observations of polarity and temperature
changes agree with the data in literature. Tetrazole tautomers predominate at lower
temperatures and in polar solvents. Meanwhile, elevated temperatures and non-polar solvents
favor the formation of azido tautomers.

From all the compounds studied in this chapter, only for diazide 56, was obtained a
cross-peak signal in the exchange spectroscopy experiment (EXSY), which proved the
existence of dynamic equilibrium in this system.

I N -N N N3 |
, [ .
~T N ~ N ANCSN ~T N ANAONN
~ _— ‘ _— ‘ _— /g - N
N N\ N N )\N \N ~Z s N N. NS NS N :
N:N 3 N=N
56TT 56TA 56AA 56AT 56AT

Scheme 22. Tautomeric structures of diazide 56.

For a more detailed description of the research in this chapter, see the original
publication in Appendix 3.

1.3. Azide-Tetrazole Equilibrium Studies and SxAr Reactions
in the Pyrido[3,2-d]pyrimidine Heterocycle

This subproject was started with the synthesis of 2,4-diazidopyrido[3,2-d]pyrimidine
(diazide) from dichloride 65 in SnAr reaction with NaN3 (Scheme 23). With X-ray structural
analysis it was found that the 2,4-diazidopyrido[3,2-d]pyrimidine heterocyclic system in the
crystalline phase exists as 5-azidopyrido[2,3-e]tetrazolo[1,5-a]pyrimidine (66AT).

\)/
ci N,
4
/N ‘ NN NaNj3 /N ‘ NN
. /)\ acetone / H,O . //Q =
NT el 50°C, 1 h N™ "Ng :
65 66, 95 % 66AT

Scheme 23. Synthesis of 2,4-diazidopirido[3,2-d]pyrimidine (66).

The SnAr studies on diazide 66 began using thiols and the KoCO3z/DMF reagent system
(Scheme 24). Herein, the products of type 67 were also obtained with selective substitution
occurring at the C(4) position. Changing the reagent system, solvent to the less polar methylene
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chloride and the base to triethylamine (condition b) yielded the product 67 with the same C(4)
selectivity.

N, SO
s @-sH
10 Ty
) a: K,COs, DMF, rt, 1h
= /)\Ns b: NEtz, DCM, rt, 15 min X N/KN
\ h
66 47-95 % o7 N=N

. = alkyl-, aryl-

15

67a, 64 % 67b, 84 %

Scheme 24. SNAr substitution of 2,4-diazidopyrido[3,2-d]pyrimidine (66) with thiols.

Next, the SnAr substitution of diazide 66 with N-nucleophiles was tried (Scheme 25).
Addition of p-methoxybenzylamine in DMSO gave product 68a in 49 % yield in the absence
of an additional base. At this point, the effect of solvent polarity on regioselectivity was
investigated, which probably would give a rise to the C(2) substitution product. However, full
C(4) substrate selectivity was proved for the substitution of 68a in all investigated solvents:
benzene, toluene, DCM, CHCl;, MeCN, and EtOH. This indicates that the
5-azidotetrazolo[1,5-a]pyrido[2,3-e]pyrimidine tautomer (66AT) is the most reactive
regardless of the chosen solvent. The highest yield was obtained in DCM solution, therefore it
was used throughout this study. Reactions with different primary and secondary amines gave
products 68 in excellent yields. Also, the addition of ammonia and hydrazine were successful.
Substitution with aromatic amine (anisidine) was unsuccessful, and the starting material
remained unreacted.

N3 Ny HN/.
5
N SN /N‘ SN @ \H, /N‘ SN
— 3a —>
A N/)\N3 X N\ W DCM6,1r.té,8105/m|n A N\/KN
66 66AT N=N e 68 N=N
@ = akkyl-, HyN-

68a, 98 % 68b, 94 %

Scheme 25. SNAr substitution of 2,4-diazidopyrido[3,2-d]pyrimidine (66) with amines.

The formation of alkoxy adducts 69 with O-nucleophiles occured with formation of
side-products, and the yields were low (Scheme 26). Also, aromatic O-nucleophiles showed no
reactivity, similar to aromatic N-nucleophiles.
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Scheme 26. SnAr substitution of 2,4-diazidopyrido[3,2-d]pyrimidine (66) with alkoxides.

Further application of the obtained products in the CUAAC reaction was successfully
demonstrated (Scheme 27). Taking into account the majority of the tetrazole tautomer present
in compound 67—69 solutions (Table 1.4) and in the solid phase, the functionalization of azide
tautomers indicates the presence of a sufficient equilibrium that restores the lower concentration
reactive azide tautomer in the system.

o
HN HN
N /\©\ NEta, CuSO4:5H;0 N /\©\
z SN OMe sodium ascorbate Z SN OMe

J A THF / H,0 S P
N“ N 70 °C, 16 h N N’\>—‘
68a N=N 20-83 % 70 N=N

® = alkyl-, aryl-, MeO,C-

HN/\©\
— Ny OMe

\
N N/)\N N cN
N=N

Scheme 27. Synthesis of 2-triazolylpyrido[3,2-d]pyrimidine 70.

The synthesis of bistriazole from diazide 66 was unsuccessful due to the formation of side
products. The major product in the reaction was the partially reduced CUAAC reaction product
71 in 15 % yield (Scheme 28). It is known that the CuSO4-5H20/sodium ascorbate system can
reduce azido heterocycles to amines, which was also observed in this case.5®

N3 NH,
N = CuS0,-5H,0 (20 mol %) N
Z ‘ >N . Na ascorbate (40 mol %), NEt3 (2 eq.) z ‘ SN
x A THF / H;0 X DY
NN 70°C, 16 h N NN
66 (5eq.) 71,15% N=N

Scheme 28. CUAAC reaction of 2,4-diazidopyrido[3,2-d]pyrimidine (66) with tandem
reduction of C(4) azide.

Product 68c was also functionalized in the Staudinger reaction with triphenylphosphine
(Scheme 29). The resulting iminophosphorane showed basic properties and readily protonated
at the heterocycle’s N(1) position to form salt 72°, which was proved in solution and solid phase
by X-ray structural analysis. Compound 72 is structurally similar to phosphazines, which are
nonionic superbases.”® ™
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Scheme 29. Synthesis of iminophosphorane 72 and its HCI salt 72°.

The Staudinger reaction of diazide 66 with triphenylphosphine yielded the switched C(2)
regioselectivity product 73, the structure of which was proved by X-ray analysis (Scheme 30).
An explanation for the regioselectivity of this reaction needs to be clarified, and research is
ongoing. However, the synthesis of a switched regioselectivity product demonstrates the
feasibility of azide-tetrazole equilibrium-directed selective transformation in the
pyrido[3,2-d]pyrimidine system.

N3 N-N
N AL N
= ‘ SN Phg = ‘ N
- /
X N)\N3 toluene X N)\N
Phg

66

Scheme 30. Switched regioselectivity Staudinger reaction.

To confirm the higher reactivity of C(4) position (compared to C(2)) in the
pyrido[3,2-d]pyrimidine heterocycle system, additional control experiments were performed.
The order of addition of reagents was changed (Scheme 31). The addition of amine, followed
by sodium azide, gave an identical product (68c) as the SnAr reaction of diazide 66 with amine.
However, it should be noted that the azide addition at the C(2) position proceeded for three days
at elevated temperature until full conversion was achieved. In a similar literature example, the
substitution of chlorine in 4-amino-2-chloropyrido[3,2-d]pyrimidine with sodium azide was not
possible even under forced conditions.” The electron-donating effect of the amino group in
compound 74 reduces or even stops further SnAr reactions in the system, and the formation of
product 74 occurs selectively without the 2,4-diamino product.

~n-CeHiz
Cl HN/n'CGHm HN
N
N ‘ N n-CgH13NH, (3 eq.) N SN NaN; - ‘ =N
X N/)\ | DCM L Tacetone/ R0 T N N/QN
¢ rt, 15 min N“>cl 60°C, 3 days N
65 74,89 % 68c, 96 %

Scheme 31. Conventional synthesis of 68c.

Interestingly, the formation of diazide 66 proceeds rather quickly (30 min) and at room
temperature. This observation leads to the hypothesis that tetrazole tautomer is formed after the
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addition of the first azide group at the C(4) position (Scheme 32). In the intermediate 75T, the
tetrazole as an electron-withdrawing group promotes the addition of the second azide at the
C(2) position, and tautomerization to the most stable diazide system yields 66AT.

Cl - - N3
/N ‘ SN NaNj /N \N NaN3
X N/)\CI X )\ /)\ /k
65 75A 66TA 66AT N N

Scheme 32. Proposed mechanism of diazide 66 formation

Further studies focused on the equilibrium of tetrazoles 67—69 with 'H NMR in solutions
at different temperatures. The calculated thermodynamic parameter values — Gibbs free energy,
enthalpy and entropy, of azide-tetrazole tautomerization are given in Table 1.4. The equilibrium
in the DMSO-ds solution for all compounds is entirely shifted towards the tetrazole tautomer.
However, the azide tautomer and azide-tetrazole equilibrium were observed in CDClIs as less
polar solvent. Increasing the temperature of solutions shifts the equilibrium towards the azide
tautomer. The calculated negative enthalpy values for the tetrazole tautomer confirm it as the
energetically favorable tautomer at the given experimental conditions. The majore tetrazole
tautomer under normal conditions (25 °C) for tautomerization in solutions is quantitatively
characterized by the calculated Gibbs free energy negative values. Gibbs free energy values of
the p-methoxybenzylamino- and hexylamino-substituted products were the highest (Table 1.4,
68a and 68c), and the equilibrium is shifted more towards the tetrazole. Gibbs free energy
values of tautomerization for alkoxy-substituted products (Table 1.4, 69a and 69b) are higher
than their thiol analogs 67. The lowest tautomerization Gibbs free energy values were calculated
for secondary amine substituted products. From these data (Table 1.4), it can be concluded that
the electron-donating substituents — N-nucleophiles > O-nucleophiles > S-nucleophiles, shift
the equilibrium towards tetrazole and the steric effects of secondary amines suppress the
tetrazole formation (Fig. 4).
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Fig. 4. Gibbs free energies of tautomerization for tetrazoles 67-69.

Finally, the tautomeric equilibrium of diazide 66 was examined by *H NMR spectroscopy
in different solvents (Figure 5). The high-order tautomeric equilibrium of

72



2,4-diazidopyrido[3,2-d]pyrimidine was too complex for unambiguous identification of
tautomers. The ratio of tautomers and the number of tautomeric forms in the solution changed
significantly depending on the solvent. The intensities of the signals at weaker fields increased
as solvent polarity increased — the equilibrium shifts towards the tetrazole tautomer. These
observations correlate with the properties of azide-tetrazole tautomerism reported in the
literature. In most cases, three to four tautomeric forms are observed. One tautomeric form was
observed in a deuterated trifluoroacetic acid solution, and two in a D2SO4 solution. The
pyrimidine heterocycle is likely protonated in an acidic medium, and the equilibrium is
completely shifted towards the azide form. The most interesting case was the AcOD-ds solution,
where 7 tautomeric forms were observed, indicating the presence of one betaine form in the
solution (Fig. 6).
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Fig. 5. 'H NMR spectra of diazide 66 in different solvents
(the number of tautomers observed is given in brackets).

Fig. 6. Possible betaine tautomeric structures of diazide 66.

For a more detailed description of the research in this chapter, see the original
publication in Appendix 4.
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Table 1.4
Equilibrium Constants and Thermodynamic Values of Tautomerization
of Tetrazolo[1,5-a]pyrido[2,3-e]pyrimidines 67-69 in CDClz Solution?

R
kr N ‘ SN
T NN
Compound R T (K) Kea®  AGass (kJ/mol) AHass (kJ/mol) ASazes (J/mol-K)

298 8.44

67a M.Lw/\/\ 313 4.32 -5.29+£0.11 -3211+194 —90.14+6.24
323 3.11
298 6.26

67b /\/@ 313 3.92 —4.54 £ 0.02 —-23.63+0.38 —64.08+1.21
- 323 2.99
298 12.39

67¢c /©/ 313 6.37 —6.24 £ 0.02 -30.53+0.34 -81.69+1.11
. 323 4.81

298 6.53
313 4.49 -4.65+0.03 —-20.14+0.61 -51.96+1.95
323 3.47

67d

298 4.19
313 2.57 —3.55+£0.28 —-31.75%+4.90 -94.33+15.74
323 1.53

67e

323 3.30

208 20.83
313 1505  —752+022 —21.91+391 —48.05+12.53
OMe 323 10.39

68a

e
o
298 15.08
67f /O 313 4.96 —6.11+£0.12 —4205+2.13 -120.72+6.83
.

o 298 3.89

68b [Nj 313 253  -336+002 —2265+032 —64.71+103
L 323 1.91
298 19.20

68c HNTN 313 1277  -7.324003 20354056 —4374+178
323 10.19
298 5.92

68d (Nj 313 381  -440+007 -2452+131 —67.42+4.20
e 323 274
h\‘ 298 3.83

68e [ j 313 259 _333+001 -1092+025 -5569%0.79
WTM 323 2.06
298 8.59

69a O/Q 313 336  -533+017 -4802+295 -143.27+9.49
- 323 1.92
298 11.84

69b _(f:\/ 313 600  —6.12+016 -3155+275 —8550+8.83
323 4.45

a— A: azide tautomer; T: tetrazole tautomer; b — Keq = [TI/[A], expressed as a ratio of *H NMR signal integrals.
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2. Synthesis and Physical Properties of Polyazidopyrimidines

As there is a risk of explosion when working with small molecular compounds containing
the azide groups, the azido functional group is usually associated with danger to the standard
organic chemist. However, in the study of energetic materials (explosives), detonation ability
and sensitivity to external impulses are essential physical properties.

Explosives are used in military and civil engineering applications such as weapon
ammunition, mining, road construction, building demolition, airbags, etc. Explosives are
divided into two categories based on their sensitivity and performance: primary (initiating) and
secondary (high-performance) explosives. Primary explosives are often sensitive polyazido
compounds that detonate upon a relatively small external energy input in friction, impact, heat,
or an electrical discharge. Primary explosives generally have low brisance and are intended for
use in detonators to initiate a secondary explosive. Secondary explosives are much stronger and
more stable than primary explosives. Their detonation requires a detonation wave, which is
generated by detonators. Secondary explosives are often based on polynitroorganic compounds,
and their high energy comes from an exothermic intramolecular oxidation-reduction process in
which a large amount of gaseous products — CO2, CO, and N are released.”™ 7*

A modern trend in the design of novel energetic materials is the functionalization of
heterocycles with explosophoric functional groups. Nitrogen heterocyclic compounds:
tetrazole, triazole, furazan, triazine, and tetrazine are suitable building blocks for the design of
energetic materials due to their high enthalpy of formation from energy-rich N-N and C-N
bonds™ and high thermal stability.”® N-N bonds in organic compounds are energetically rich,
as their decomposition results in elemental nitrogen (N2), whose triple N=N bond is particularly
stable. The process of nitrogen triple bond formation is exothermic (negative enthalpy of
formation) (2.2) and by ~ 375 kJ/mol thermodynamically more favorable as compared to the
analogous C=C bond formation from the C=C double bond which is endothermic (positive
enthalpy of formation) (2.1).”

HN=NH — N=N + Hz AHz93 =—200 (kJ/mol) (2.1)
H2C=CH; — HC=CH + H2 AHa9s = 175 (kJ/mol) (2.2)

Binary CxNy compounds with high nitrogen balance are a relatively new class of energetic
compounds. Their design is based on nitrogen-rich heterocycles interconnected by azo- or
diazobridges and functionalized with several azido groups. The energy of binary energetic
compounds comes from the unusually high enthalpy of formation rather than from
oxidation-reduction processes, which can be explained by a large amount of C-N and N=N
bonds and energetic azido groups.?® 2* 7881 Nitrogen-rich energetic materials often have a
higher density and better thermal stability than classic polynitroexplosives. It should be
emphasized that the main decomposition product of such nitrogen-containing compounds is N2
gas, an important aspect for developing and integrating environmentally and human-safe
explosives.®? Active protection, preservation, and restoration of the environment is a
consequence of the industrialization process of the last century and is the basis for a sustainable
future. Therefore, environmentally friendly processes, technologies, and materials are
significant in modern industry and science. The most frequently used primary explosives in
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detonators are lead azide and lead styphnate, which have an adverse effect on human health and
the environment. So, the factor of environmental safety becomes more important in the
development of new explosives.? 2’

So far, there are no materials among the wide range of newly discovered binary energetic
compounds that meet the requirements of modern explosives: high performance, low impact
sensitivity, thermal and chemical stability, low toxicity, and scalable synthesis from
inexpensive raw materials (Fig. 7).” 8 Often, binary energetic compounds have issues such as
low sublimation temperatures (76, 77), excessively high sensitivity (78, 79), complex synthesis,
and insufficient thermal stability (80, 81).23 24 78-81
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Fig. 7. Known nitrogen-rich binary energetic compounds.

During the Doctoral Thesis work, the energetic profile of the azidoheterocycles was
determined in collaboration with Professor Tomas Klapotke’s group at the
Ludwig-Maximilians University in Munich (Table 2.1). It was found that the diazides used in
the research are relatively stable, as shown by impact and friction sensitivities and
decomposition temperatures. Purines and their derivatives with N(9) alkyl substituents showed
good stability, and their decomposition by impact or friction is practically impossible.
Pyrimidines without alkyl substituents showed increased sensitivity to impact and friction, and
it is possible to achieve their decomposition by applying force. However, the friction and shock
sensitivities of 2,6-diazidopurine (83) (120 N and 1 J), 2,6-diazido-7-deazapurine (84) (80 N
and 1 J) and 2,4-diazido-8-azaquinazoline (56) (40 N and 2 J) are similar to pentaerythritol
tetranitrate (PETN) (3 Jand 60 N), which is the benchmark for the sensitivity threshold of
primary explosives.®* So, compounds 83, 84, and 56 are categorized as primary explosives, and
working with them in large quantities is dangerous.
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Table 2.1
Physical and Energetic Parameters of Fused Diazidopyrimidines

N3 N3 N3
N— >N NN NN
dNH )\N N3 \N)\Nf,
n-CsHqq 56 82
N; N, N,
N~2>N Z N Z>N
STV ¢TY. T
N N™ N3 H N~ "Nj NTONTONg
83 84 m-CsHo g5
Compound N balance (%) Friction Impact ESD*(mJ)  m.p. (°C) Teec®
P sensitivity (N)  sensitivity (J) P- dec
35a 51 > 360 20 > 480 58 159
56 59 40 2 > 480 171 175
82 53 288 2 > 480 126 172
83 69 120 <1 > 480 decomposes 166
84 63 80 <1 > 480 decomposes 168
85 49 > 360 20 > 480 85 155
PETN® 18 60 3 60 143 179

a — electrostatic discharge sensitivity; b — decomposition temperature.

Further, the idea of introducing several azide functional groups into a pyrimidine derivative
was developed to give it explosive properties. Polyazidation of annulated dipyrimidine —
pyrimido[5,4-d]pyrimidine was considered, from which the binary compound CeN1s would be
obtained by introducing four azide functional groups. This binary compound would resemble
1,3,5-triazidotriazine but with properties that triazidotriazine lacks — a higher heat of
sublimation and better thermal stability.%

From the commercially available 2,4,6,8-tetrachloropyrimido[5,4-d]pyrimidine in an SNAr
reaction with NaNs, tetraazide 87 was obtained (Scheme 33). Single-crystal X-ray analysis
revealed a crystal structure with one tetrazole fragment, indicating the preference of this
tautomer in the solid state.

N it o
e e L
aNj 7
_ NaNs —_—
)\ MeCN /)\ g JJ)\,
rt., 30 min \J )
[¢]] N3 s q
86 87,86 % ¢ 87T

Scheme 33. Synthesis of 2,4,6,8-tetraazidopyrimido[5,4-d]pyrimidine 87.

In collaboration with Professor Klapétke’s group the physical properties were determined
and detonation performance for this compound was calculated (Table 2.2). The tetraazide 87
turned out to be extremely sensitive to physical force. It exhibits an impact sensitivity of <1 J
and friction sensitivity of <1 N, which is equivalent to a commercially used primary
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explosive — Pb(Ns).. Differential thermal analysis showed no melting point but only a rapid
exothermic decomposition at 155 °C. The tetraazide 87 decomposed by a flash in the hot plate
test, and a detonation occurred in the hot needle test. In this test, detonation is a positive
indicator of the potential of a primary explosive. However, two runs of secondary explosive
initiation tests of PETN with tetraazide 87 were unsuccessful so far.

The explosion performance of the tetraazide 87 was calculated using the EXPLOS5 software.
The tetraazide has a detonation front pressure of 20.8 GPa and a detonation speed of 7477 m/s.
Hence, the detonation parameters of tetraazide 87 are comparable to other binary compounds:
1,3,5-triazidotriazine (TAT) and 3,6-bis-(2-(4,6-diazido-1,3,5-triazin-2-yl)-diazenyl)-1,2,4,5-
tetrazine (BDTDT) (Table 2.2). However, compared to primary explosive — Pb(Ns)2, the
tetraazide 87 has lower detonation pressure, which explains the lack of performance in the
secondary explosive initiation test.

Table 2.2

Physical and Energetic Parameters of 2,4,6,8-tetraazidopyrimido[5,4-d]pyrimidine (87)
and other Binary Compounds and Pb(Ns)2

Measured values 87 TAT® BDTDT® Pb(Ns)2
Impact sensitivity (J) <1 15 5 2.5-4
Friction sensitivity (N) 1 <5 29 0.1-1

Electrostatic discharge

sensitivity (mJ) 13 360 174 <5
» (glem?) 1.703 1.707 1.763 4.8
N balance (%) 75.7 82.4 79.13 28.9
Q (%)° —64.8 -47.0 —55.7 -11.0
Tmetting (°C) decomposes 94 decomposes 190
Tdecomposition (°C) 155 187 189 315
Calculated values®
AHrormation (kJ/KQ) 5095 5159 6130 1546
Tgetonation (K) 3787 3536 4740 3401
Pci (GPa)® 20.8 22.6 29.4 33.8
Vetonation (M/S) 7477 7866 8602 5920

a — from X-ray diffraction analysis recalculated to 298 K using p298 = pT/(1 + av(298 — T)) equation, where
av =0.00015 and T = crystal analysis temperature; b — oxygen balance with respect to CO, (QCO, = (nO — 2xC —
yH/2)(1600/FW)); ¢ — detonation pressure at the Chapman—Jouguet point; d — calculated using Gaussian16 and
EXPLOS5 (V7.01.01).

Later, the focus was on synthesizing tetraazide salts with oxidizing acids (Scheme 34). It is
well known that salt formation significantly improves the physical/thermal stability, and
oxidizing acids increase the oxygen balance and detonation performance.” 8”8 The
synthesized nitrate 88 and perchlorate 89 salts showed significantly better results in physical
stability tests (1 — 2 J impact sensitivity and 1 — 40 N friction sensitivity). However, the
secondary explosive initiation tests using the tetraazide perchlorate (89) detonator have been
unsuccessful.
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Scheme 34. Synthesis of tetraazide salts 88 and 89.

After numerous attempts of tetraazide salt 88 and 89 crystallizations, a suitable monocrystal
was obtained for XRD analysis from a trifluoroacetic acid solution. Unfortunately, it
crystallized not as a salt but as a trifluoroacetic acid solvate with a water molecule bridge

(Fig. 8).

Fig. 8. X-ray molecular structure of tetraazide 87 trifluoroacetic acid and water solvate.

For a more detailed description of the research in this chapter, see the original
publication in Appendix 5 and unpublished results in Appendixes 6 and 7.
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CONCLUSIONS

1. Nucleophilic aromatic substitution in 2,6-diazidopurines can be done regioselectively at
the C(2) position due to azide-tetrazole equilibrium. Subsequent nucleophile addition to
these systems occurs again at the C(2) position, forming a Meisenheimer complex
intermediate, following a purine ring-opening. This new synthetic method gives access to
tetrazolylimidazoles with a highly functionalized side chain.

-N
N7
N3 | N
(NfN Nucleophile </N ‘ H
- .
N /)\ Nucleophile N
N N3 N

. “‘L.)\’

2. Cyclization of tetrazolylimidazoles obtained from purine ring-opening yield tricyclic
imidazo[4,5-f]tetrazolo[1,5-d][1,4]diazepines, formally expanding the purine pyrimidine
ring by one carbon atom.

N-N
| N
N N
L . f&-
Ji N base
oo
3. Nucleophilic aromatic substitution in 2,4-diazidopyridopyrimidines takes place at the C(4)

position. The developed synthetic methods for obtaining C-5 substituted
tetrazolopyridopyrimidines are more efficient than conventional synthetic strategies.

@ -sH

Ny O, Sj HND
CUy O Sy A Oy
2
Sx N/)\N3 X N\/RN Y N/KN Sx N\/KN
38 N=N N=N N=N

4. The resulting C-5 substituted tetrazolopyridopyrimidines exist mainly in tetrazole
tautomeric form in solutions. Still, they are readily functionalized in CUAAC and Staudinger
reactions as azides due to the present azide-tetrazole tautomeric equilibrium.

N: i [

5. The electron-withdrawing properties of the tetrazole functional group promote SnAr
reactions in the fused pyrimidine systems, and substitution reactions proceed faster than in

alternatively substituted pyrimidine analogs.
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N-N N-N Q Q
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EXI&N/N Nucleophile EXrN’N >> EXﬁN Nucleophile EXﬁN
SN e SN S Sy

6. 2,4,6,8-Tetraazidopyrimido[5,4-d]pyrimidine (CsNis) is a new binary energetic compound.
It is highly sensitive to friction and impact and decomposes by detonation. This structural
design has great future potential in energetic materials research and development due to its
high nitrogen content, good functionalization capabilities, and availability.
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- Applications of Purine Ring Opening in the Synthesis of

Imidazole, Pyrimidine, and New Purine Derivatives

Kristaps Leskovskis,” Janis Mikelis Zakis,” Irina Novosjolova,*® and Maris Turks*®

Purines, which are regarded as relatively stable heterocyclic
systems, can be opened at both pyrimidine and imidazole rings.
Purine ring opening also serves as a tool for the preparation of
ring-modified purines through rearrangement/recyclization
mechanisms. The obtained imidazole, pyrimidine, and purine
derivatives are privileged molecular scaffolds in medicinal and
agricultural chemistry. Purine ring-opening approach is a useful
alternative for their synthesis, which competes well with de

1. Introduction

Purine and its derived nucleobases - adenine and guanine are
ubiquitous scaffolds in biological chemistry. A great number of
purine derivatives have been developed as antivirals," drugs
against autoimmune diseases” and anti-cancer® agents.
Hence, modifications of substituents and the purine ring system
itself are continuously explored in order to discover different
isosteres with improved activity.“® Imidazoles, pyrimidines, and
their fused analogues are recognized as ring-opened purine
isosteres with broad applications in modern medicinal
chemistry.”'? Purine ring opening with hydroxide is a simple
method that provides access to substituted imidazoles and
pyrimidines. The first exploration of this chemistry was
performed in the late 1950s and 1960s, and was reviewed by
Kochetkov in 1972.1"¥ The discovery of 5-aminoimidazole-4-
carboxamide-1--D-ribofuranoside (AICAR) also known as Aca-
desine, and its simple synthesis from inosine via pyrimidine ring
opening in the 1990s gave the title transformations a second
breath. Furthermore, ring-opened products of purines have
been demonstrated as useful intermediates for the synthesis of
variously substituted and/or fused purine analogs via recycliza-
tion. Recently, the synthesis of homopurine alkaloids mainly by
diazepine ring construction from 5-aminoimidazole-4-carboxa-
mide (AICA) derivatives was reviewed.""

In this review, we will focus on imidazole and pyrimidine
synthesis from purines via ring opening and the applications of
such ring-opened products over the past half century (from
1970 to 2020) (Scheme 1).
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novo approach or modification of a conserved heterocyclic core.
The substitution patterns and groups that activate purines
towards ring opening are reviewed. Moreover, mechanistic
studies using labelled substrates, which are leading to rear-
ranged purine derivatives are covered. Furthermore, an insight
into imidazole ring opening upon exposure of purine system to
DNA damaging agents is provided.

5 NH2
N N
< J

u N

HsH
HoN N/)
4
NH, (o}
N
f) </f; «ﬁ </f L
NH, N7 NH,
Rlb
Purine Adenine  Hypoxanthine Guanine AICAR

Scheme 1. Purine ring opening pathways.

2. Ring opening of the pyrimidine moiety in
purines

Most of the pyrimidine ring opening reactions of purines are
mediated by nucleophile addition to the electrophilic C-2
position of purine. Often, the C-2 carbon of ring opening
product is subsequently eliminated by a second nucleophile
attack, producing imidazoles. Ring opening can be forced with
strong nucleophiles, whereas the introduction of an EWG in
ring system facilitates the ring opening by making the C-2 site
more electrophilic.

The first reported example of a purine ring opening reaction
was the reaction of 2-chloro-7-methyladenine 7 with
hydroxide." Initially, the expected SyAr product 13 was not
observed, and only its regioisomer 10 was formed (Scheme 2).
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Me HN_ OH o Me O a nucleophilic displacement S,(ANRORC) mechanism instead of
f%N f‘\ N NH the initially expected SyAr type mechanism. &
\ i S <\N | PR In another experiment, cyanoimidazoles 16a-b were iso- E

N" NH lated by Gundersen’s group upon lithiation of 2-amino-6-

/;h 8 9 10, 60% chloropurine 14."” Deprotonation of aminopurine with 5

NH equivalents of LDA gave the dilithiated intermediate 15 that

Me S0 underwent ring opening to (4-cyanoimidazol-5-yl)cyanamides

N—"SN OH . ; )
< )\/ 16a-b in high yields. As a proof of concept, when leaving
NNl group at C-6 was absent or the C-2 amine functionality was
7 protected, only C-8 substitution took place (Scheme 3).

\‘15 min In a classic SyAr reaction, a nucleophile attacks the carbon

Me (NH Me  _n Me NH» ato'm thét be?rs the .IeaV|pg group, and very often a

ONH C” N Sy Meisenheimer intermediate is formed. In the Sy(ANRORC)

OH—’ I /QHZ — | mechanism, the nucleophile attack occurs across the hetero-

H e} NTN"o cyclic system - at the ortho-position relative to the leaving

11 12 13, 30% group. Sy(ANRORC) reactions can be represented by a nucleo-

Wiley VCH

Scheme 2. Pyrimidine ring opening-closing sequence in adenine derivatives.

The formation of 10 was explained through a reaction sequence
involving pyrimidine ring opening and subsequent closure,
although the proposed intermediate 9 has never been isolated.
In a separate investigation analyzing the same reaction before
its completion, a new intermediate - nitrile 12 was isolated.”
Part of the starting material was transformed along this
pathway, resulting in product 13, which was generated through
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phile (NH;) addition to pyrimidine 17 and the subsequent
expulsion of leaving group, initially forming the ring-opened
intermediate 18. Then the ring closure via amine addition to
cyano group takes place and product 19 is formed (Scheme 4).
If a strong EWG is present at the pyrimidine nitrogen atom (22),
the nitrogen itself becomes an inner leaving group upon the
addition of a nucleophile at the ortho-position, followed by a
ring opening to the intermediate 24 and subsequent ring
closure to pyrimidine (25). The Sy(ANRORC) reaction is appli-
cable to almost any nitrogen heterocycle and has been
thoroughly reviewed by van der Plas"®?” and Ashry.?"

If nitrogen nucleophiles are used, the S (ANRORC) mecha-
nism can be combined with the Dimroth rearrangement,"**? in
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16a: E = H, 92%
16b: E=CI, 77%

Scheme 3. 2-Amino-6-chloropurine 14 ring opening with LDA.
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/)

27 NUH 28 N

Scheme 4. Sy(ANRORC) and Dimroth rearrangement mechanisms.

which the incoming nucleophile and the initial ring nitrogen
have swapped their positions. Following this approach, amide-
induced amination mechanisms of purines have also been
investigated by numerous groups with N isotope labelling to
establish the ring opening-closing cascades in purine rearrange-
ments. The aminolysis of 2-halo- or thiopurines with °N labelled
KNH,/NH; led to an incorporation of "N into the purine ring N-1
position, thus proving the Sy(ANRORC) mechanism.">**! How-
ever, no ring opening was observed in 6-chloro- and 6-
methylthiopurine reactions with "N labelled KNH,/NH,. The
reaction of 2,6-dichloropurine (30: Y=X=ClI) with KNH,/NH, at
first yielded 6-amino-2-chloropurine (30: Y=NH,; X=Cl) through
a regular SyAr process. Next, amide attacked the C-6 position
and cleaved the purine ring to 4-iminoimidazol-5-yl-cyanamide
(32: Y=NH,) which could afterwards cyclize back to 2,6-
diaminopurine (33: Y=NH,) (Scheme 5).1"*2%

There are three purine activation mechanisms that will be
discussed in the following chapters (Scheme 6). First, hypoxan-
thines 38 are generally more prone to ring opening due to the
presence of a carbonyl group in the ring system. With further
EWG introduction at the N-1 atom, hypoxanthines could be
opened with various nucleophiles at ambient or slightly
elevated temperatures. Second, in fused purines 39 the N-1 site,
being a part of another conjugated system, became a good
leaving group. Finally, EWG introduction at the N-1 location in
purines/adenines 40 made it an excellent leaving group.
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Scheme 5. Amination of substituted purines containing leaving group at the
C-2 position.
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Scheme 6. Pyrimidine ring opening mechanism.

2.1. Ring opening of hypoxanthine derivatives

Since the discovery of AICAR, numerous groups have exten-
sively synthesized AICAR analogues and developed different
synthetic procedures for pyrimidine ring opening in purines.
AICAR is an AMP-activated protein kinase (AMPK) activator that
functions as a metabolic modulator capable of switching off cell
anabolism and turning on catabolism, thus supplying energy by
increased glucose uptake and fatty acid oxidation.”? AICAR
has been administered in cases of myocardial ischemia,”” for
the prevention of post-reperfusion infarct®® and reperfusion
injury after coronary artery by-pass surgery (CABG),” although
some studies disprove its effectiveness.”® Nevertheless, AICAR
has been widely studied for potential applications®" against
diabetes,®? leukemia,** and in the role of an antiviral drug.

Inosine has been a frequent target of ring opening studies
as a readily available AICAR precursor. Inosine is generally more
reactive than purine or adenine derivatives due to the carbonyl
group making C-2 position more electrophilic. Direct ring
opening of purines with hydroxides requires strongly basic
media and prolonged reflux. In order to avoid the need for
harsh conditions, inosine can be activated by N-1 alkylation,
thus making the C-2 position more electrophilic and providing
a better leaving group. Moreover, ring opening of non-activated
purines may also lead to imidazole ring opening (see Chapter 2.
Imidazole ring opening).
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Thus, hydroxide initiates ring opening by an attack at the C-  method for ring opening is refluxing of inosine 41 with NaOH in
2 position, breaking the N-1-C-2 bond and generating the  EtOH. Various AICAR analogues 43a-f have been obtained in &
El

formyl adduct 42 (Scheme 7). Since the formyl group is base
labile, in most cases it is hydrolyzed to aminoimidazolecarbox-
amides 43. Nevertheless, under appropriately mild conditions
the formyl intermediates 42 can be isolated. A straightforward

o o
2
</N]‘\)EN,R voon___ fk ¢ fL
" N/),\ “EtOH/H,0
F‘{1 o reflux, 8 h 1
41 "oH 42 43a-f

Artrerburn 2008 Aoyagi 1994 Kohyama 2003

N OMe N
S L LD
N" O NH, N7 NH, N™ " NH,
Rib Rib Rib

43a, 64% 43b, 80% 43c, 47%

Minakawa 1996

(0]
N Tr “OH
¢ 1 N OH
(0]

N NH, 4
Rib <

De Napoli 1999 El-Faragy 2009

et

43f, 68%

NHz

43d, 80% Rlb 43e, 95%

o
Aoyagi 1994 o Casanova 2006 N _R?

N TrO. N">NH
Tro fj\ ﬁf o ’
r NH,
:o:
43g, 959
) d, 95%

P

HO OH
43h, 44-56%
R2 = Me; Et; Pr; Allyl; CH,—<]

Scheme 7. Hydroxide mediated pyrimidine ring opening of inosines.
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R _<N | /) H50, reflux R _< f
) NH,
R? 44 R? 12 2
45a: R' = H, R“ = Rib, 66%
HO OH Me
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R2 = R.bAc 45d 44%
45f, 35% 45g, 50% 45h, 22% 45i, 35%
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Scheme 8. Hydroxide mediated AICAR synthesis.
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such manner, bearing aryl (43a),%¥ alkyl (43b,g,h),**>" benzyl
(43 c—d),®*** benzoyl (43),“” and glucosyl (43 e)*" substituents
at the amide nitrogen.

In 2003, Yamamoto found that N-1-alkyloxymethylene
substituted inosines 44 also underwent ring opening, but in
that case the alkyloxymethylene group was also cleaved under
the same conditions as the ring opening occurred
(Scheme 8).59 Thus, AICAR (45 a) can be prepared in good yields
from inosine in 4 steps, using MEM as activating group. In the
initial step, inosine was O-acylated for selective MEM group
introduction and then deacylated with NH;/MeOH prior to ring
opening for better solubility in water. Similarly, the acid labile 5-
O-trityl-45b,®¥ 3-deoxy-3-C-methyl-45¢,“? 5-azido-5-deoxy-2,3-
O-isopropylidene-45d*? protected inosines and arabinosyl
hypoxanthine (45e)*? - could be transformed to AICAR
analogues. The Yamamoto group also demonstrated a synthesis
of 2-aryl-AICARs 45f-l. It is interesting to note that the Suzuki
cross-coupling of 8-bromo-N-MEM inosine 44 did not proceed,
thus the coupling of 8-bromo-inosine was performed prior to
the introduction of N-1-MEM group, followed by ring
opening.*!

Piccialli’s initial studies of inosine (46) activation at the C-2
position with electron-withdrawing substituents at N-1 for the
synthesis of ’N-labelled inosines 49a-b set a stage not only for
isotope labelling, but also for a general approach of N-1
substitution via ANRORC type mechanism (Scheme 9).¢ S-
(ANRORC) enables the use of nucleophilic amines for addition
of substituents at the N-1 position, with higher yields than
alkylation or Dimroth rearrangement. Although initially discov-
ered using the example of 1-(inos-6-yl)-inosine,*” the choice of
strongly activating nitrophenyl- and 2,4-dinitrophenyl- groups
(DNP) is more appealing due to the easy introduction of such
groups and the mild reaction conditions. Other strong electron-
withdrawing groups, such as nitrophenyl, nitro,* and
sulfonyl“**% also facilitated ring opening. First, inosine 46 was
activated via arylation with 4-halo nitrobenzenes 47, for
example, the Sanger’s reagent in DMF in the presence of a mild
base (K,CO;). Further, nucleophilic attack at the C-2 atom of
derivative 48 promoted ring cleavage to intermediate 50 and
the addition of a mild base (K,CO;) induced cyclization to new
inosine derivatives 52a-g with amine incorporated at the N-1
position. In some cases, the addition of a base was not
necessary. In this manner, alkylamines, hydroxylamine and
hydrazine were added to inosines in good yields.”"*” Sub-
stitution of DNP group in the intermediate product of ring
opening step may occur faster than ring closure if an excess of
amine is used, as in the dibenzylamine substituted imidazole
51.% Substituted inosines 52a-i can be further converted to N-
substituted AICAR analogues with NaOH (Scheme 7). The
method has been demonstrated for the synthesis of cyclic
inosine diphosphate riboses 53a (cIDPR) and cyclic inosine
diphosphate carbocyclic riboses 53b (cIDPcR) used as cyclic
adenosine diphosphate ribose (cADPR) analogues - Ca**
secondary messengers synthesized in biological systems from
NAD* by ADP ribosyl cyclase. Usually, cIDPcRs are obtained by
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Scheme 9. The substitution of inosine N-1 position with amines via ANRORC rearrangement.

direct N-alkylation of inosine or from AICAR in lengthy
syntheses and poor yields.***¥

In order to obtain a product of type 55 by an alkylation
method, a stereoinversion at carbosugar 54 should be planned
(Scheme 10).

However, the stereocenter of carbocyclic ribosylamine 56
remains unchanged in the Sy(ANRORC) reaction leading to the
product 57.

The example with ethylenediamine in Scheme 9 is partic-
ularly interesting due to the possibility of different products
forming depending on the N-1 substituent. In the case of
nitrophenyl group, Sy(ANRORC) type rearrangement gives the
N-1-(2-aminoethyl) product 52c. However, in the case of DNP
group, selective C-2 and DNP cleavage takes place to yield the
AICA derivatives 61 (Scheme 11).*" The mechanism can be
evidently explained by diamine attack at the C-2 position of
hypoxanthine 58, cyclization of 59 to the tetrahydroimidazole
adduct 60, followed by elimination of dihydroimidazole and
DNP to yield the ring opening product 61 (AICA).** In such
way, DNCB together with EDA provides an easy access to

different AICA derivatives: tris-O-TBS 62a,*” 5-deoxy-5-fluoro
62b,*® 5-0-TBS-2,3-isopropylidene 62, "*C; labelled 62d,"”
2-deoxy 62e"" and 62f,"" thio-62g and seleno-62h"? riboside
and the open-chain ribose 62i*® analogues from simple
inosines.

Selective C-2 cleavage can be achieved without removal of
dinitrophenyl group from compound 61s when THF is selected
as reaction solvent instead of the commonly used DMF.7?!

In 2009, a small library of benzyl/thiophenyl-AICA deriva-
tives 61j-r were synthesized as potential Hsp90 inhibitors.
Inosine ring opening with Piccialli's DNP (i) and MEM C-2 (ii)
activating methods was used as the key step to obtain AICA
scaffold.”

This method originated in 1995 when Piccialli demonstrated
ring opening of N-1 labelled inosine 49a with ethylenedi-
amine to obtain '°N-labelled AICA 61t. For simplification and
overall cost reduction, the labelled ammonia was generated
in situ using 1.1 equivalents of '"NH,CI/KOH system.“*”* Fur-
thermore, treatment with N-acylisothiocyanate gave '"“N-1
labelled 2'-deoxyguanosine in 89% yield.“*”

Kan’s group obtained doubly "*C-labelled AICAR (61u) via
SN\(ANRORC), since direct condensation of aminoimidazolecar-

Alkylation boxamide with penta-O-acetylribose was not selective and gave
Ve Inosine N-1 a mixture of products. In order to overcome this problem, the
/\Oﬂ_G — /! f) OH authors synthesized doubly "*C-labelled inosine by glycosylation
P of labelled hypoxanthine with penta-O-acetylribose. Further,
54OH SyAr with DNCB gave activated DNP inosine and EDA mediated
Ch"a' center inversion! ring opening produced doubly *C-labelled AICAR (61 u).”®
SN(ANRORC) HO, OH Piccialli’s group also designed a solid phase method for the
/~ Inosine C-2 o /Q‘\ synthesis of AICAR derivatives by selective anchoring of inosine
Hob_NHz . <}“ka OH 5'-OH group to solid support. The DNP inosines 62 were bound
Ho' Y N N/) to monomethoxytrityl chloride (MMTCI) linker in the presence
56 O R 57 of DMAP in pyridine to form 63 in quantitative yields. While

Chiral center retention!

Scheme 10. The alkylation and S(ANRORC) reaction at the N-1 position of
inosine.
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EDA mediated ring cleavage, yielding the resin-bound AICAR
66, various amines could be added to inosine in ANRORC
rearrangement to form N-1 substituted inosines 64a. The
inosines bound at the 5 position were also suitable for
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Scheme 11. Hypoxanthine ring opening with ethylenediamine.
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modifications of the ribosyl 2" and 3-OH groups, for example,
through periodate-induced oxidative cleavage of C-2'—C-3’
bond in 64a, followed by reduction with NaBH, to diol, which
led to the open-chain ribosyl analogues 64b. Refluxing of N-1
substituted inosines in alcoholic NaOH solution formed the
AICAR analogues 67 a-b. The treatment of solid supports with
2% TFA in DCM yielded inosines 65g-h, as well as AICAR and
its derivatives 68a-b in excellent yields after simple workup
(Scheme 12).[54,77780]

Another ring opening method for substrates on solid
support involves anchoring of ribose through a 2'3-O-p-
hydroxybenzylidene motif to MMT linker. 5'-O-TBDPS protected
inosine (73) was first condensed with p-hydroxymeth-
ylbenzaldehyde dimethylacetal and bound to solid support via
a MMTClI linker to form the key intermediate 70. The 2’,3"-bound
inosines were suitable for modifications at the 5-position of the
ribosyl group. In this case, phosphorylation with phosphorami-
dite and the subsequent introduction of DNP group formed the
inosine monophosphates 71. Similarly to the previous example,
the treatment of 71 with EDA led to pyrimidine ring opening,
while the other amines added to the N-1 position via ANRORC
rearrangement, forming 72. The latter inosine derivatives were
opened by refluxing in alcoholic NaOH solution. Finally, all acid-
labile groups: MMT, acetal, TMS, and cyanoethyl were cleaved
with 2% TFA in DCM, providing inosine 73 and AICAR mono-
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phosphate  (ZMP)
(Scheme 13).[65,79,81,82]

Various sulfonyl substituents (Ms, Tf, Ts, Ns, pNs, DNs,
pentafluorobenzenesulfonyl, mesitylenesulfonyl) have been in-
vestigated as potential EWG for N-1 substitution in Sy(ANRORC)
by Ariza.*” The formation of adenosine 78 was observed when
2,4-dinitrobenzenesulfonyl group (DNs) was used. With '°N and
80 labelling, the authors presented a plausible reaction
mechanism. After the initial ring opening induced by amine
nucleophile, the amide oxygen attacked the ipso position of
DNs and 77 was formed with a release of SO,. NMR analysis of
75 confirmed the selectivity of sulfonylation at the N-1 atom,
with no rearrangement occurring prior to ring opening. Then,
similarly to previous ANRORC reactions, the amine added to
carboximidate, thus closing the pyrimidine ring to yield the
adenosine 78 along with an equimolar amount of '®O-labelled
dinitrophenol (79) (Scheme 14).

analogues 74 in good yields

2.2. Ring opening of fused purines

Fused [1,6]-purine adducts 80 often possess fluorescent proper-
ties and some of them can enter biological pathways. These
fused purines are generally stable, although pyrimidine ring can
open under the aforementioned ring opening conditions,
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62 63, quant. 64a . 65a, 76-98% from 62
6db= 1) 65b , 75-85% from 62
R' = OH, OAc, Oi-Pr EDA
R? = n-Bu, n-Pr, Bn, CyHex, DMF 5N NaOH
(CH2)NHz, (CHz)z.50H, 50°C, 16h refun, 6
CH(CH,OH),, Rib"P" o ’
o} o)
i) NalO4, DMF / H,0, 60 °C, 12 h, Q N NH R? R?
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HO o N7 "NH, o N7 ONH;,
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for b series R' = e _TFA AICAR DCM
R" R DCM  98%% (from 62) Rl R R R
66
OH OH 67a-b 68a, 72-86% from 62
68b, 58-67% from 62
Scheme 12. Ring opening of N-9-solid phase bound inosine derivatives.
o
R S i
N NH TBDPSO. N N/) N N-DNP
<) el o ? <] ) O
TBDPSO N N/ i and R*o—e-o N N/ R1O*I';’*O
o MMTCI iii and iv OR' | -0 vi, OR" | O
¢} o then v
OH OH o_ O o_ 0O
69
71: R' = (CH,),CN, TMS 72
Q@-MmT—0 ) .
lvu then viii vii
7 viii then viii

i) 4-(hydroxymethyl)benzaldehyde dimethylacetal,

74a: R? = H, 86% from 70

2

p-TsOH, DCM, reflux, 7 h (85%) </N </N ‘ N’R
ii) DMAP, Pyridine, r.t., 24 h (99%) v) DNCB, K,CO3, DMF, 80 °C, 3 h N~ “ H
iii) NH4F, MeOH vi) R%NHj, DMF, 50 °C, 8 h S Rib® NH

iv) (-Pr);NP(OR"),, Tetrazole, THF / DCM, r.t., 15 h
then -BuOOH, THF, rt., 3 h

vii) 2 M NaOH, EtOH, reflux, 5 h

viii) TFA (2% in DCM), r.t., 20 min 73, 69-84% from 70

74, 74-77% from 70

Scheme 13. Ring opening of 2',3"-solid phase bound inosine derivatives.

yielding imidazolyl derivatives 84-92 due to the pronounced
intramolecular leaving group capability of this annulated
heterocycle (Scheme 15). The reactivity and synthesis of fused
purines has been previously reviewed by Rybar in 2005.%"

When triazine adducts are treated with methanolic ammo-
nia, a cleavage at pyrimidine C-2 atom takes place, resulting in
imidazolyltriazine 84.%"

Pyrimidinopurines can undergo condensation of the third
cycle with chlorotetrolic esters during prolonged refluxing in
ethanol, cleaving the original purine moiety to imidazolylox-
opyrimidines 85a in 30% yield and 85b in 90% yield. The

Eur. J. Org. Chem. 2021, 5027 - 5052 WWww.eurjoc.org
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R? = n-C4Hg
(CHz)4.6NH,
(CH,)s0OH

conversion for 85a can be increased to 71% with the addition
of methanolic ammonia.®*®”! It should be noted that triethylam-
monium bicarbonate (TEAB) as a mild base can be used to
achieve selective ring scission to 86 with a retention of formyl
group.®

The exposure of oxadiazolone purine adducts to mildly
acidic media yielded purine cleavage products at the C-2 atom -
imidazolyloxadiazoles 87 a-b.

Hydroxide can also initiate such ring opening, for example,
prolonged heating of tetrahydropyrimidine adenosine adduct
with NaOH promoted the cleavage of pyrimidine moiety to
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NO, pyrazole purine adducts in alkaline media gave analogous
imidazolylpyrazole products 89.°" 2
El

Electron-deficient pyrido[1,6]purine adducts reacted with

18
R1’5NH2 N 07\/,‘3):0 NO: amines (dimethylamine, morpholine) and yielded imidazolyla-
—eCN T ¢ ﬁh K minoimines 90 in nearly quantitative yields. When propylenedi-
NO2 _30-c. 30 fnin N= amine was used, the concomitant imine cleavage resulted in
' Rib"®  NH free imidazolylamino product 91.%
7682 Fused 1,2,4-triazolopurines can be opened either in basic or
2

acidic media to give imidazolyltriazoles 92a-d. Similarly to the

NH previous example, excessively acidic (concentrated HCI) or basic
NO, N Q/ (2N NaOH) reaction media led to ring opening with further
e + < ) M </ —. NO, formyl group cleavage to 92a and 92c, while under mild
NO, Rlec Rlec SNH conditions (in this case, HCOOH or 1 N NaOH) formamido (R*=
78a: R = H, 45% 7 R CHO) products 92b and 92d were obtained.”
(vield similar to 78) 78p: R = Bn, 81% Imidazo[1,6]purines 93 readily underwent pyrimidine ring

Scheme 14. Synthesis of N-1-alkyladenosines from activated inosine 75.

78c: R=Et, 72%

78d- R = iPr, 76% cleavage in alkaline media at room temperature, giving

diimidazoles 94°**" in 66-95% yields. The ring opening
products could be further transformed into imidazotriazines
95,%% 2-thioimidazopurines 96"°® or 2-deuteroimidazopur-
ines 971 (Scheme 16).

It is known that 6-azidopurines 98 in solution phase form

imidazolyltetrahydropyrimidine 88, although the yields were  equilibrium with annulated tetrazolopurines 99"°"'%? from
low due to further ring cleavage reactions.”” Also, annulated  which the latter tautomer can be viewed a strong EWG and a

N
H N NH, am
N N N o R N7 NH
l dRib H 87a:RZ=H,55% (v)  fi 2
N N7 R 86, 63% (ii) ' Rib
¢ | H e 87b: R? = Bn, 22% (v) 88,26% (Vi) Et0,C
N NH, I \N
Rib 85a; R' = H, 71% (i) </N N
85b: R' = o H
i R" = CH,CI, 90% (ii) f THPO o N~ NH,
-— / —
N~ "NH
X .
Y H (o} Lz so COMe o O  89,32% (vii)
NN, 1 MeO,C. A X
Rib
84,75% () CO,Me N NS0
MeO,C ¢ H
R® N7NH 02 X NN
R* N | THP
N(alkyl
92a, R®= H, R* = H, 92% () ¢T N ° o (a Yt)z
92b, R3 = H, R* = CHO, 66% (xi) N7 NH, » near quant. (vii)
92¢, R® = Bn, R* = H, 57% (xii) THP 91, 95% (ix)
92d, R® = Bn, R* = CHO, 71% (xiii)
i) NHz/MeOH, rt., 12 h vi) NaOH (pH = 9), H,0, 60 °C, 2 d X) HCligonc, I:t., 3 days
ii) reflux, EtOH, 3 days vii) NaOH (3 equiv.), H,0, r.t., 20 h xi) HCOOH, reflux, 26 h
iii) TEAB, r.t.,, 6 h EtOH viii) dimethylamine or morpholine, acetone, r.t. xii) 2 N NaOH, r.t,, 25 h
V) HCl(aq) ix) propylenediamine, MeOH, r.t. xii) 1 N NaOH, r.t., 20 h
Scheme 15. Ring opening of annulated purines 80.
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’> position with phenacyl bromide (107) to 108. Further con-
__HNO, _ f densation with benzylamine (109) gave the intermediate 110, &
[AcOH which formed an unstable tricyclic hypoxanthine adduct 111. E!
rt, 30 min ' R 95 40.83% Second benzylamine attack on hypoxanthine C-6 promoted
' ° ring cleavage and the formation of imidazole 112. The parent
’\/‘ '> I\/l’\> imidazole 104 was then regenerated from amide 113 by using
</ij1 _NaOH _ R f cs, </le\/kN methanesulphonic acid (Scheme 19).[151%
N N Hzo rt. NH, K,CO3 N N/)\SH In 1975, Leonard found that N-3-benzyladenine (114) upon
R 93 94’ 66-95% R 96, 65-82% treatment with steam in autoclave at 120°C formed a new
' adduct with high cytokinin activity."”” It is well known that a
R =H, Rib, dRib, Rib? N wide range of NS-substituted adenines are classified as
N 13 cytokinins — plant growth hormones. It was established that N-
% ¢ /)N\ 3-benzyladenine had rearranged to N°-benzyladenine that was
100°C,12h N NTTD responsible for the observed cytokinin activity. Further inves-

R 97, 77-90%

Scheme 16. Pyrimidine ring cleavage of 1,N®-ethenoadenosines (imidazo[2,1-
flpurines).

good leaving group, thus making the C-2 position susceptible
to S\Ar reactions or, in this case, pyrimidine ring opening. 6-
Azidopurines are readily opened in basic or strongly acidic
media to vyield imidazolyltetrazoles 100 in good yields
(Scheme 17).0%

Intramolecular condensation of (thio)hypoxanthylpropanoic
acid (101) led to the formation of a new 6-membered cycle
along the purine N-3-N-9 nitrogen atoms, with concomitant
pyrimidine C-2 cleavage that produced compounds 102a-b.
The formyl group of latter can be readily removed with NH,/
MeOH (Scheme 18).1%¢

Rangaathan etal. have demonstrated the assembly of
imidazole 112 on the basis of parent imidazole template. Similar
to the ATP-Imidazole cycle involved in the biosynthesis of
imidazoles, the target imidazole was built on recyclable (5-
aminoimidazol-4-yl)carboxamide 104 carrier molecule. Initially,
the carboxamide 104 was condensed with formamide (105) to
hypoxanthine 106, followed by a selective alkylation at the N-1

N3 HN-N,
1N NaOH
}« f rt, 18 h
) or HCl(conc.)
rt, 60 h

98 100, 55-92%

R=H,Bn

Scheme 17. 6-Azidopurine ring opening.

__EDCI K /% NH3 K

< ) HZO Dioxane MeOH
H=56
K/COOH p o o

101 102a: X = O, 67% 103a: X = 0, 7%
102b: X = S, 63% 103b: X = S, 82%

Scheme 18. Ring opening by intramolecular N-3 acylation.
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tigation by isotope labelling (*N-1, *N-9, and "*N°) proved this
transformation to be more than a simple dealkylation/alkylation
sequence (114—115a), since the labelled isotope at N° had
become a ring nitrogen in the product 115b-c (i.e., N-3 or N-9)
(Scheme 20). Since sole ring-openings of pyrimidine C-2—N-3
and imidazole N-7—C-8 cannot lead to adenines other than the
starting material, these pathways are not discussed. Pyrimidine
N-1-C-2 ring opening (pathway A) leads to the well-known
Dimroth rearrangement product 117, while imidazole C-8-N-9
ring opening (pathway B) led to the imidazole 119a. Thus, a
single ring opening/closing sequence of N-3-benzyladenine
alone cannot yield N°-benzyladenine. In order to form N°-
benzyladenine, two sequential (pathway B) or concerted (path-
ways C—F) ring opening and closing steps must occur. Hence,
further Dimroth rearrangement of the previously discussed C-
8-N-9 ring opening (pathway B) product 119a would give N°-
benzyladenine 115c. Concomitant ring openings of both
imidazole and pyrimidine (pathways C-F) were expected to
yield the diformamido intermediates 120, 122, 123, and 124. In
these open-chain intermediates, rotation along C-4—C-5 and C-
5—-C-6 bonds could occur, enabling cyclization with distant
nitrogen atoms. Thus, pathways B, D, E, and F led to the
formation of N°-benzyladenine (115b) and (115¢), where N-3
became N° nitrogen with attached benzyl group.

2.3. Ring opening of N-1-quaternized purines

The oxidation of adenines to N-oxides 126 makes pyrimidine
ring electrophilic and prone to opening. Upon reflux in aqueous
alkali, adenosine C-2 was cleaved to yield the unstable
hydroxyamidine 127. Further cyclisation with carbon disulfide
provided 2-thioadenosines 128. Thus, a three-step method for
installation of C-2 thiol functionality in adenosines was
designed (Scheme 21).1'%-""%

A modified approach was demonstrated by the alkylation of
N-oxides to obtain 130, which conferred stability to open-chain
products. The Fujii group extensively studied the synthesis and
cleavage of numerous purine N-oxides. In particular, they
focused on the synthesis of 3,9-dialkyladenosines 135. Direct
alkylation of purines usually follows the order: N-9 > N-7> N-1>
N-3, with the N-3 unsubstituted alkylated derivative usually
being the minor product. For adenines, the order is N-3>N-9>
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N\Ph

N
<)HN

Bn 110

PR

lh \109
SLY

o, i) formamide, 180 °C, 1 h
111 Bn 108 82% ii) 107 (2 equiv.), KOH (1.5 equiv.),
MeOH, r.t., overnight
iii) 109 (4 equiv.), p-TsOH (3 equiv.),
Xylene, reflux, 12 h
iv) neat MsOH, 125 °C, 3 h

NH,

<f ¢
0,
112, 36% NH, NN
B 113, 33% o ~ Bn 106,87%
a NH, N
N7 NH, §
Bn NH,
104, 80% 105

Scheme 19. Synthesis of imidazole derivative 112 on the basis of parent imidazole carrier.

One-ring cleavage Two-ring cleavage

NH, NH;
HoN HaN |
e NH, ¢ TN, ZONHp </
N-1-C-2 N, P ~ N X N
/N NH, N-7-c-8 O TN NTT0 0~ N” N" o
) 120 Bn Bn 120 Bn 121
0 N o
17 Bn 116 Bn o 1
b H, N NH , NH
N .
ATN-1-C-2 D OWN NH, HN Z “NH, /JN
6 N-1-C-2 ~, ~, NN
C-8-N-9 o N o HN™ "N
" 122 Bn 122 Bn 119b Bn
</ o) Dimroth
. N \ Q .
H \H, NH . /~NH
HN S Hsz\NH Nf\ws
E 2
—_— _ o
= X 3 9
NZGy O NTwHTO HN NS0 S
X 123 Bn Bn 123 Bn 115b
o 8
o H NH, N N a H
N N
a Bn n L - . —_ — e
Dimroth 23 HN NH ~o HIN" SN o HN N
C8-N-9 124 Bn Bn 124 Bn 115¢
115¢

(Numbering of atoms according to original adenine 114)

Scheme 20. Rearrangement pathways of 3-benzyladenine (114) to N*-benzyladenines 115a-c in aqueous medium.

N-1>N-7 (in non-basic medium at pH=7). However, the
second alkylation of N-9 in substituted adenines changes the
order to N-1>N-7>N-3.7 Selective N-3 alkylation has been
observed only when steric hindrance at N° diminished the
possibility of alkylation at N-1, as in N®-alkylated adenines."'*'"¥
It is apparent that a concise route to 135 is not feasible via a

simple alkylation procedure. Therefore, Fujii with coworkers
presented a ring cleavage-alkylation-ring closure methodology
as a unique synthetic approach to 3-alkyl- and 3,9-dialkyladeno-
sines (Scheme 22).

The alkylation of N-oxide 129 with benzyl bromide yielded
1-alkoxyadenosines 130. The latter were easily cleaved under
Eur. J. Org. Chem. 2021, 5027 - 5052
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H,0 N~ SO N— SO g E
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) AcOH N N/) reflux, 5 min N NH MeOH )\
rt.4h w h 2 120°C,5h .
R 126, 86% R 427 128, 57-65%
R = Rib; dRib
Scheme 21. Ring opening of adenosine N-oxide.
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131, 70-79% g
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e
DMF g
rt, 6h g
8
NH, NH NH ‘HX NH, g
Raney-Ni \ _OR? 2
</N 7N _04NHa <,N N NE <,N [ NHg _Hp (1 atm) <, B
- N) H0 N) MeOH S\ _cHO “THX, H,0 H20 CHO E
) rt,ih o o0 Norg agh 0 N rt, 1 9
R® R' R R' R3 R R3 3
136, 92-99% 135, 22-56% 134 133, 50-86% g
ite OH" NaOH, H,0 B
(Amberiite OH') o e R' = Me, Bn, Rib, dRib, Rib™", CH,CO,H g
HZO reflux, min 2. o3 _ S
R2% R® = Me, Et, Bn g
NH Q X =Cl, OTs §
N N 3
L
N"NH NH H
Rib Me R' R2 <

Wiley VCH

137,87% 138, 35-94%

Scheme 22. The alkylation and ring opening of adenine N-oxide.

mild hydrolytic conditions: a simple treatment with water or the
addition of basic Amberlite (HCO;") resin allowed to obtain
oxamidines 131 that could be heated at reflux in neutral (pH=
7) water to obtain the Dimroth rearrangement products - N°-
alkoxy adenines 132.''>"'® The 5-aminogroup of 131 was
alkylated in the presence of base (K,CO;) in DMF medium at
room temperature, providing 133. Next, catalytic hydrogenol-
ysis with an excess of Raney-Ni/H, in acidic (HCl, TsOH) aqueous
solution cleaved the N—O bond and formed 134 in a low yield.
Cyclization was subsequently accomplished with NEt;/MeOH
and yielded 3,9-dialkylated adenosines 135."'”" However, the
imidazole group of the latter product functioned as a leaving
group, therefore slightly acidic media gave the hydrolysis
products 136 by glycosidic bond cleavage. On the other hand,
in weakly basic medium, the second ring cleavage could occur,
yielding 5-N-methylaminoimidazolyl-4-carboxamidine 137. In
strongly alkaline medium,""® amidine hydrolysis of open-chain
products gave carboxamides 138.[''9120121.1221231

When the N-oxide alkylation product 139 was refluxed in
the presence of hydroxide, pyrimidine ring opened and the
formyl group was cleaved, giving compound 140. Subsequent
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reduction with Raney-Ni/H, gave 5-aminoimidazole-4-carboxi-
midines 141, which were hydrolyzed to carboxamides 142
using NaOH."** Carboximidines 141 could be transformed back
to adenosines in the presence of orthoformate or formic acid in
order to obtain deuterated adenosines 143."*' The amino
group of 141 readily underwent diazotation with NaNO, and
the diazonium salt further cycloisomerized into 2-azaadenosine
(144) (Scheme 23)."* The latter cyclization is applicable to
many purine derivatives and has been reviewed by Seela."?”

Also, acidic hydrolysis of adenosine N-oxides vyielded
imidazolyl- cleavage products 146 (Scheme 24A), although high
temperatures and strongly acidic media were required."*® For
example, the hydrolysis of 6-methylpurine N-oxide (148) under
acidic conditions gave the C-2 fission product 1-(5-amino-
imidazol-4-yl)-ethan-1-one (149) in 91% yield
(Scheme 24B)."®"3% The |atter substrate can be used as a
precursor to imidazotetrazines 150 - potential anti-cancer drugs
for the treatment of glioblastoma.™*"

S-Nucleophiles have been rarely used for purine ring open-
ing reactions in comparison to O- and N-nucleophiles. The
treatment of O-acylated adenosine N-oxides 151 with thiophe-
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1N NaOH </N
H20 NH.
reflux, 4 h R2 2
142, 34-68%
NH or! NH, oR! NH, NH,
N B N X -OR X
N N N
¢ I J oo, NaH ¢ f\ Raneyti ST fpcop ¢TI
N~ H0 NN HCI/H0 N NH 70°c,16h Sl A
: flux, 15 min ¢ 2 t224h L 2 o NP
Rz refiux, min 2 KL, RZ R2 B
139, 74-93% 140, 67-84% 141, 45-91% 143, 52-84% 3
g
R' = Me, Et, Bn NH, H
R% =R, Rib, dRib 5
NaNO, ) 5
AcOH / H,0 ¢ 2
N H
| 8
Rib B
144, 50% g
£
Scheme 23. The synthesis of aminocarboxamides from adenine N-oxides and their further applications. ‘g
8
&
=
Pathway A ;
NHZ NH; o NH, opening and subsequent hydrolysis of the acetate."*® Exploiting B
Xy - . . . 3
__3NHCI <,N N 6 N HCI <,N | SNH  thiol as a good nucleophile accelerated the reaction rate under 2
) 100 °C, 10 min__ reflux, 2 h . o El
N~ NH, much milder conditions and allowed the acyl group to 3
146, quant. 147, 65% participate in the formation of oxadiazole cycle (Scheme 25). H
Pathway B When Grignard reagents are added to pyridine type N- 2
0 oxides, addition occurs at the a-carbon, with cleavage of the §
Chy o N CHa adjacent bond yielding dienoximes."**'*! This is contrary to B
4
¢ f\ _HCI (NﬁCHS e <N ‘ purines, where addition occurs at the C-6 position with high §
J Treflux NH, —’Oé(\ ’,\']“ regioselectivity and retention of the cyclic system. Addition of §
149, 91% ”’ Grignard reagents to purine N-oxide 156 proceeds at the C-6 H
150 position. Furthermore, ring opening of fused pyrimidine does g
not happen, thus N-1-hydroxy-6-alkyldihydropurines 158 are
Scheme 24. Ring opening of purine N-oxides In acidic medium. formed instead of the open-chain dienoximes 157. Products

158 slowly dehydrate to 6-substitued purines 159, but the

addition of pyridine transforms 158 to the N-oxides 160.
nol allowed to obtain 5-amino-4-oxadiazolylimidazoles 154 and  Contrary to the first addition, the second addition of a Grignard
155."3 Without thiol, such N-oxides can be opened with acetic  reagent occurs at the C-2 position, accompanied by N-1-C-2
anhydride at elevated temperatures (140°C). The reaction  bond scission and leading to imidazole derivatives 162 instead
mechanism was revealed by the evident attack by acetate as  of 161. Intermediates 162 are unstable and slowly decompose
nucleophile at the C-2 position, which led to pyrimidine ring  to the 2,6-disubstitued purines 163. This process can be

N/<

N s, O
, NH; </ |
/<R MeOH N" NH,
3 4 OJ< N Rib(or dRib)
<ijN Ricox0_ ¢ f R1_PRSH T Ik ] 154, 28-63%
N2 N R!
2
R® 151 152 R co,” L”sph N=
< O
R' = Me, Et, Pr, i-Pr, t-Bu, Ph 153, 40-83% 1) 2/ MeOH N N
R? = RibA°, Rib®", dRib"° ' 2) Et;N/DCM <N \ “
R? :

155, 82-98%

Scheme 25. Thiophenol mediated ring opening of purine N-oxide.
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accelerated with Ac,0/Py."** If peroxide is added, the ring @
expansion products 164 are obtained in high yields NHy 15 &
(Scheme 26).“37] I\ NH. /MeOH é ZN15 g
1,3-Cycloaddition between dimethyl acetylenedicarboxylate ) ?0;21227(’;1 H )
(166) and nebularine N-1-oxide 165 led to both purine ring 174*5NH 177 15-75%
opening (path A) and ring expansion (path B) of the pyrimidine l
ring, producing a mixture of products 170 and 173. Initially,
dipolar cycloaddition product isoxazoline 167 was formed and z Nz NH2 . Nf
the N-1-O bond could either cleave (path A) or rearrange to A dss -
aziridine 171 (path B). In path A, the unstable a-ketoester H 1N75 NH,

fragment was lost by attack of any nucleophile. If MeOH was
added, the pyrimidine ring of 169 was cleaved via attack by
methanol molecule at the C-2 position, yielding imidazole
derivative 170. In path B, a second rearrangement gave the 7-
membered ring expansion product 172 that lost its a-ketoester
fragment, forming diazepine 173. If other dienophiles (3-
phenyl-2-propynenitrile, diphenylacetylene, dimethylmaleate,
dimethylfumarate or N-methylmaleimide) were used, either no
product formation was observed or cleavage of the isoxazoline
N-1-0 bond gave stable C-6 substituted nucleoside analogues
of 168 (Scheme 27).1%®

Similarly to N-oxides, N-aminopurinium mesylates 174 that
can be synthesized by a reaction of purine with O-mesitylene-
sulfonylhydroxylamine (MsONH,) are also prone to ring open-
ing. Thus, the addition of N-labelled ammonia to the C-2

R _R'MgX__
¢ I\) e < f) 70 °c 75160 < f\)
rt,2h N
R® 158, 82-85% R3
\ R \ R
N~ ., -OH N N
N~ N N
R < /)
NTSNT NTON
R* 157 R® 159

Not observed

Scheme 26. Addition of Grignard reagent to purine N-oxides.

176

Z = H, Me, Ph, SMe (in C-2, C-6, C-8 or N-9 position)

Scheme 28. Synthesis of '*N-labelled purines via N-aminopurinium salts.

position of purine with concomitant ring opening yielded 176,
which  cyclized to the 'N-1-labelled purines 177
(Scheme 28).13%

Electrophilic amination of adenines 178 with DNPA pro-
duced 1-aminoadenines 179 that displayed similar properties to
N-oxides (Scheme 29). For instance, the ring opening in strongly
alkaline media was accompanied by further cyclization to
triazoles 180a-b."**"" When the latter reaction was carried out
in neat NH,-NH,-H,0, 4-aminotriazoles 181a-c were obtained.

—— fi
R’ 0 OC o ® 163, 48-83%
_RZMgX _ <,N | SNoH
TTHE P
NTONTR? R!
162
t-BuOOH (Nf N‘o
ccl, -
reflux, 1 h . N/<

R3 R?

164, 90-92%
R', R? = alkyl, phenyl, alkynyl
R = 2',3' 5'-tris-(O-TBS)Rib

R* 161
Not observed

o]
MeO,C. MeO,C MeO,C
PN\ coMe 2 i 2 i
NN N ] NH <,N ‘ N""OMe
Meo.c  COzMe <) — |l J. —
2 N NN N N,
®° Meo,C CO,Me HJSE) RibA° RibA®  MeOH RibA°
(NJLAN‘ 166 N N 168 1 170, 25%
4
N N/) THF < | J
RibA rt2h N MeO,C o
Rib e, o]
165 167 @, ieOzC —~Nu COo,Me
B | N CO,Me </ / ) COzMe <N:(\\<N
—_
2 ) N N~ S=
R.bAc RleC RibA°
17 172 173, 40%
Scheme 27. 1,3-Dipolar cycloaddition to nebularine N-oxide.
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Ac,0
__HC(OEt;
[eflux, 40 min )
HN
N <~ N 182a: R = Me, 39%
NaOH _ ™ N 182b: R = Rib
H
NT O NH
© | 2
NH, - 60°C,2h '\f/\\N
_NH 180a: R = Me, 66% N N
N 2 : NaNO
¢ fﬁ' o~ ¢ ﬁ J 180b:R =R, 8% o0 /140 «N]L/k,.h
X, a4
NN HoN, rt., 20 min & N
R N
178 :\FN 183a: R = Me, 50%
/N N 183b: R = Rib, 36%
sec g ¢ | 183c: R = dRib, 30%
N7 NH,
R
181a: R = H, 44%
181b: R = Me, 39%
181c: R = Bn, 33%
Mechanism HoN. HoN. NH, HaN. o

N N N N
/ f\ _NH, & :(K NH, <N:(\N\H Nf\N,NH
4 4 4 4
178 —= — — N — < H — 181
/ NH NS N
R

R R
184 185

Scheme 29. Ring opening of N-1-aminoadenines.

If methanol was used as solvent, alkali-mediated Dimroth
rearrangement occurred instead. As for the reaction mecha-
nisms, the authors envisioned that hydrazine initially partici-
pated in a SyAr reaction and after the ring opening the formyl
group of 185 cyclized with a distant amine group to the seven-
membered 186. A second ring opening gave 187 that
condensed to triazole 181.? Amination of guanines with
DNPA gave N-7 aminoguanines that were hydrolyzed to 8-
oxoguanines and did not undergo ring opening."'*'*4

Acylation of adenosine leads to product mixtures of N°-, N-
7-, and N-1-acylated products where regioselectivity is highly
dependent on the reaction medium, the acylating reagent, and
the nature of base. In most cases, N°, N°, 5-O-triacylated
adenosine 189 is the major product (Scheme 30). However,
Anzai found that the formation of cyclonucleosides 190 was
favored in DCM medium. Furthermore, when NEt; was
employed as base, the formation of ring opening product -
cyanoimidazole 191 was observed."*! As suggested by authors,
the formation of ring opening product (cyanoimidazole 196)
could be explained by N-1 and N-3 benzoylation of the initial
adenosine 192 to 194, followed by nucleophile addition to the
C-2 and N-1—C-2 position and elimination from 195.% The ring
opening product was not observed when pyridine was used
instead of triethylamine, thus supporting the proposed mecha-
nism, since NEt; is more nucleophilic than pyridine (N(NEt;pcu) -
=17.3 and N(Pypcw) =12.9 according to Mayr's nucleophilicity
parameters!*"'4¥),

Thermal cyclization of 5-O-tosyl-ribosylpurine derivatives
gave the respective 3,5-anhydro-ribosylpurine adducts. In the
case of 5-O-tosyl-2',3"-isopropylideneinosine (197), the cycliza-
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tion product 198 was obtained as tosylate salt in a good yield,
but the free base 199 was unstable in aqueous medium and
the addition of water to C-2 in 200 mediated pyrimidine ring
opening to formamide 203 (Scheme 31A)."" The oxidative
cleavage of ribose diol 204 with periodate gave the unstable
dialdehyde 205. Further reduction with NaBH, caused hydrolytic
pyrimidine ring opening to 206 (Scheme 31B).1*"

The cyclization of Nf-isopentyladenosine (207) to annulated
tetrahydropyrimidinium intermediate 210 was observed in
acidic medium (1 M HCI). Further acidification (2 M HCl) and
heating at reflux led to ring opening in the pyrimidine moiety,
accompanied by formyl group cleavage that gave imidazolylte-
trahydropyrimidine (211). As elucidated by the authors, the first
step involved protonation of isopentenyl group to cation 208
that persisted in equilibrium with hydrated tertiary alcohol 209.
Cycloisomerization to 210 and opening of the activated
pyrimidine moiety yielded the ring-opened product 211
(Scheme 32)."°1

Guanosine deamination product - oxanine (215) formed via
transnitrosation from N-nitrosoindole-3-acetonitrile 216, a plant
growth hormone present in various vegetables, notably Chinese
cabbage. The reaction was initiated by nitrosation of guanosine
(212) that produced the diazonium salt 213. Loss of molecular
nitrogen promoted the cleavage of N-1-C-6 bond, followed by
hydrolysis and cyclization to oxanosine (215) (Scheme 33).""%%

6-Azidopurine 217 underwent photocatalytic degradation
under UV irradiation via the formation of nitrene intermediate
218, followed by rearrangement to the seven-membered cyclic
carbodiimide 219 and hydrolysis to triazepinone 220
(Scheme 34A).'**'5¢ Also, 2-azidopurines have been shown to
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R f) 2 < &Y :
A7 cl RO NI RO N" NH
DCM/ NEt 0 ¥ o R
r.t., overnight
188 189a-e 190a-e 191a-e
189-191a: R = p-MeCgH,CO 30% 45% 12% :
189-191b: R = p-NCCgH,CO 0% 29% 53% b
189-191c: R = p-MeOCgH,CO 15% 50% 23% g
189-191d: R = p-BrCqH,CO 7% 33% 47% &
189-191e: R = p-CICgH,CO 15% 41% 20% s
............................................................................................................................... =
€@
~NEts £
NH, NH2 NH o H[N o) N g
N- A L NP g
p N _BzCl Ar _BzCl _ ; N CAr _H0 B
AL /) ) AL e . £
N g N7 ND ONEt, N7 NH g
e WLM )\ NEt; e PN e A S
192 193 0% A o™ A g
194 195 196 H
z
Scheme 30. Ring opening via purine benzoylation. g
o
H
0 H
¢ /\)\ r 12+ E
“TsOH N HN HN 5
JI JI o ey [ et
topH=7_ K"\\‘ N N~"SN _2M Hcl, reflux N N 8
TsO H " Dioxane H,0 < J - |1 H 2
reflux, 15 min 0o ” N N NH, g
207 - 211,45% - g
i)
3
x >< P | fro
8, 82% 199 /\/I\ r 7
| HN ® HN/jT
N 8 N 8
N N
[e} o® o® </ | /) S </ | /)®
N HN N NN N N
H,N
Ty T U L y—"6IY 208 I
07 N" N HOO NN RO ONTTN CONTN =
o o [ o 2 o HA/L :
o_0 o_0 o 0 o 0 HN OH 1
X X > > N
¢ 1) *
203, 57% 202 201 200 N N/)
H
209

Scheme 32. Tetrahydropyrimidine synthesis by ring opening.

)‘I i

> a )ﬁ: aBH, 2N)§:
N |O4 k NaBl| _NaBH; |
0] I‘t 1 h } >—\

“HoO }
HO OH HO

204 206, 53%

pyrimidine ring cleavage at C-2 to aminoacetylimidazoles 224
and 225 (Scheme 34C).1"*8

Scheme 31. Oxidative (A) and thermal (B) opening of cyclic inosine.

undergo photocatalytic degradation in aerobic media, yielding
seven-membered oxadiazepane 222 (Scheme 34B)."*” Purine N-
oxides, on the contrary, upon irradiation undergo slow
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«NfNH __216 NO NO ﬁ R 226 R 227 R 228
A, X, |
dRib deb (€]
212 215 E X o F X
5 r SR AN e f
NO
HN Ny HN N/)\Y OH HN )\
9] o} R 231, 56-83% R 230 R 229
N N ®
% NH H,0 ; OH,
<1 e N < | X, Y = OH, NHy, H
NTONTON, 2 N7 >N=c=NH E = Me, Et, Bn, CH,0H
dRib dRib R=H,Rib, E
213 214
Scheme 35. Imidazole ring opening mechanism.
Scheme 33. Nitrosation of guanosine.
Na FAPY adducts can be located on either pyrimidine N°, N° or exist
A) (NfN ho (>H3(3;) nm) ¢ I as a mixture of both, as proven by N labelling."*? The position
N N/) 2 of formyl group is solely dependent on the reaction conditions,
Rib?° RubACH but since the formyl group is highly base labile it is often
2o 220 cleaved under the present ring opening conditions to 4,5-
l N) THzO diaminopyrimidines  231. Bases like group | metal
N hydroxides,**'¢¥ diluted (~14%) aqueous ammonia®” or
{Nf)’“ —_— </N:[ C Na,CO; can be used."*? Under such conditions, nucleosides can
NN NS be also easily transformed to pyrimidine derivatives without
RibAczw R'bACH disruption of the sugar moiety.
While studying anti-mycobacterial pyrimidine analogues,
Gundersen’s group synthesized various FAPYs 233 from 6-
B ¢ I\)\ huc;zag(z)gm) </ HN ) furanyl-9-para-methoxybenzylpurines 232 via imidazole ring
H opening reaction of purines with tetrabutylammonium
Rib 221 R'b 222 hydroxide (TBAOH) (Scheme 36)."%'% |n their study, substrates
Me o o] o with electron withdrawing groups (R=NO,, F, CF;) at C-2 readily
o) </N ~ (,?/0 ho </N | Me </N ] Me participated in ring opening and gave products in high yields.
NSy l H,O N~ NH * N~ NH As expected, non-activated (R=OMe, NMe,) substrates required
Me Me 2 Me )\ prolonged reaction times and their yields were significantly
223 224 O™ 'NH; lower.
225

Scheme 34. Photocatalytic purine degradation pathways.

3. Ring opening of the imidazole moiety in
purines

3.1. Ring opening reactions induced by O-nucleophiles

Alkylation of 9-substituted purine derivatives proceeds at N-7

Lonnberg etal. have investigated purine ribonucleoside
degradation mechanism and kinetics with C isotope labelled
position 8 of the substrate, using various NaOH concentrations
and temperatures. Mechanistic studies of the hydrolysis of
ribosylpurine (234) showed that imidazole was initially cleaved
to FAPY 235 and deformylation occurred, followed by hydrol-
ysis of the ribosyl group to 4,5-diaminopyrimidine (237)
(Scheme 37). It was found that the hydroxide ion attack on C-8

S e
and gives dialkylated imidazolium salts 227. Such imidazolium H
) ; ) . N TBAOH O N
intermediates are highly electron deficient and are prone to ¢ Z N THF XUNAON
nucleophile attack at the C-8 position, as well as undergo N \NJ\R rt, 1-18 h HN \N/H\R
imidazole ring cleavage when mixed with hydroxide. The PMB :
9 9 4 232 PMB 333 (14-81%)

imidazole ring opening in purines occurs with cleavage
between C-8 and N-7 or N-9 that gives formamidopyrimidines
(FAPY) 229 (Scheme 35)."* Similar opening reactions have
been carried out using OH radicals."®*'®" The formyl group of

Eur. J. Org. Chem. 2021, 5027 - 5052 WWww.eurjoc.org
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R =H, Et, NO,, CI ,F, CF3, OMe, NMe,

Scheme 36. TBAOH mediated imidazole ring opening.
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ribose tautomeric equals ribose tautomeric equals

Scheme 37. Purine ribonucleoside degradation.

was the rate determining step.'” Similar research has been
performed on N’-alkylated P',P*-diguanosine triphosphates."*®

It is well known that halopurines readily undergo SyAr
reactions with various nucleophiles. The substitution pattern
and reactivity is highly dependent on: 1)the basicity of
nucleophile, and 2)the substituents present in the purine
system.”*” Thus, in some cases imidazole ring opening requires
milder conditions than those of halogen displacement. Such an
example is the ring opening of 5’-O-protected 6-chloronebular-
ine 238 with 1 N NaOH, which takes place already at room
temperature (Scheme 38). The formyl group of FAPY 239
formed by imidazole ring opening can be cleaved under acidic
(HCl) or basic (NH;) conditions, but the latter option also
hydrolyzes the N*-glycosidic bond, therefore acidic hydrolysis is
preferred.

Under acidic conditions without 5-O-carbamoyl protecting
group, ribose tautomerizes to pyranose. Furthermore, 4,5-
diaminopyrimidines 240a-b can be transformed to 8-azapur-
ines by diazotation. The formed triazole moiety renders C-6
position highly reactive towards nucleophilic addition and the
chlorine substituent is readily hydrolyzed to yield 8-azanebular-
ine 241.0¢%

The alkylation of O°-methylguanine with excess Mel (5 eq)
generated activated guaninium species and led to imidazole
ring opening. Initially, the N-9 methyl adduct 243 was formed

Cl
o}
<,N Z>N __INNaOH N
NS J Dloxane/HZO )
| N r.t., 45 min
(PG-O-5Rib"P" (PG-0-5' Rlb' Pr
238 239, 44%
lo) HCI
PG= Q\ MeOH
Cl N reflux, 30 min
H
9 NaNO,, AcOH cl
0°C, 10min,rt, 20h  HN_\
then « J
NaOMe, MeOH HN N
241 369 reflux, 4 h (PG_O_sn)Ribi—Pr
+36% 240a, 36%

240b, 30% (without i-Pr)

Scheme 38. 8-Azapurine synthesis via imidazole ring opening.
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and further alkylation gave trimethylguaninium intermediate
244 that underwent ring opening by hydroxide attack on C-8
position and the final methylation produced tetramethylated
FAPY 245 (Scheme 39).'7

The alkylation and acylation of unsubstituted adenine
usually occur at the N® and N-9 positions. Carbamoyl groups, on
the contrary, add to the N-7 nitrogen atom and activate the
imidazole ring toward nucleophilic attack. As depicted in the
following schemes, chloroformates in a weakly alkaline medium
(KOAc, NaHCO;) reacted at the N-7 nitrogen with concomitant
ring opening of imidazole. For example, the addition of Cbz-Cl
to 9-benzyladenines 246a-b yielded 247a-b in good yields.
Like previously, formyl group was easily cleaved in methanolic
ammonia to obtain the substituted triaminopyrimidines 248a-
b (Scheme 40)."7"

When adenine (249) was treated with ethyl chloroformate
(250), quaternization occurred at N-7, facilitating imidazole ring
opening between C-8 and N-9 to give FAPY 251. The formyl
group of this product was labile and could be easily removed

0 PUe SIS | 31 885 *[7202/20/92] U0 ARIq1T 8UIUO ABJIM ‘AISIAIUN [O1UYDR L eBRY AJ S5200T20Z 206/200T OT/I0pLICY" a1
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X X 3
N NH, NTSNTNH, c
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Scheme 39. Methylation of O°-methyl guanosine. g
&
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Scheme 40. Triaminopyrimidine synthesis from adenine. §
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249 250 Et0” YO Et0” YO 2 2
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Scheme 41. Acetylation of adenine with ethyl chloroformate.

by refluxing in water to obtain 252. Further treatment with
aqueous ammonia gave the dimerization product 253
(Scheme 41).0'72

In a study of clofarabine degradation, Cantrell and co-
workers designed a new adenosine ring opening mediated by
chloroformate and bicarbonate, which yielded the Alloc-
protected FAPY 255. A selective cleavage of Alloc-protecting
group with Pd° subsequently produced FAPY 256 in 30% yield
calculated from adenine 254 (Scheme 42).'7

Sodium sulfide is known to be used for the removal of PNB
group, but in the case of imidazolium 258 hydroxyl mediated
ring opening occurred instead of protecting group removal and
the PNB protected FAPY 259 was obtained (Scheme 43).'74

FAPY fragments are also found in natural products, for
example, agelasines 260a-c are bioactive purine derivatives
with terpene side chain found in marine sponges of genus
Agelas. They are associated with antimicrobial bioactivity and
cytotoxic effects in cells. Similarly, agelasines can be converted

NH, Alloc NH, g NH
(NfN i) OQ/NIRN ii) O%/Nf%N
P Z
N N)\CI Hl}l N)\CI HN N/)\CI
R 254 R 255 R
256, 30% in 2 steps
BzO.
O\F i) Allyl chloroformate, NaHCO3;, THF, H,0, r.t., 2 days
R= i) Pd(PPhs)s, dimedone, THF, r.t., 4 h
OBz

Scheme 42. Allylchloroformate mediated imidazole ring opening.

PNB O
PNg D O N
N N NH O
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Scheme 43. Na,S mediated imidazole ring cleavage.
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to axistatins 261a-c by treatment with mild base (e.g., Na,CO;,
NaHCO;) (Scheme 44).1'75-180

Imidazole ring opening is important in biosynthesis, as the
first step in the synthesis of various annulated pyrimidines.
Guanosine triphosphate cyclohydrolase (GTPC) enzymes cata-
lyze the release of formate from imidazole ring of guanosine
(262), leading to the formation of 4,5-diaminopyrimidine 263"%"
that can react with dicarbonyl compounds, producing a
pyrazine cycle. The new heterocycle can undergo side chain
modifications to yield pteridine natural products like folic acid
(264) and riboflavin (265)"'82'%51%4 or 7-deazapurine natural
products like toyocamycin (266) (Scheme 45).[186187]

DNA-reactive carcinogens are any chemicals that form
covalent DNA adducts. These substances are alkylating agents
by nature or become such after metabolic processing, usually
by cytochrome P450 mediated oxidation. Nucleobase modifica-
tions interfere with base pairing and affect cell replication,
oncogene activation, inactivation of gene suppressors or inhibit
apoptosis, which may lead to neoplastic cell development."®
Reviews by K. Gates,™™ N. Tretyakova,"®” N. Jena,™" and M.
Dizdaroglu"? thoroughly describe DNA damage pathways,
including the repair and formation of FAPY adducts. Therefore,
only an overall insight in this topic is given in our review.
Imidazole ring opening of adenosine and guanosine is one of
the main mutation pathways in DNA strands. Therefore, many
groups focus on the discovery of such DNA lesions and the

R NH, R NH,
|
N X >N X
2 N Na,CO. N
CI@Q@‘ /) or l\?zHCSO /)
NTON 3 N

261a:R =

261c:R =

Scheme 44. Conversion of agelasines to axistatins.
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Scheme 45. Imidazole ring opening in biosynthesis. g
HoN g
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NH, g
o} H
development of methods for better detection of these o~ O N :
changes.!'¥1%4 HZN’\% ‘ /’\IT i
z g
Alkylation of deoxyguanosine in the DNA strand with most \ HN™ "N™ "NH;, P
carcinogenic agents occurs primary at the N-7 position, yielding dRib dRib 2
N-7 and N-9 disubstitued purinium adducts 268. The activated Aflotoxin B1 Mitomycin §
deoxyguanosine adducts are either cleaved at the glycosidic §
bond (pathway A) to form abasic DNA site 269 and guanosine Figure 1. FAPY adducts of various carcinogens and anti-cancer agents. s
270 or imidazolium ring opening yields FAPY 272 (pathway B) §
(Scheme 46). g
In the latter manner, many carcinogens like butadiene  which abstracts hydrogen to form 8-hydroxy-7,8-dihydronucleo- §
(active  carcinogenic metabolites: epoxybutadiene and  side 275. Due to instability, the ring cleavage of the imidazole §
diepoxybutadiene),'®'% aflatoxin B, (10719 dimethyl  occurs to give FAPY 276 (Scheme 47).119+205-208) g
sulphate,”®  glycidamide,®" and anti-cancer  agents g
(mitomycin,?*? nitrogen mustard®®) form FAPY adducts (Fig-

ure 1), which interfere with base pairing and cell development.
Furthermore, Rizzo et al. have developed method for incorpo-
ration of nitrogen mustard FAPY adducts in DNA through solid
phase synthesis.?*!

Both UV and vy-radiation are known to cause mutations of
DNA bases and may lead to deleterious cellular effects. The
mutation mainly occurs through photooxidation at nucleoside
C-8 position to give 8-hydroxy-7,8-dihydro-7-yl radical 274

S

s

gNA £ o 3

® N 3

A 0. NH [

7 S :

NT SN NH, E

o © g O 2

N Ho! ona©  OH 270 i

ow ST o pw NG 25 :
o oN N"NH, — O O,)N)N NH, —— o £ o ;‘3
EN O%/N %

R W " 3

ona O OH ona© OH 0 N N/)\NH 0 HN N/)\NHQ H
267 268 g DNA o 2 DNA o H
L= . — s

O OH O OH g

DNA~ g g

271 DNA 272 %
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Scheme 46. Molecular mechanism for DNA-reactive carcinogenic reagents. §
:
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3.2. N-Nucleophile induced ring opening reactions

6-Cyanopurine 277 reactions with different N-nucleophiles lead
to the formation of pyrimido[5,4-dlpyrimidines 279 and 282
(Scheme 48).2?'") Depending on the N-nucleophile, addition
occurs at C-8 (pathway A) or the cyano group at C-6 (pathway
B). A mixture of products 279, 280 and 282 is usually obtained,
however, the conditions can be optimized for nearly selective
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o) y ©° yield.?'? Upon heating of 279 with acid (H,S0,, TFA) or base
CN . Ox N (DBU), a Dimroth rearrangement can occur to yield amino- g
HO~r ¢ ] NH OH | NH g
N P PY pyrimidines 282, although it can take up to 15 days.”® As E!

4Rib N" NH Hi ) N" NH; alternative, N-nucleophiles can be added to the C-6 cyanogroup

273 dRib 276

(0] H (0]
oL 3 bl

NH, N” NH,

)
deb 274 dRib 275

Scheme 47. Imidazole ring opening of deoxyguanosine in the presence of
hydroxyl radicals.

2
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B HorB:
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&</ oy e My
N HN™ N HN N
‘ 280 R' 281 R 282, 51-99%
N-NH, HN._Ng
H,N
HNO, _NHgH,0 2 | SN
/ ~180°C J
0 N N
R 280a RZ—NHZ R’ 233 65% 284, 70%
Yields of 279: Nu = Piperidine
R = alkyl, aryl

R2 = H (60-96%), Me (72-99%), R'CONH (38-92%),
OBhn (40-89%), NH, (84-91%), Ph (60-86%),
(CHy)s (72%), CH,CH,0H (73-97%)

Scheme 48. 6-Cyanopurine ring opening with N-nucleophiles.

formation of the desired product. Treatment of 6-cyanopurine
277 with methanolic ammonia (R>=H) did not lead to the
addition to the cyano moiety but instead resulted in the
formation of pyrimidopyrimidine 279 that rapidly underwent a
Dimroth rearrangement to the more stable derivative 282.12'22'%
Similarly, in reactions with formamide,?'® methylamine,?'¥
hydrazide,”'¥ benzylhydroxylamine,”'" and hydrazine, ethanol-
amine, aniline, piperidine®? the products 279 could be
obtained in good yields. The proposed reaction mechanism
consists of nucleophilic attack at C-8 forming the opened ring
intermediate 278. Intramolecular amine addition to the cyano
group yielded the product 279.%" The substituent electronic
effects at purine N-9 position for both EWG and EDG had little
to no impact on the reaction pathway or on the obtained
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to form aminoimidates 280 (pathway B). The addition of
sulphuric acid in catalytic amount directed the nucleophilic
addition to C-6-cyanogroup over an attack on C-8. Further
addition of a suitable nucleophile (e.g., piperidine) promoted
ring cleavage at C-8 to 281 which then cycloisomerized to
pyrimidopyrimidine 282 in a good yield.”** Also, aminohydra-
zone 280a can be transformed to carbimidoylazide 283 via
diazotation. The latter can be thermally cleaved in aqueous
ammonia, producing diaminopyrimidine 284.7'® Similar pyrimi-
do-pyrimidines have been obtained from purin-6-ylpyridinium
chlorides in aqueous solutions using an analogous photo-
induced hydrolytic imidazole ring opening and cycloisomeriza-
tion sequence.”'”?'® There has also been research on forma-
mide use for purine nucleoside degradation in DNA
sequencing.?'

Similarly to N-1-oxides, 6-methylthiopurine-N-7-oxide (285)
also does not undergo S\Ar reaction at C-6 to yield 286. Instead,
ring opening occurs to form FAPY 287 with formyl group
located at the 5-amino nitrogen. In contrast to this, ammonia in
hot ethanolic solution under pressure added to the C-8 position,
giving 288 (Scheme 49).2'%22

Heteroamines A-H are found in plant Heterostemma browni
used in folk medicine for the treatment of tumors. Hetero-
amines A-C 289a-c can be readily obtained from guanine®" or
2-amino-6-chloropurine® and, due to the activated imidazo-
lium ring, can be converted to heteroamines F-H 290a—c via
ring opening with dilute aqueous ammonia (Scheme 50).2%

OH SMe
NH; _ OxN N
HN N/)
Bn 287
N SMe
Bn 286 Bn 285
L NHs
“EoH H2N_< )
110 °C
B” 288
Scheme 49. Ring opening of 6-thiomethylpurine-N-oxide 259.
Me OMe Me OMe
\ O N
P Y, o TN
\ ' rt,3h _R!
N N N,R T HN N/NR
Me R2 Me R2
289a: R' = R? = Me 290a: R' = R? = Me, 75%
289b: R' = Me, R? = 290b: R" = Me, R? = H, 75%
289c:R'=R?=H 290c: R' =R?=H, 75%

Scheme 50. Imidazole ring opening in heteroamines A-C.
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Scheme 51. Purine imidate reactions with methyl cyanoacetate.

3.3. C-Nucleophile induced ring opening reactions

The imidate functional group is prone to nucleophilic substitu-
tion in reactions with C-nucleophiles, leading to enamines. Also,
nucleophilic attack may proceed at the C-8 position when
reaction mixtures are heated at reflux for a prolonged time.
Arylpurine imidates 291 reacted with methyl cyanoacetate
(292) in such a manner and imidazole ring opening formed
pyrimido-pyrimidines 295 and 298. The reaction of imidate 291
with methyl cyanoacetate 292 under mild acidic catalysis
(pyridinium acetate) initially gave 6-enaminopurines 293 in
good yields. When the mixture was refluxed for multiple days,
further attack by cyanoacetate mediated imidazole ring open-
ing to 294, followed by cycloisomerization and elimination to
pyrimido-pyrimidinylidene 295. When acid catalysis was re-
placed with base catalysis (DMAP), imidate substitution did not
occur, but cyanoacetate 292 directly attacked the C-8 position
instead to give diaminopyrimidine 296, followed by imidate-
mediated cycloisomerization and elimination to methoxy-
pyrimido-pyrimidine 298 (Scheme 51).22

When adding acetonitrile anion to 9-tetrahydropyranyl-6-
chloropurine (299), the nucleophile attacked the C-8 position,
resulting in the ring opening product 300 in 92% yield. The
formation of SAr product 301 was not observed
(Scheme 52).2%1

When the standard Reissert reaction conditions were
employed for purines 302, N-7 benzoylation occurred and
cyanide added to the imidazolium ring, cleaving the bond
between N-7 and C-8 atoms and forming 5-amino-4-formami-
dopyrimidine 303 in 23% yield. Furthermore, under basic

[226,227]

MeCN
NaH

Cl
N B
N
0
NN
THP

299

H Cl
N
e
Hl}l N/
TH

300, 92%

Scheme 52. Purine ring opening with acetonitrile anion.
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conditions formamide was cleaved and diaminopyrimidine 304
was formed (Scheme 53A). Addition of a Lewis acid directed the
benzoylation to N-1 position and the Reissert reaction product -
1-benzoyl-6-cyano-1,6-dihydro-9-phenyl-9H-purine  (305) was
obtained. Upon acidic treatment, the Reissert product under-
went pyrimidine ring cleavage, producing imidazole 306
(Scheme 53B).%*®

The reaction of 7-aminoadenine (307) with 2,4-pentane-
dione yielded mainly the tricyclic pyridazinopurine 310 accom-
panied by pyrazolopyrimidine 313 as a minor product. At first,
the N-7 imine adduct 308 was formed, which underwent
cyclization to yield 309 and further elimination that provided
the aromatic pyridazinopurine 310. However, ketone 308 was
able to enolize to 311 and cyclization became possible, giving
312. Further elimination gave aromatized pyrazole system and
imidazole ring cleavage led to pyrazolopyrimidine 313
(Scheme 54).2%

3.4. Acid-induced opening of imidazole moiety in purines

Martinez et al. have designed a new aminopyrimidine type
ligand 317 by arylating adenine (314) at the N-7 position with
2-chloropyrimidine (315) in the presence of a base (NaH, Cs,CO,
or K,CO,), followed by Bregnsted acid catalyzed imidazole ring
cleavage that yielded ligand 317 after neutralization. Likewise,

Ph Ph
KCN HN
__Phcocl r NaOH jl\AN
A[CHCl,/H,0 J "o N N/)
rt, 1h Ph 303, 23% Ph 304
N~y
< J
NTON TMSCN CN O CN O
Ph 302 PhCOCI
B| Al N Nkph Hol . N NJ\Ph
=2 - ¢ | H
DCM J H,0
" aht NTON N7 NH,
Fhe VRN P 305, 489% Ph 306

Scheme 53. The Reissert reaction of purines.
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Scheme 54. Proposed reaction mechanism for pyrazolopyrimidine 313 formation.

transition metal can be added after acidic cleavage of C-8

position to yield metal-ligand complexes 318-320
(Scheme 55).22%
NH,
N N._Cl
ST Y
N N/ N
H o34 315
Base
e (\
N
/ NH, \( NH,
HN
AgNO; f N)HC
17 .
[ABITINOo)I H20 ~i05 & [l I 5 Naon )
320 H,N
o
HCI/ IrCl3 316,706 [ZnClLZ 317,98A=
DMSO
[ZnCl >
l®
HNE_N NH,
]
HN. ANy
—
HoN
318

Scheme 55. Synthesis of ligand 317 from adenine and its application in
complex formation.
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Scheme 56. Reductive cleavage of the imidazole moiety in purine derivative.
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3.5. Imidazole ring opening of purines induced by redox
reagents

The treatment of purines with NaBH, gave rise to the unstable
7,8-dihydropurine 322 that easily re-oxidized back to purine
321 in the presence of air oxygen. When a strong base was
added to the reduced dihydropurine 322, dehydrochloration
occurred at first, followed by ring opening that yielded the
FAPY product 323 (Scheme 56A).”*" When a stronger reducing
agent like LiAIH, was used, the intermediate aminal was first
reduced to yield 4,5-diaminopyrimidine 325 (Scheme 56B).2*?

During purine oxidation at the C-8 position, optimization
studies were performed by the Tobrman group using MnO, in
acetonitrile. Ring opening of the purine analog 326 was
observed, providing access to FAPY 327 in 79% yield
(Scheme 57).%%

4. Summary

Purines as a type of imidazopyrimidines can serve as useful
starting materials for the synthesis of imidazole and pyrimidine
derivatives, if one of the fused rings is cleaved. Readily available
substrates (e.g., adenine, hypoxanthine, guanine and their
derivatives can be transformed via ring opening reactions, and
thus provide a convenient synthetic methodology for obtaining
numerous heterocyclic compounds that are important to the
fields of medicinal and agricultural chemistry. Due to the
stability of the aromatic system subject to cleavage, activation
of the purine system by appropriate substituents and/or
elevated temperatures is needed. Also sufficiently nucleophilic
reagents must be used to overcome the energy barrier. If these
prerequisites are met, purine derivatives can be preparatively

$n | ?n

0.
NOE - TS ¢
NSy ) rr\fe?\; N S\ l
Bn 326 N Bn 327,79%

Scheme 57. Oxidative cleavage of imidazole ring in purine analogs.
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transformed into 5-aminoimidazole-4-carboxamide derivatives, ~ Conflict of Interest
imidazolyl-substituted pyrimidines, azoles, triazines, and pyri- &
El

Wiley VCH

dines. The aforementioned structures are not always easy to
prepare by cross-coupling reactions and purine ring opening
offers an orthogonal strategy in synthetic planning. On the
other hand, fused imidazo-heterocycles can be prepared by
purine ring opening - recyclization sequence. When the
imidazole ring is cleaved, various recyclization techniques can
be applied to the obtained diamino- or triamino-pyrimidine
derivatives to obtain the respective fused pyrimidines. Last but
not least, imidazole ring opening of purines has biological
importance and its reproduction in the lab provides mechanistic
insights that help to understand several important biochemical
pathways.

Abbreviations

AICA 5-aminoimidazole-4-carboxamide

AICAR  5-aminoimidazole-4-carboxamide-1-3-D-ribofurano-
side

Alloc allyloxycarbonyl

ANRORC addition of nucleophile, ring opening, and ring
closure

Cbz benzyloxycarbonyl

DCM dichloromethane

DMAP  N,N-dimethylaminopyridine

DNCB 2,4-dinitrochlorobenzene, DNP-2,4-dinitrophenyl-
DNPA  dinitrophenoxyamine

EWG electron-withdrawing group

EDA ethylenediamine

FAPY formamidopyrimidines

Rib p-D-ribofuranosyl

Rib* 2',3',5"-tri-O-acetyl-(-D-ribofuranosyl
Rib"™™  2',3"-0-iso-propylidene-3-D-ribofuranosyl
Rib” 5-O-phosphoryl-B-D-ribofuranosy!

MEM methoxymethylene

Ns 2-nitrophenylsulfonyl

PNB p-nitrobenzyl
PpNs 4-nitrophenylsulfonyl
DNs 2,4-dinitrobenzenesulfonyl

Ms methanesulfonyl

TBDPS  t-butyldiphenylsilyl

TBS t-butyldimethylsilyl

T trifluoromethanesulfonyl
TFA trifluoracetic acid

T™MS trimethylsilyl

Ts toluenesulfonyl
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ABSTRACT: A protocol for the synthesis of tetrazolylimidazole derivatives by introducing
two heteroatom nucleophiles at the purine C2 position has been developed. 9-Substituted
2,6-diazidopurines undergo SnAr reaction with heteroatom nucleophiles at their C2 due to
azide-tetrazole tautomeric equilibrium. The obtained 6-azido-2-heteroatom-substituted purine
derivatives are susceptible to yet another nucleophile attack at C2, which leads to various
tetrazolylimidazoles as ring-opening products. The latter contains an amine side chain, which
is highly decorated in the form of carbonimidate, carbamimidate, or their thio analogs. The
product yields are in the range of 36—88%. The tetrazole moiety of the ring-opening compounds
can be N-alkylated and further used in cyclization providing fused 1,4-diazepines

(50-62% yields), thus demonstrating a useful purine ring expansion protocol.

base %
<:. 2) @ base

INTRODUCTION

(Het)Aryl-(Het)Aryl structural unit is a well-established motif in medicinal chemistry and
materials science. In most of the cases, it is achieved by transition metal-catalyzed cross-

coupling reactions. However, cross-coupling of two nitrogen-rich heterocycles still remains a
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challenging task due to unwanted coordination with the catalyst and due to the instability of
several heterocyclic organometallic(metalloid) coupling partners.'~

In this context, purine ring-opening offers an alternative approach, leading either to substituted
imidazoles or pyrimidines depending on the ring-opening site (Scheme 1, A).%’ To construct a
new heterobiaryl in the traditional setup one would need to transform the cleaved purine ring
depending on the functional handles. Yet, if one would be able to combine azide-tetrazole
equilibrium® with purine ring-opening, then a single reaction would provide tetrazolyl-

9-12

imidazole derivatives. Indeed, we®'? and others!® have observed that 2,6-diazidopurines are

capable to undergo azide-tetrazole equilibrium (for example, IV<>V in Scheme 1, B). This in

10-1214 even if for 2,6-

turn can lead to unusual C2-selectivity for purine SnAr reactions,
disubstituted substrate, which contains two identical leaving groups, the C6-position is more
susceptible towards nucleophile attack.!%!%!>2* Dyring our previous research on C2-selective
SnAr reactions of 2,6-diazidopurine scaffold we have sometimes encountered non-purine side
products, especially if strong bases were used to facilitate the nucleophilic substitution process.
Structure elucidation of all products and careful process design allowed us to create regio- and
chemoselective C2-substitution of 2,6-diazidopurine derivatives (IV <> V — VI, Scheme 1,
B).!'* This reactivity can be extended to the controlled next nucleophile attack at the C2-position
in compounds of type VI, which would result in the purine ring-opening (VII — VIII, Scheme
1, C). Hence, we report here the developed protocol for the synthesis of tetrazolylimidazole
derivatives VIII bearing highly functionalized carbonimidate and carbamimidate side chains,
including their thio-variations. We have also developed a ring-closing procedure of product
VIII that results in novel tricyclic imidazo[4,5-f]tetrazolo[1,5-d][1,4]diazepines IX (Scheme 1,
O).

To the best of our knowledge, there are only a scarce few reports on mono-azido pyrimidine
ring-opening resulting in tetrazolyl systems'***23, but our approach demonstrates the synthetic
potential of simple purine starting materials in the synthesis of tetrazolylimidazoles with broad
substrate scope and many variations on exocyclic nitrogen substitution pattern. The latter also
permits ring closure due to the existing N=C functionality, which can be considered a form of
skeletal editing of the original purine core.?*3” It should be mentioned that such

3840 of acadesine and

tetrazolylimidazoles of type VIII can be considered as tetrazole isosteres
AICAR (5-aminoimidazole-4-carboxamide ribonucleotide) that are adenosine regulating
agents and known as “Exercise in a Pill”.*'*> The newly developed ring-opening-closing

strategy could help facilitate new drug discovery, especially since the formed 1,4-diazepines

2



structures play a prominent role in medicinal chemistry.**~*° Additionally, imidazodiazepines,
which are represented by natural product azepinomycin,*®*! belong to the class of homopurine
alkaloids or ring-expanded (“fat”) purines’>™* that are known as guanase (EC 3.5.4.3)

inhibitors.>> 8
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Scheme 1. Pyrimidine ring transformations in purines

RESULTS AND DISCUSSION

At the outset of the method development, we established the optimized conditions for the title
reaction (Table 1). Starting material 1 was obtained by our previously reported method, '%1%143
which includes C2-selective SnAr reaction of the corresponding thiol with 2,6-diazidopurine
derivative. Cyclohexanethiol was chosen as a reactant to avoid possible E/Z-isomers for the
expected carbonimidodithioate moiety of the product. Weaker bases (e.g. K2COs3) or those
formally providing protic equilibrium conditions (DBU, entry 3, Table 1) gave either very low
conversion of the starting material or resulted in unwanted Cé6-addition product 3. Next,
stronger bases were tested, and the ring-opening product 2a formed in moderate 55-62% yields
(entries 1 and 2, Table 1). At this point, different solvents were screened with 1.5—
1.6 equivalents of base (NaH or KOsBu, entries 4-11, Table 1). In these experiments, DMF
appeared to be the superior solvent. Variation of the amount of base either way also did not
increase the yield (entries 12—13, Table 1). Finally, the impact of temperature on reaction yield

was tested (entries 1415, Table 1), and the best qNMR yield of 68% for product 2a was
3



achieved at 0 °C. It is known that lowering the temperature shifts the equilibrium towards the

tetrazole tautomer,? %

which correlates with our results. Since DMF was also the most suitable

solvent for the synthesis of starting material 1'* purine ring-opening step can be nicely

combined with the initial SyAr substitution in a one-pot reaction with a stepwise addition of

different bases.

Table 1. Optimization of reaction conditions for ring-opening of compound 1 with

N3
O
C

entry solvent
1 DMF
2 DMF
3 DMF
4 toluene
5 MeCN
6 MeCN
7 THF
8 THF
9 i-PrOH
10 DMSO
11 NMP
12 DMF
13 DMF
14 DMF
15 DMF

SH N-

N

st

N\

H

Gh

base (eq) temp (°C)
NaH (1.5) r.t.
KOrBu (1.5) r.t.
DBU (1.5) 0
KO7Bu (1.6) r.t.
NaH (1.5) r.t.
KO7Bu (1.6) r.t.
NaH (1.5) r.t.
KOBu (1.6) r.t.
KOrBu (1.6) r.t.
KOrBu (1.6) r.t.
NaH (1.5) r.t.
NaH (0.9) r.t.
KOBu (2.5) r.t.
NaH (1.5) 0
KOrBu (1.6) 0

‘N

|
N N
Conditi </ |
onditions N
S° :

cyclohexanethiol

e
SO
C

3, main by-product,
determined by LC-MS

2a yield (%)* Starting
material 1 (%)*
55 12
62 4
0 55
4 68
8 76
50 20
43 40
36 30
34 24
64 2
39 21
44 32
54 7
68 5
64 8

* gNMR vyield of a crude reaction mixture using 1,2,3-trimethoxybenzene as an internal standard

Having found the optimal reaction conditions, we examined the scope of the diazidopurine ring-

opening reaction with thiolates (Scheme 2). Purines with N-9 alkyl, aryl, and ribosyl

substituents provided the desired products in up to 71% yield. We have also demonstrated that



the ester protecting groups can be maintained for nucleoside analogs if controlled amounts of
thiol and base are used (products 2j-1). Reactions proceeded smoothly with both primary and
secondary thiols. However, the synthesis of cyclized product 2m with dithiane was unsuccessful
under the explored reaction conditions. Also, aromatic thiols were unreactive towards ring-
opening (envisaged compound 2n), most probably due to the better-leaving group capacity of
the thiophenolate ion. The main competing reaction in all cases was the formation of a 2,6-

disubstituted product, which was separated from the main product by column chromatography.
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Scheme 2. Scope of 2,6-diazidopurine 4a-d ring-opening with thiolates; synthesis of starting
materials 4b° and 4d'® are previously reported. Crystallographic data for 2a have been
deposited with the Cambridge Crystallographic Data Center as a supplementary
publication No. CCDC-2284095.



Afterwards, we focused our attention on the purine ring-opening with alkoxides in a
symmetrical fashion, by adding at least two equivalents of the same alcohol in a step-wise
process. This time toluene turned out to be the optimal choice of solvent for the one-pot stepwise
addition of O-nucleophiles to 2,6-diazidopurines (screening of reaction conditions is described
in ESI Table S1). It is interesting to note that conditions, that worked well for thiol nucleophiles
(NaH / DMF, Scheme 2), gave mostly SyAr product at C6 instead of the expected ring-opening.
As alkoxides required a “special treatment”, we briefly reexamined also bases, but NaH still
outperformed any other reagent. We were surprised to find out that KO#Bu in toluene displayed
decent 9:1 selectivity towards C-6 substitution products. Finally, we found that a dropwise
addition of the nucleophile was crucial for achieving higher selectivity towards C-2 substitution
and further ring-opening. Then, the optimal conditions (NaH in toluene) were implemented to
explore the substrate scope of the diazidopurine ring-opening with alkoxides (Scheme 3). Many
primary and secondary alcohols were suitable for the reaction, and corresponding products (5a—
g) were obtained in good yields. Furthermore, we obtained the cyclized ring-opening product
5h using ethylene glycol. Purines bearing phenyl group at the N-9 position were also
successfully transformed into ring-opening products (5i—p), although the yields were lower. At
this point of method development, the reaction scope is limited only to aliphatic alcohols. Also,
reactions with sterically demanding alcohols, such as adamantanol and #-butanol, were
unfruitful. The lower-end yields are due to poor regioselectivity and hydrolysis of the ring-

opening products to the respective carbamates.
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Scheme 3. Scope of ring-opening of 2,6-diazidopurines 4c,e,f with alkoxides; synthesis of
starting material 4€’ is previously reported. Crystallographic data for 5S¢ and Sh have been
deposited with the Cambridge Crystallographic Data Center as supplementary
publications No. CCDC-2280801 and CCDC-2280803, respectively.

Next, we wanted to see if we can access bifunctional ring-opening products containing thio and
alkoxy units. The initial attempts starting from 5-alkylthio-7-alkyl-7H-tetrazolo[5,1-i]purine
were unsuccessful so instead we sought if we can access the bifunctional ring products from 5-
alkoxy-7-pentyl-7H-tetrazolo[5,1-i]purine 6a-c (tetrazole tautomers of 6-azido-2-alkoxy-
purines) (Scheme 4).



We soon realized that this transformation required some solvent fine-tuning. On some occasions
previously found ring-opening conditions (NaH/DMF) gave satisfactory yields (products 7a,b),
but others required toluene as a solvent to reach similar yields. Also, the first SNAr process (4e
— 6a-c) with alkoxide nucleophiles proceeded better in toluene. With this adjustment done, we
were able to isolate purine ring-opening products by adding sequentially secondary and primary
alcohol (7a), two different secondary alcohols (7b), and alcohol-first / thiol-second (7¢-f). Both
primary (phenylethanethiol) and secondary (i-PrSH, c-HexSH) alkanethiols can be used. Based
on the obtained X-ray results we propose that a more electronegative group is located anti to
imidazole ring (compounds 7e and 9b, Schemes 4 and 5, respectively). In the case of alkoxides,
we compared the Taft inductive 6* constants for alkoxy substituents (6*(OMe) = 1.79; 6*(OiPr)
= 1.61; 6*(OcHex) = 1.88)*% and propose that product 7a is with Z and product 7b with E

configuration (Scheme 4).
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Scheme 4. Synthesis of 6-azido-2-alkoxy-purines 6a-c¢ and their ring-opening with alkoxides
and thiolates; synthesis of starting material 4¢° is previously reported. Crystallographic data
for 7e have been deposited with the Cambridge Crystallographic Data Center as a
supplementary publication No. CCDC-2280805.

Next, we set out to explore the use of nitrogen nucleophiles for the ring-opening transformation.
The SnAr reactions of 2,6-diazidopurine 4e with piperidine and dimethylamine proceed
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smoothly in DMF without any other base additive similar to our previous reports (Scheme 5).>!!

It appeared that compounds of type 8a,b were unreactive towards the second N-nucleophile,
including their deprotonated versions. Fortunately, compounds 8a,b were reactive towards
alkoxides as O-nucleophiles, and expected carbamimidates 9a-i were obtained (Scheme 5). A
brief condition screening was accomplished (Table S2, see ESI), and again the NaH/DMF
system proved to be the most effective one. Both primary and secondary alcohols gave the
desired products, and the reaction with the least sterically hindered pair of substituents (such as
Me;N- and MeO-) provided the best outcome as demonstrated by product 9i, which was
obtained in 74% yield. However, phenol/phenoxide was unreactive in this reaction and the
reaction with terc-butanol yielded a hydrolysis product — carboxamide 9°, which was also the

main by-product in other reactions within this scope, if piperidinyl-substituted starting material

8a was used.
N—N N’N‘\N
I N N ! N
RzNH ‘ N ROH,NaH (3eq.) ‘ H

% NANRZ — o Sy

n C5H11 n- C5H11 H-C5H11J\
= (CH R,;N” “OR

4e 8a, R, _ = Me 25 64%

8b,R, o 56%

N-N

I N
N N
¢ "
NN

n-CeHyq |
QN*O/

N-N N-N

'y "\
H gf S
”C5H11 n-CeHyy | 1-CeHyq
Saalcanlican:
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N NN N
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e ! gf S
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Q 9e, 45% Q of, 46% Q 9g, 36% Q h, 50%
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f\ N N <N N
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> )\ NN O NAO
)
9i, 74% 9j, 0% 9", 48%

Scheme 5. Ring-opening of 2-amino-6-azido-purines (better represented as their tetrazole
tautomer) 8 with alkoxides. Crystallographic data for 9b have been deposited with the
Cambridge Crystallographic Data Center as a supplementary
publication No. CCDC-2284093.



After establishing the synthetic methodology for the purine ring-opening we were intrigued

about the possibility to recyclize these products and to obtain fused 1,4-diazepine structures as

homopurine analogs. For this reason, we performed tetrazole N-alkylation either with 2-

chloroacetonitrile or ethyl bromoacetate, which yielded intermediates 10a-e (Scheme 6). The

acidic methylene group could then be used to create an internal C-nucleophile, which would

attack carbamimidate, carbonimidate, or carbonimidodithioate functionality and form the C-C

bond. Implementation of this concept provided a fully substituted fused 1,4-diazepine core in

products 11, with the only exception being compound 11d en route to which ester hydrolysis

and decarboxylation occurred in the reaction mixture. There are some reports on purine ring

expansion to imidazodiazepines,3>~3867-%

yet these approaches use standard AICAR

intermediate. In these literature reports 5-amino group of 5-aminoimidazole-4-carboxamide

moiety is reacted with Cz synthon followed by cyclization upon reaction with 4-carboxamide

group. Our approach requires only additional C;-fragment for ring closure as the original purine

carbon atom residing in carbonimidate, carbamimidate and carbonimidodithioate functionality

is also used for the ring closure. Moreover, this is the first report on the formation of tricyclic

imidazo[4,5-f]tetrazolo[ 1,5-d][1,4]diazepine core.

NN N~"{N
\ \
¢ oYNaH K or NaH
N ‘ N ko, (Nf\ KGO~ :(\\
g\l N DMF, 60 °C N T owRnr <N f
LI,
10a-e 11a-e
N N N
- N- N-N
\ ‘,N b I N
N N
</ ‘ LCN </ ‘ LCN </ ‘ LCN gv \// % ‘ \cn
N
nCHﬂ)\ H11)\ nCH‘H)\ ncsHﬂ)\ | J\
o o/\

10a, 78% 10b, 72% 10c, 42%

n-CgHy,

N n-CyH N— n-CgH 0

5 51111 5111

O / A
11a, 69%

11b, 61% 11c, 60%

11d, 60%

ST S
) 10d, 43% )\ 10e, 55%

- o

11e,62%

Scheme 6. Synthesis of tetrazole fused diazepines 11 using leaving group activity row

RS>RO>RN in ring closing reactions. Crystallographic data for 10b and 11d have been

deposited with the Cambridge Crystallographic Data Center as supplementary
publications No. CCDC-2284094 and CCDC-2280807, respectively.
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The proposed mechanism of the purine ring-opening reaction is depicted in Scheme 7. We
propose that the transformation sequence is initiated by azide-tetrazole equilibrium directed
regioselective SNAr reaction leading to substitution product 12. This is followed by the attack
of'a second nucleophile and the formation of Meisenheimer complex 13. Evidently, the tetrazole
moiety is the best leaving group in the intermediate 13 and thus the ring-opening occurs. The
proposed Meisenheimer complex in this situation is very likely highly stabilized due to the
electron-withdrawing properties of the fused tetrazole ring as shown in similar cases studied by

us recently.”®

_ N

%fx SNAr </fx,mf </ﬁ *</ILH

13 u1J\

Meisenheimer 14
complex
(NfN NfN
4
N N/)\ Ny gﬂ N/)\Nu1
A 4A e 13A
Scheme 7. Proposed mechanism for 2,6-diazidopurine ring-opening with nucleophiles.

With several dozens of novel tetrazolylimidazoles in hand, we decided to test conceptually their
prospective application in medicinal chemistry. Imidazoles and tetrazoles belong to the group
of azoles that are well-established as ligands for metal coordination.”’”’® On the other hand,
among the enzymes that are regarded as drug targets, a prominent group is metalloenzymes,
and within this group, zinc enzymes constitute the largest number.””>’® Thus, we have chosen
human carbonic anhydrases (CAs, EC 4.2.1.1) as representative zinc enzymes and have tested
the inhibitory capacity of selected purine ring-opening products against the isoforms CA I, I,
IV, and IX (Table 2). Both ubiquitous cytosolic CA I and CA II being off-targets’**® were not
inhibited by the studied compounds.

The membrane-associated isozyme hCA IV8'~83 was moderately inhibited with Kjs being in the
low micromolar range. The compounds studied can be divided into two groups with K; <3 uM
and less active compounds with K; > 3 uM. Compounds belonging to the most active group
(2d, 21, 5g, 5k, 50, 7d, and 7e) inhibited CA IV with Kjs values in the range from 2.38 pM to
2.93 uM, where the most active compound was 7d. The less active compounds (2a, 2g, 5b, 7b,
9a, 9f, 9h, and 9i) inhibited CA IV with K values in the range from 3.01 to 4.98 uM.
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Cancer associated CA IX isoform’®-%°

was inhibited in the micromolar range by most of the
inhibitors. Compounds 2a, 2d, 2g, and 7e showed weaker inhibition with K; values in the range
from 2.96 to 5.76 uM. The rest of the compounds can be divided into two groups, where less
active compounds (21, 9h, 7d, and 9i) inhibited CA IX with Kis in the range from 0.47 to 0.79
UM. The most active inhibitors (5b, 5g, 5k, 50, 7b, 9a, and 9f) are several times more active
having Kis values below 0.25 uM and ranging from 0.14 to 0.25 uM. Even though the latter
compounds are an order weaker inhibitors if compared to nonselective acetazolamide (AAZ),
they exhibit notable selectivity towards CA IX over CA I and CA 11, and good selectivity over
CA IV. For instance, the most active inhibitor Sk having Ki = 0.14 uM shows selectivity

CAIV/CAIX =21.

Table 2. Inhibition data of human CA isoforms CA I, I, IV and IX with compounds A and the
standard sulfonamide inhibitor acetazolamide (AAZ) by a stopped-flow CO, hydrase assay.’*

T
</Nf”
NN
R1 RZM\RS
A
Ki (pM)*

Comp. R R’ R’ hCAT | hCATI hl(i,A hCA IX
2a C—C5H9— C—C6H11—S— C—C6H11—S— >100 >100 3.48 0.58
2d n-C7H;s- c-C¢Hy1-S- c-CeHy1-S- >100 >100 2.55 0.39
2g CeHs- c-CeHj1-S- c-CeHi1-S- >100 >100 3.89 0.30
21 Tris-OAc-Rib n-CgH,7-S- n-CgH,7-S- >100 >100 2.93 0.48
5b n-CsHy- CH;CH,O- CH;CH,0O- >100 >100 4.02 0.18
5g n-CsHy;- CsHsCH>O- CsHsCH,O- >100 >100 2.47 0.23
5K CsHs- CH5(CH:,0- | CH5(CH1),0- >100 >100 2.91 0.14
50 4-NO,-CeHa- CH3(CH,),0- CH3(CH,)0- >100 >100 2.67 0.25
Tb n-CsHy;- c-C¢Hp1-O- (CH3)2,CHO- >100 >100 3.10 0.16
7d n-CsH, - (CH3),CHO- | CeHsCH,CHa-S- | >100 >100 2.38 0.47
Te n-CsHyi- (CH3)2CHO— c-CgHji1-S- >100 >100 2.54 0.51
9a n-CsHy- (CH)sN- CH;0- >100 >100 421 0.20
9f n-CsH, - (CH»):N- | HC=C(CH,),0- | >100 >100 3.69 0.21
9h n-CsHi - (CHa)sN- CsHsCH,O- >100 >100 4.52 0.62
9i n-CsHy- (CH3),N- CH;0- >100 >100 4.98 0.79

AAZ - - - 0.25 0.013 0.074 0.025

2 Mean from 3 different assays, by a stopped-flow technique (errors were in the range of = 5-10 % of the reported values).

In summary, we have developed a practical synthetic method, which provides divergent
heteroatom-containing tetrazolylimidazoles via a ring-opening reaction of diazidopurines. The
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preparative procedure employs widely available purines as substrates and uses common
nucleophilic reagents. The intrinsic azide-tetrazole equilibrium of azidopurine substrates acts
as a driving force for this transformation. Firstly, the tetrazole tautomer at the C-6 position
blocks the S~Ar process at C-6 and activates the system towards nucleophile attack at C-2.
Secondly, the fused tetrazole acts as an electron-withdrawing moiety and internal leaving group,
thus enhancing the ring-opening of the pyrimidine cycle. The library of tetrazolylimidazoles
bearing carbonimidodithioate (16 examples, 43—78%), carbonimidate (18 examples, 36—-88%),
and carbimidate (10 examples, 36-75%) side chains is obtained. The obtained ring-opening
products are easily converted into tricyclic imidazo[4,5-f]tetrazolo[1,5-d][1,4]diazepines that
represent a novel class of ring-expanded homopurines. This is a useful addition to the toolbox
of purine skeletal editing, which sets a way for synthesis of novel diazepine analogs to well-
known CNS drugs. Last but not least, the developed heteroatom-rich ring-opening products
were found to be active as metalloenzyme inhibitors. A potent inhibitory activity of these
compounds against cancer associated human carbonic anhydrase IX isoform was discovered.
To the best of our knowledge, variously substituted tetrazolylimidazoles are new chemotype in
the realm of carbonic anhydrases inhibitors, thus giving a solid ground for further investigations

in terms of medicinal chemistry.

EXPERIMENTAL SECTION

General information

Reagents purchased from Alfa Aesar, Acros Organics, and Sigma Aldrich were used as received.
All solvents were distilled before use. DMF, NMP, and DMSO were distilled from CaH; under
reduced pressure. THF and toluene were distilled from Na under an Ar atmosphere. Upasil 60
silica gel (40-63 um, 60 A) was used for column chromatography. Chromatography was
monitored by TLC (E. Merck Kieselgel 60 F»s4) and visualized with UV light. HPLC analysis
was performed using an Agilent Technologies 1200 Series system equipped with Agilent
G1315C DAD (A= 190-400 nm) and an X-Bridge C18 column, 4.6 x 150 mm, particle size 3.5
um, with a flow rate of 1 mL/min, using 0.1% TFA/H>O and MeCN for the mobile phase. The
IR spectra were recorded in KBr or hexachlorobutadiene (4000-2000 cm™') and paraffin oil
(2000-450 cm™) with a Perkin-Elmer Spectrum 100 BX FTIR spectrometer. High-resolution
mass (HRMS) (electrospray ionization (ESI)) was recorded with an Agilent 1290 Infinity series
ultra-high pressure liquid chromatography connected to an Agilent 6230 time-of-flight (TOF)

mass spectrometer or (atmospheric pressure chemical ionization (APCI)) on a 7TsolariX XR
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(Bruker Daltonik GmbH) Fourier transform ion cyclotron resonance mass spectrometer
equipped with an APCI source. Single-crystal diffraction data were collected on an XtalLAB
Synergy-S Dualflex diffractometer (Rigaku Corporation, Tokyo, Japan) equipped with a
HyPix6000 detector and micro-focus sealed X-ray tube (Rigaku, Tokyo, Japan) using Cu Ka
radiation (A = 1.54184 A). Single crystals were fixed with oil in a nylon loop of a magnetic
CryoCap and set on a goniometer head. The samples were cooled down to 150 K, and w-scans
were performed with a step size of 0.5°. Data collection and reduction were performed with
CrysAlisPro 1.171.40.35a software (Oxford Diffraction Ltd., Abingdon, UK). The structure
solution and refinement were performed with SHELXT®® and SHELXL3¢ software, which are
part of the CrysAlisPro and Olex2 suites. The H atoms were positioned geometrically and
treated as riding on their parent C or N atoms. Molecular graphics were prepared using ORTEP3
for Windows®” and Mercury®®. The PLATON® tool was used for the geometrical calculations.
'"H and C NMR spectra were recorded on Bruker Avance 300 and Bruker Avance 500
spectrometers (Bruker Nordic AB, Solna, Sweden). Chemical shifts (3) were reported in ppm,
and coupling constants (/) in Hz. Residual solvent peaks (‘H) or ('3C) were used as the reference
(for "TH-NMR: CDCl3 & = 7.26 ppm, DMSO-ds § = 2.50 ppm, MeOD-d, & = 3.31 ppm, and for
BC-NMR: CDCl3 § = 77.16 ppm, DMSO-ds & = 39.52 ppm, MeOD-ds & = 49.1 ppm).
Multiplicities are reported as s (singlet), d (doublet), t (triplet), q (quartet), and m (multiplet).

An applied photophysics stopped-flow instrument has been used for assaying the CA-catalysed
COz hydration activity. Phenol red (at a concentration of 0.2 mM) was used as an indicator,
working at the absorbance maximum of 557 nm, with 20 mM Hepes (pH 7.5) as a buffer and
20 mM NaxSO4 (for maintaining constant the ionic strength), following the initial rates of the
CA-catalysed CO» hydration reaction for a period of 10 — 100 s. The CO: concentrations ranged
from 1.7 to 17 mM for the determination of the kinetic parameters and inhibition constants. For
each inhibitor, at least six traces of the initial 5—10% of the reaction have been used for
determining the initial velocity. The uncatalyzed rates were determined in the same manner and
subtracted from the total observed rates. Stock solutions of inhibitor (0.1 mM) were prepared
in distilled-deionized water, and dilutions up to 0.01 nM were done thereafter with the assay
buffer. Inhibitor and enzyme solutions were preincubated together for 15 min at room
temperature before assay to allow for the formation of the E-I complex. The inhibition constants
were obtained by nonlinear least-squares methods using PRISM 3 and the Cheng-Prusoff

90-94

equation, as reported earlier, and represent the mean from at least three different
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determinations. All CA isoforms were recombinant ones obtained in-house as reported

earlier.?>100

Synthesis methods and characterization of obtained compounds
Diazides 4b, 4d, and 4e were prepared according to the literature procedures.*!3
General procedure for the synthesis of diazidopurines 4a, 4c and 4f (see ESI Scheme S1)
To a round bottom flask, 2,6-dichloropurine (1.0 eq.) and NaN3 (4.0 eq.) were added, dissolved
in acetone/water mixture (10:1 ratio), and stirred at 50 °C overnight. After reaction completion
(monitored by HPLC), the reaction was cooled to r.t., and the solvent evaporated under reduced
pressure. Water (40 mL) was added to the mixture and extracted with DCM (3%20 mL). The
combined organic phase was washed with saturated NaCl solution (2x10 mL), dried over
anhydrous Na>SQy, filtered, and evaporated under reduced pressure to yield the product.
2,6-Diazido-9-cyclopentyl-9H-purine (4a)
N N\3N Prepared according to general procedure using 2,6-dichloro-9-cyclopentyl-9H-
8§/Nf,(/kN3 purine (2.01 g, 7.82 mmol, 1.0 eq.), NaN3z (2.04 g, 31.4 mmol, 4.0 eq.) and
2¢ acetone/water (30:3 mL). Yield: 2.03 g, 96%. Colourless solid, Rt = 0.57
(Tol/MeCN =3:1). IR v (cm™): 2962, 2880, 2133, 2122, 1608, 1569, 1356, 1224,
997, 788. 'H-NMR (500 MHz, CDCl3) § (ppm): 7.93 (s, 1H, H-C(8)), 4.88 (quintet, 1H, 3J =
7.0 Hz, 1xH-C(1")), 2.34-2.24 (m, 2H, (-CH>-)), 2.02-1.90 (m, 4H, 2x(-CH>-)), 1.86—1.75 (m,
2H, (-CHz-)). C{'H}NMR (126 MHz, CDCls) & (ppm): 155.7, 154.0, 153.7, 142.1, 121.8,
56.5,32.7, 24.1. HRMS (ESI): calculated for [CioH1oN1o + H'] 271.1163, found 271.1138.
2,6-Diazido-9-phenyl-9H-purine (4¢)

N

3

y fN Prepared according to general procedure using 2,6-dichloro-9-phenyl-9H-
z-afN ‘ oy, purine!”' (1.20 g, 4.52 mmol, 1.0 eq.), NaN; (1.18 g, 18.08 mmol, 4.0 eq.) and

acetone/water (40:4 mL). Yield: 1.22 g, 97%. Colourless solid, Rr= 0.63
“ (Tol/MeCN = 3:1). IR v (cm™): 2941, 2853, 2135, 2125, 1612, 1515, 1400,
1353, 1267, 1181, 1042. 'H-NMR (500 MHz, CDCl3) & (ppm): 8.18 (s, 1H, H-C(8)), 7.68 (d,
2H, 3J = 7.8 Hz, 2xH-C(2")), 7.58 (t, 2H, 3J = 7.6 Hz, 2xH-C(3")), 7.48 (t, 1H, J = 7.6 Hz, H-
C(4"). BC{'HINMR (126 MHz, CDCl3) & (ppm): 156.8, 154.5, 153.6, 142.6, 134.2, 130.1,
128.8, 123.4, 121.9. HRMS (ESI): calculated for [C1iHsN1o + H*] 279.0850, found 279.0873.
2,6-Diazido-9-(4-nitrophenyl)-9H-purine (4f)

3
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y N\3N Prepared according to general procedure using 2,6-dichloro-9-(4-nitrophenyl)-
2'8§qu)\,\‘3 9H-purine'” (1.00 g, 3.22 mmol, 1.0 eq.), NaN3 (0.84 g, 12.9 mmol, 4.0 eq.)
5 and acetone/water (30:3 mL). Yield: 1.00 g, 96%. Colourless solid, R¢= 0.50
p (Tol/MeCN = 3:1 + 0.5% AcOH). IR v (cm™): 3102, 2132, 1589, 1569, 1507,
1349, 1269, 1163, 1110. '"H-NMR (500 MHz, CDCl3) § (ppm): 8.46 (d, 2H, *J = 9.2 Hz, 2xH-
C(2"), 8.28 (s, 1H, H-C(8)), 8.01 (d, 2H, 3J = 9.2 Hz, 2xH-C(3")). *C{'H}NMR (126 MHz,
CDCl3) 6 (ppm): 157.4, 155.1, 153.4, 147.0, 141.3, 139.4, 125.7, 123.2, 122.1. HRMS (ESI):
calculated for [C11HsN 102 + H'] 324.0700, found 324.0705.
6-Azido-2-(cyclohexylthio)-9-cyclopentyl-9H-purine (1)
i N, ) ) h/M‘lN Cyclohexanethiol (0.50 mL, p = 0.95 g/cm?,
sgNﬁis /1@3 51_9;0 i {NI;N\S /1@3 4.09 mmol, 1.1 eq.) was added to a suspensm.n
» > of K»COs3 (660 mg, 4.78 mmol, 1.3 eq.) in
¢ ¢ DMF (10 mL) and stirred at 20 °C for 20 min.
Next, 9-cyclopentyl-2,6-diazidopurine (4a) (1.00 g, 3.63 mmol, 1.0 eq.) in DMF (10 mL) was

o.

added, and the reaction mixture was stirred at 45 °C temperature for 16 h (monitored by HPLC).
Toluene (150 mL) was added to the reaction mixture, and the resulting solution was washed
with H>O (20 mL), followed by an aqueous 13% NaCl solution (10 mL). The aqueous layers
were combined and back-extracted with toluene (3x4 mL). The combined organic phase was
washed with saturated NaCl solution (2x8 mL), dried over anhydrous Na,SOs, filtered, and
evaporated under vacuum. Crude mixture purified by silica gel column chromatography
(Tol/MeCN, 0%—20%). Yield: 1.04 g, 82%. Colourless solid, Rf= 0.34 (Tol/MeCN = 3:1). IR
v (cm™): 3089, 2939, 2924, 2854, 1628, 1490, 1448, 1361, 1218, 1042, 934. 'H-NMR (500
MHz, DMSO-de) § (ppm): 8.53 (s, 1H, H-C(8)), 5.02 (quintet, 1H, 3J= 7.7 Hz, H-C(1")), 4.08
(tt, 1H,3J = 10.4 Hz,3J = 3.6 Hz, H-C(1")), 2.30-2.12 (m, 6H, 3x(-CH>-)), 1.98-1.89 (m, 2H,
(-CH»-)), 1.83-1.61 (m, 7H, 3x(-CH»-), (H.-CH)), 1.54-1.44 (m, 2H, (-CH»-)), 1.41-1.34 (m,
1H, (Ho-CH)). BC{'H'NMR (126 MHz, DMSO-ds) § (ppm): 145.5, 145.0, 142.8, 142.0, 117.8,
57.2,44.7,31.9,31.8,25.5,25.0,24.0. HRMS (ESI): calculated for [Ci1sH21N7S +H"] 344.1652,
found 344.1677.

General procedure for the synthesis of tetrazolyl-imidazolyl-carbonimidodithioates 2a-i
Thiol (1.1 eq.) was added to a suspension of K,CO3 (1.5 eq.) in DMF (5 mL) and stirred at
20 °C for 20 min. Next, 2,6-diazidopurine derivative 4 (1.0 eq.) in DMF (5 mL) was added, and
the reaction mixture was stirred at 45 °C overnight (monitored by HPLC). After complete

conversion of the starting material was achieved, the reaction mixture was cooled to 0 °C.
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Separately second portion of thiol (1.2 eq.) was added to a suspension of NaH (1.2 eq.) (57—
63% suspension in mineral oil) in DMF (4 mL) and stirred at 20 °C for 20 min. The resulting
mixture was added to the cooled purine solution, and the combined mixture was stirred at 0 °C
for 1 h, then at 20 °C for 30 min. If starting material was still present (monitored by HPLC),
additional thiol (0.2 eq.) and NaH (0.3 eq.) were added. The reaction was quenched with AcOH
(0.75 mL) and diluted with toluene (200 mL). The mixture was washed with H>O (1x20 mL)
and aqueous 13% NaCl solution (2x10 mL). To the combined aqueous layer AcOH (0.25 mL)
was added and back-extracted with toluene (3x8 mL). The combined organic phase was washed
with saturated NaCl solution (2x10 mL), dried over anhydrous Na>SOs, filtered, and evaporated
under vacuum. The crude reaction mixture was purified by silica gel column chromatography.
Dicyclohexyl (1-cyclopentyl-4-(1H-tetrazol-5-yl)-1H-imidazol-5-yl)carbonimidodithioate
(22)

s Prepared according to general procedure using cyclohexanethiol (2x0.25
247 f'\ mL, p = 0.95 g/lem?, 2.04 mmol, 1.1 eq.), K2COs (380 mg, 2.75 mmol, 1.5
i> )\ Q eq.), 2,6-diazidopurine 4a (500 mg, 1.85 mmol, 1.0 eq.) and NaH (53 mg,

2.21 mmol, 1.2 eq.). Column chromatography gradient: Tol/MeCN
0%—20% (+0.5% AcOH). Yield: 560 mg, 65%. Colourless solid, R¢= 0.27

(Tol/MeCN = 3:1 (+0.5% AcOH)). IR v (cm™): 2974, 2929, 2852, 1616, 1582, 1447, 1261,

1199, 1070, 981, 958. 'H-NMR (300 MHz, CDCls, 50 °C) § (ppm): 7.95 (s, 1H, H-C(2)), 4.37

(quintet, 1H, 3J= 6.8 Hz, H-C(1")), 3.84 (brs, 2H, 2xH-C(c-Hex)), 2.27-2.04 (m, 6H, 3x(-CH>-

)), 2.02—1.85 (m, 4H, 2x(-CHz-)), 1.85-1.65 (m, 6H, 3x(-CHz-)), 1.65-1.20 (m, 12H, 6x(-CHa-

)). BC{'H}NMR (126 MHz, CDCls, 50 °C) & (ppm): 175.0, 149.8, 139.1, 133.0, 111.3, 57.0,

46.2, 33.6, 33.1, 26.1, 25.7, 24.1. HRMS (ESI): calculated for [C22H33N7S; + H'] 460.2312,

found 460.2290.

Diisopropyl (1-cyclopentyl-4-(1 H-tetrazol-5-yl)-1H-imidazol-5-yl)carbonimidodithioate

(2b)

) N.':;N Prepared according to general procedure using i-propanethiol (2x%0.18 mL,
qu\H p =0.82 g/cm?, 2x1.94 mmol, 2x1.1 eq.), K2CO;3 (380 mg, 2.75 mmol, 1.5 eq.),
i> LS J\ 2,6-diazidopurine 4a (500 mg, 1.85 mmol, 1.0 eq.) and NaH (53 mg, 2.21 mmol,

1.2 eq.). Column chromatography gradient: Tol/MeCN 0%—10% (+0.5%

AcOH). Yield: 482 mg, 69%. Colourless solid, Ry= 0.28 (Tol/MeCN = 3:1 (+0.5 % AcOH)).

IR v (cm™): 2965, 2922, 2868, 1607, 1563, 1451, 1359, 1156, 1070, 986, 946, 831. '"H-NMR

(500 MHz, CDCls, 50 °C) & (ppm): 7.97 (s, 1H, H-C(2)), 4.38 (quintet, 1H, 3/ = 7.0 Hz, H-
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C(1"), 4.00 (brs, 2H, 2xH-C(1")), 2.25-2.15 (m, 2H, (-CHz-)), 2.01-1.88 (m, 4H, 2x(-CH>-)),
1.81-1.70 (m, 2H, (-CHz-)), 1.41 (brs, 12H, 4x(H3C-(2")). “C{'H}NMR (126 MHz, CDCl;,
50 °C) o (ppm): 175.4, 149.8, 139.1, 133.2, 111.4, 56.9, 38.5, 33.1, 24.2, 23.6. HRMS (ESI):
calculated for [Ci6H25N7S, + H'] 490.2781, found 490.2784.
Dioctyl (1-cyclopentyl-4-(1H-tetrazol-5-yl)-1H-imidazol-5-yl)carbonimidodithioate (2c)
NN Prepared according to general procedure using n-octanethiol (2x0.36
(:‘]f:” mL, p = 0.84 g/cm?, 2x2.07 mmol, 2x1.1 eq.), K2CO;3 (380 mg, 2.75
i> g~~~ mmol, 1.5 eq.), 2,6-diazidopurine 4a (500 mg, 1.85 mmol, 1.0 eq.)
and NaH (53 mg, 2.21 mmol, 1.2 eq.). Column chromatography
gradient: Tol/MeCN 0%—14% (+0.5% AcOH). Yield: 600 mg, 62%. Colourless solid, Rf=
0.27 (Tol/MeCN = 3:1 (+0.5 % AcOH)). IR v (cm™): 2959, 2925, 2853, 1616, 1569, 1452, 1201,
1071, 985, 960, 817. 'H-NMR (500 MHz, CDCls, 50 °C) & (ppm): 7.97 (s, 1H, H-C(2)), 4.37
(quintet, 1H, °J = 6.9 Hz, H-C(1")), 3.19 (brs, 4H, 2xH,-C(1")), 2.24-2.15 (m, 2H, (-CH>-)),
2.00-1.87 (m, 4H, 2x(-CH»-)), 1.81-1.65 (m, 6H, 3%(-CH»-)), 1.43-1.34 (m, 4H, 2x(-CH-)),
1.34-1.22 (m, 16H, 8x(-CHa-)), 0.87 (t, 6H,°J = 6.9 Hz, 2xH3-C(8")). *C{'H}NMR (126 MHz,
CDCl3, 50 °C) 6 (ppm): 176.2, 149.8, 139.0, 133.2, 111.5, 57.0, 33.1, 33.0, 31.9, 29.3, 29.2,
29.2,29.0,24.2, 22.7, 14.1. HRMS (ESI): calculated for [C26H4sN7Sz + H'] 520.3251, found
520.3246.
Dicyclohexyl (1-heptyl-4-(1H-tetrazol-5-yl)-1H-imidazol-5-yl)carbonimidodithioate (2d)
N Prepared according to general procedure cyclohexanethiol (2x0.22 mL,

N- N

f'\l\f p =0.95 g/lem?®, 2x1.80 mmol, 2x1.1 eq.), K2CO;3 (320 mg, 2.32 mmol,

H

N 1.4 eq.), 2,6-diazidopurine 4b (500 mg, 1.67 mmol, 1.0 eq.) and NaH (47
S)\s

N
4
<N

mg, 1.96 mmol, 1.2 eq.). Column chromatography gradient: Tol/MeCN

0%—10% (+0.5% AcOH). Yield: 512 mg, 63%. Colourless solid, R¢=
0.27 (Tol/MeCN = 3:1 (+0.5 % AcOH)). 'H-NMR (500 MHz, CDCl3, 50 °C) § (ppm): 7.93 (s,
1H, H-C(2)), 3.93-3.74 (m, 4H, 2xH-C(1"), H>-C(1")), 2.30-2.04 (m, 4H, 2x(-CH>-)), 1.85-
1.67 (m, 6H, 3%(-CHz-)), 1.65-1.55 (m, 2H, (-CH>-)), 1.54-1.20 (m, 18H, 9%(-CH>-)), 0.88 (t,
3H, 3J = 6.8 Hz, H;C(7")). BC{!H}NMR (126 MHz, CDCl3) & (ppm): 174.9, 149.8, 138.8,
135.4, 111.4, 45.9, 45.1, 33.4, 31.7, 30.3, 28.9, 26.7, 26.1, 25.7, 22.7, 14.2. HRMS (ESI):
calculated for [C2aH30N7S2 + H™] 490.2781, found 490.2764.
Diisopropyl (1-heptyl-4-(1H-tetrazol-5-yl)-1 H-imidazol-5-yl)carbonimidodithioate (2¢)
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'\f”\\‘N Prepared according to general procedure using i-propanethiol (2x0.17
\/\/\j:f:ﬂ mL, p = 0.82 g/em?, 2x1.83 mmol, 2x1.1 eq.), K2COs (320 mg, 2.32
) >\ mmol, 1.4 eq.), 2,6-diazidopurine derivative 4b (500 mg, 1.67 mmol, 1.0
)~ eq.) and NaH (47 mg, 1.96 mmol, 1.2 eq.). Column chromatography
gradient: Tol/MeCN 0%—10% (+0.5% AcOH). Yield: 483 mg, 71%. Colourless solid, Rf=
0.26 (Tol/MeCN =3:1 (+0.5 % AcOH)). IR v (cm™"): 2964, 2922, 2864, 1611, 1563, 1501, 1367,
1250, 1174, 1075, 981, 948. 'H-NMR (500 MHz, CDCl3, 50 °C) & (ppm): 7.94 (s, 1H, H-C(2)),
4.00 (brs, 2H, 2xH-C(1")), 3.84 (t, 2H, 3J = 7.3 Hz, H>-C(1")), 1.81 (quintet, 2H, %/ = 7.1 Hz,
H,-C(2')), 1.54-1.22 (m, 20H, 4x(-CHa-), 4xH3C-(2")), 0.88 (t, 3H, °J = 6.8 Hz, H3C~(7")).
BC{'H!NMR (126 MHz, CDCl3, 50 °C) & (ppm): 175.5, 149.8, 138.9, 135.4, 111.4, 45.2, 38.5,
31.7, 30.3, 28.9, 26.7, 23.5, 22.7, 14.1. HRMS (ESI): calculated for [CisH3/N;S> + H']
410.2155, found 410.2171.
Dioctyl (1-heptyl-4-(1 H-tetrazol-5-yl)-1H-imidazol-5-yl)carbonimidodithioate (2f)

N.’N»N Prepared according to general procedure using n-octanethiol
(ZfN\H (2x0.32mL, p =0.84 g/cm®, 2x1.84 mmol, 2x1.1 eq.), K2CO3
\/\/\) s/‘ks/\/\/\/\ (320 mg, 2.32 mmol, 1.4 eq.), 2,6-diazidopurine 4b (500 mg,

1.67 mmol, 1.0 eq.) and NaH (47 mg, 1.96 mmol, 1.2 eq.).
Column chromatography gradient: Tol/MeCN 0%—14% (+0.5% AcOH). Yield: 600 mg, 66%.
Colourless solid, Rr= 0.34 (Tol/MeCN = 3:1 (+0.5 % AcOH)). IR v (cm™): 2957, 2923, 2854,
1610, 1563, 1513, 1377, 1237, 1073, 980, 950. 'H-NMR (500 MHz, CDCls, 50 °C) & (ppm):
7.94 (s, 1H, H-C(2)), 3.84 (t, 2H, 3J = 7.2 Hz, H>-C(1")), 3.18 (m, 4H, 2xH,-C(1")), 1.86-1.76
(m, 2H, (-CHz-)), 1.71 (brs, 4H, 2x(-CHz-)), 1.44-1.20 (m, 28H, 14x(-CHz-)), 0.92—0.83 (m,
9H, 3x(H3C-)). B*C{'H}NMR (126 MHz, CDCl3, 50 °C) & (ppm): 176.4, 149.8, 138.8, 135.3,
111.4, 45.2, 33.0, 31.9, 31.8, 30.3, 29.3, 29.3, 29.2, 29.0, 28.9, 26.7, 22.8, 22.7, 14.1, 14.1.
HRMS (ESI): calculated for [C2sHs1N7S2 + H'] 550.3720, found 550.3743.
Dicyclohexyl (1-phenyl-4-(1H-tetrazol-5-yl)-1H-imidazol-5-yl)carbonimidodithioate (2g)
oy Prepared according to general procedure using cyclohexanethiol (2x0.24 mL,
</Nfl\u’ p =0.95 g/cm?, 2x1.96 mmol, 2x1.1 eq.), K2COs3 (360 mg, 2.61 mmol, 1.5
d SJN\S/O eq.), 2,6-diazidopurine 4¢ (500 mg, 1.80 mmol, 1.0 eq.) and NaH (52 mg,
2.18 mmol, 1.2 eq.). Column chromatography gradient: Tol/MeCN
© 0%—8.5% (+0.5% AcOH). Yield: 525 mg, 62%. Colourless solid, R¢= 0.34
(Tol/MeCN = 3:1 (+0.5 % AcOH)). IR v (cm™): 2972, 2928, 2854, 1615, 1562, 1501, 1270,
1198, 1077, 961, 953. "TH-NMR (500 MHz, CDCl3, 50 °C) § (ppm): 8.14 (s, 1H, H-C(2)), 7.53—

19



7.42 (m, SH, 5xH-C(Ph)), 3.73 (brs, 2H, 2xH-C(1")), 2.03—-1.93 (m, 4H, 2x(-CH»-)), 1.71-1.61
(m, 4H, 2x(-CH-)), 1.58-1.50 (m, 2H, (-CH>-)), 1.40-1.17 (m, 10H, 5x(-CH>-)). *C{'H}NMR
(126 MHz, CDCl;, 50 °C) & (ppm): 175.5, 149.7, 139.1, 135.5, 135.0, 129.6, 129.0, 125.4,
112.0, 46.2, 33.4, 26.0, 25.7. HRMS (ESI): calculated for [C23H20N7S, + H] 468.1999, found
468.2015.

Diisopropyl (1-phenyl-4-(1H-tetrazol-5-yl)-1H-imidazol-5-yl)carbonimidodithioate (2h)
Prepared according to general procedure using i-propanethiol (2x0.18 mL, p =
Nf'\ﬂ“ 0.82 g/em?, 2x1.94 mmol, 2x1.1 eq.), K2CO;3 (360 mg, 2.61 mmol, 1.5 eq.),
N N 2,6-diazidopurine 4¢ (500 mg, 1.80 mmol, 1.0 eq.) and NaH (52 mg, 2.18 mmol,
Qj\ S 1.2 eq.). Column chromatography gradient: Tol/MeCN 0%—8% (+0.5%
AcOH). Yield: 440 mg, 63%. Colourless solid, R¢= 0.30 (Tol/MeCN = 3:1 (+0.5 % AcOH)).
IR v (em™): 3119, 2967, 2927, 1620, 1568, 1498, 1194, 1081, 959, 948, 775, 692. 'H-NMR
(500 MHz, CDClI3, 50 °C) & (ppm): 8.14 (s, 1H, H-C(2)), 7.54-7.43 (m, 5H, 5xH-C(Ph)), 3.90
(brs, 2H, 2xH-C(1")), 1.31 (d, 12H, 3J = 6.8 Hz, 4xH3C-(2")). *C{'H}NMR (126 MHz, CDCl;,
50°C) d (ppm): 176.1, 149.6, 139.1, 135.4, 134.9, 129.7, 129.1, 125.3, 111.9, 38.6, 23.4. HRMS
(ESD): calculated for [C17H21N7S2 + H'] 388.1373, found 388.1372.

Dioctyl (1-phenyl-4-(1H-tetrazol-5-yl)-1H-imidazol-5-yl)carbonimidodithioate (2i)

N,'N~‘N Prepared according to general procedure using n-octanethiol
</Nf\ﬂ (2x0.34 mL, p = 0.84 g/cm?, 2x1.95 mmol, 2x1.1 eq.), K2CO;3 (360
d sJN\s/\/\/\/\ mg, 2.61 mmol, 1.5 eq.), 2,6-diazidopurine 4¢ (500 mg, 1.80 mmol,
NP 1.0 eq) and NaH (52 mg, 2.18 mmol, 1.2 eq.). Column

chromatography gradient: Tol/MeCN 0%—4% (+0.5% AcOH). Yield: 465 mg, 49%.
Colourless solid, Rr= 0.33 (Tol/MeCN = 3:1 (+0.5 % AcOH). IR v (cm™): 2921, 2851, 1611,
1565, 1499, 1382, 1191, 1078, 961, 778, 694. 'H-NMR (500 MHz, CDCl3) § (ppm): 8.18 (s,
1H, H-C(2)), 7.55-7.41 (m, 5H, 5xH-C(Ph)), 3.08 (t, 4H, *J = 7.2 Hz, 2xH»-C(1")), 1.57
(quintet, 4H, 3J = 7.2 Hz, 2xH,-C(2")), 1.33-1.17 (m, 20H, 10x(-CHz-)), 0.86 (t, 6H, *J = 7.2
Hz, 2xH3C-(8")). *C{'H}NMR (126 MHz, CDCl3) § (ppm): 176.9, 149.6, 138.8, 135.5, 134.7,
129.7, 129.0, 125.0, 111.9, 32.8, 31.9, 29.2, 29.1, 29.0, 28.9, 22.8, 14.2. HRMS (ESI):
calculated for [C27H41N7S, + H'] 528.2938, found 528.2935.

General procedure for the synthesis of ribofuranosyl-tetrazolyl-imidazolyl-carbonimido-
dithioates 2j-1

Thiol (1.05 eq.) was added to a suspension of KoCOj3 (1.5 eq.) in DMF (5 mL) and stirred at
20 °C for 20 min. Next, 2,6-diazidopurine 4d (1.0 eq.) in DMF (5 mL) was added, and the
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reaction mixture was stirred at 40 °C overnight. After full conversion of the starting material
was achieved (monitored by HPLC), the reaction mixture was cooled to 0 °C. Separately second
portion of thiol (1.05 eq.) was added to a suspension of NaH (1.3 eq.) in DMF (4 mL) and
stirred at 20 °C for 20 min. The resulting mixture was added to the cooled purine solution, and
the combined mixture was stirred at 0 °C for 1 h, then at 20 °C for 30 min. If starting material
was still present (monitored by HPLC), additional thiol (0.2 eq.) and NaH (0.3 eq.) were added.
The reaction was quenched with AcOH (0.75 mL) and diluted with toluene (200 mL). The
mixture was washed with H,O (1x20 mL) and then with aqueous 13% NaCl solution (2x10
mL). To the combined aqueous layer AcOH (0.25 mL) was added and back-extracted with
toluene (3x10 mL). The combined organic phase was washed with saturated NaCl solution
(2x10 mL), dried over anhydrous Na,SOs, filtered, and evaporated under vacuum. The crude
reaction mixture was purified by silica gel column chromatography.
Dicyclohexyl (1-(2',3',5'-tri-O-acetyl-p-D-ribofuranosyl)-4-(1 H-tetrazol-5-yl)-1 H-
imidazol-5-yl)carbonimidodithioate (2j)
Prepared according to general procedure using cyclohexanethiol
f\ (2x0.20 mL, p = 0.95 g/cm?, 1.14 mmol, 1.05 eq.), K2CO3 (220 mg,
A0 s 2</ 9 1.59 mmol, 1.5 eq.), 2,6-diazidopurine 4d (500 mg, 1.09 mmol, 1.0
‘ SACZ Al 5?3 eq.) and NaH (33 mg, 1.38 mmol, 1.3 eq.). Column chromatography
gradient: Tol/MeCN 0%—25% (+0.5% AcOH). Yield: 440 mg, 62%.
Colourless solid, R¢= 0.25 (Tol/MeCN = 3:1 (+0.5% AcOH)). IR v (cm™): 2930, 2853, 1749,
1615, 1562, 1448, 1370, 1222, 1070, 948, 952. '"H-NMR (300 MHz, CDCl;, 50 °C) § (ppm):
8.16 (s, 1H, H-C(2)), 5.77 (d, 1H, *Ji-» = 5.0 Hz, H-C(1")), 5.63 (t, 1H, /1> = 3.3 = 5.0 Hz,
H-C(2")), 5.43-5.39 (m, 1H, H-C(3")), 4.38 (s, 3H, H-C(4"), H>-C(5")), 3.95-3.73 (m, 2H, 2xH>-
C(1")), 3.08, 2.10, 2.10 (s, 9H, 3xH3-C(Ac)), 2.19-2.05 (m, 4H, 2x(-CHz-)), 1.76-1.67 (m, 4H,
2x(-CHz-)), 1.62-1.54 (m, 2H, (-CH»-)), 1.51-1.35 (m, 8H, 4x(-CH»-)), 1.31-1.23 (m, 2H, (-
CH,-)). BC{'H}NMR (126 MHz, CDCls, 50 °C) & (ppm): 177.6, 170.6, 169.3, 169.0, 149.4,
138.4, 133.6, 111.5, 87.1, 80.2, 70.3, 62.9, 46.5, 33.5 (2C), 26.1, 26.0, 25.7, 20.9 (2C), 20.5,
20.5. HRMS (ESI): calculated for [C2sH30N707S, + H'] 650.2425, found 650.2402.
Diisopropyl (1-(2',3',5'-tri-O-acetyl-p-D-ribofuranosyl)-4-(1 H-tetrazol-5-yl)-1 H-imidazol-
5-yl)carbonimidodithioate (2k)

21



-y Prepared according to general procedure using i-propanethiol (2x0.10
/Nf.\ﬂ mL, p = 0.82 g/em®, 2x1.09 mmol, 2x1.0 eq.), K2CO; (220 mg, 1.59
AN o TN SF mmol, 1.5 eq.), 2,6-diazidopurine 4d (500 mg, 1.09 mmol, 1.0 eq.) and
\HC S; NaH (33 mg, 1.38 mmol, 1.3 eq.). Column chromatography gradient:
Tol/MeCN 4%—20% (+0.5% AcOH). Yield: 299 mg, 48%. Colourless
solid, R¢= 0.24 (Tol/MeCN = 3:2 (+0.5 % AcOH)). IR v (cm™): 2972, 2929, 2868, 1748, 1615,
1562, 1368, 1221, 1054, 985, 950. 'H-NMR (500 MHz, CDCls, 50 °C) & (ppm): 8.16 (s, 1H,
H-C(2)), 5.78 (d, 1H, 3J12 = 5.0 Hz, H-C(1")), 5.63 (t, 1H, /1> = 3J».3 = 5.0 Hz, H-C(2")),
5.41 (t, 1H, 3J»3 = 5.0 Hz, 3J5.4 = 5.0 Hz, H-C(3")), 4.39 (brs, 3H, H-C(4"), H>-C(5")), 4.00
(brs, 2H, H-C(1")), 2.22, 2.10, 2.10 (3s, 9H, 3xH3-C(2',3",5"-Ac)), 1.47-1.36 (m, 12H, 4xH3C-
(2"). BC{'H}NMR (126 MHz, CDCl;s, 50 °C) & (ppm): 177.9, 170.6, 169.3, 169.0, 149.4,
138.2, 133.6, 111.6, 87.1, 80.2, 74.4, 70.2, 62.9, 38.8, 23.5, 20.9, 20.5, 20.4. HRMS (ESI):
calculated for [C22H31N707S; + H'] 570.1799, found 570.1797.
Dioctyl (1-(2',3",5'-tri-O-acetyl-p-D-ribofuranosyl)-4-(1 H-tetrazol-5-yl)-1 H-imidazol-5-yl)
carbonimidodithioate (21)
NN Prepared according to general procedure using n-octanethiol
(2x0.20 mL, p = 0.84 g/cm?, 2x1.15 mmol, 2x1.05 eq.), K2COs3

N

|
N
«f“
PO o VTN /\/\/\/\ (220 mg, 1.59 mmol, 1.5 eq.), 2,6-diazidopurine 4d (500 mg,
st

Ac OAc T NN 1.09 mmol, 1.0 eq.) and NaH (33 mg, 1.38 mmol, 1.3 eq.).
Column chromatography gradient: Tol/MeCN 2.5%—12% (+0.5% AcOH). Yield: 329 mg,
43%. Colourless solid, Re= 0.35 (Tol/MeCN = 3:1 (+0.5 % AcOH)). IR v (cm™): 2928, 2854,
1746, 1744, 1615, 1559, 1368, 1229, 1210, 1069, 989. 'H-NMR (300 MHz, DSMO-ds, 50 °C)
8 (ppm): 8.05 (s, 1H, H-C(2)), 5.75 (d, 1H, 3Ji» = 5.5 Hz, H-C(1")), 5.66 (t, 1H, )12 = /o3
= 5.5 Hz, H-C(2")), 5.56 (t, 1H, 3Jo.3 = 3J3a = 5.5 Hz, H-C(3")), 4.37-4.19 (m, 3H, H-C(4"),
H»-C(5")), 3.20-3.00 (m, 4H, 2xH>-C(1")), 2.09, 2.06, 2.05 (3s, 9H, 3xH3-C(2',3,5'-Ac)), 1.70—
1.54 (m, 4H, 2x(-CH»-)), 1.36-1.17 (m, 20H, 10x(-CH>-)), 0.84 (t, 6H, 3J = 6.7 Hz, 2xH;C-
(8"). BC{'H}NMR (126 MHz, DMSO-ds) 5 (ppm): 174.8, 170.0, 169.3, 169.1, 149.7, 136.8,
134.6, 111.9, 85.8, 79.0, 72.5, 69.7, 63.1, 31.9, 31.2, 28.6, 28.5, 28.3, 28.0, 22.0, 20.5, 20.3,
20.2, 13.9. HRMS (ESI): calculated for [C32Hs51N707S> + H'] 710.3364, found 710.3342.
General procedure for the synthesis of tetrazolyl-imidazolyl-carbonimidates Sa-p
To a 25 mL round bottom flask methanol (1 eq.) was added to a suspension of NaH (57-63%
suspension in mineral oil) (1 eq.) in toluene and stirred at r.t. for 10 min. Then 2,6-diazidopurine

4 (1.0 eq.) was added, and 30 minutes later, another portion of NaH (1 eq.) and methanol (1 eq.)
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were added and stirred for another 30 min. The final portion of NaH (0.5 eq.) and methanol (0.5
eq.) were added, and the reaction mixture was stirred for an extra 30 min. After reaction
completion (monitored by HPLC), the reaction was quenched by addition of a 10% acetic acid-
ice mixture (10 mL). The aqueous phase was extracted with DCM (3x10 mL). The combined
organic phase was washed with saturated NaCl solution (2x10 mL), dried over anhydrous
NaySO0y, filtered, and evaporated under vacuum. The crude reaction mixture was purified by
silica gel column chromatography.
Dimethyl (1-pentyl-4-(1H-tetrazol-5-yl)-1H-imidazol-5-yl)carbonimidate (5a)
N[N~‘N Prepared according to general procedure using 2,6-diazidopurine 4e (100 mg,
{f’:” 0.37 mmol, 1.0 eq.), methanol (37 pL, p = 0.79 g/mL, 0.92 mmol, 2.5 eq. in 3
///J oo portions) and NaH (60% suspension in mineral oil) (37 mg, 0.92 mmol, 2.5 eq.
| in 3 portions) in toluene (2 mL). Column chromatography gradient:
DCM/MeCN 0%—50% (+0.5% AcOH). Yield: 90 mg, 84%. Colourless solid, Ry= 0.30
(DCM/MeCN = 7/3 (+0.5 % AcOH)). IR (KBr) v (cm™): 3128, 2955, 2924, 2853, 1644, 1609,
1316, 1073, 1015. '"H-NMR (300 MHz, CDCl3,50 °C) § (ppm): 7.86 (s, 1H, H-C(2)), 3.96 (brs,
6H, 2x(-CH3)), 3.91 (t, 2H, *J= 6.6 Hz, (-CH>-)), 1.80 (quintet, 2H, *J = 7.2 Hz, (-CH»-)), 1.31
—1.25 (m, 4H, 2x(-CHz-)), 0.90 (t, 3H, 3J= 7.2 Hz, (-CH3)). *C{'H}NMR (75 MHz, CDCl;,
50 °C) 6 (ppm): 161.8, 155.8, 153.6, 142.0, 118.9, 54.6, 44.2, 29.7, 28.8, 22.2, 14.0. HRMS
(ESI): calculated for [C12H19N7O, + H'] 294.1673, found 294.1653.
Diethyl (1-pentyl-4-(1H-tetrazol-5-yl)-1H-imidazol-5-yl)carbonimidate (5b)
N‘/N\:N Prepared according to general procedure using 2,6-diazidopurine 4e (100 mg,
(:fN\H 0.37 mmol, 1.0 eq.), ethanol (54 pL, p = 0.79 g/mL, 0.92 mmol, 2.5 eq. in 3
)j oo~ portions), and NaH (60% suspension in mineral oil) (37 mg, 0.92 mmol, 2.5
/ eq. in 3 portions) in toluene (2 mL). Column chromatography gradient:
DCM/MeCN 0%—50% (+0.5% AcOH). Yield: 89 mg, 76%. Colourless solid, Rr= 0.30
(DCM/MeCN = 7/3 (+0.5 % AcOH)). IR (KBr) v (cm™): 2957, 2928, 2866, 1641, 1613, 1301,
1064, 1028. 'H-NMR (300 MHz, CDCl;3,50 °C) & (ppm): 7.83 (s, 1H, H-C(2)), 4.42 — 4.33 (m,
4H, 2x(-CH-)), 3.89 (t, 2H, 3J= 7.2 Hz, (-CH>-)), 1.81 (quintet, 2H, *J =7.2 Hz, (-CH»-)),
1.42 - 1.12 (m, 10H, 2x(-CH>-), 2x(-CH3)), 0.91 (t, 3H, >J=7.2 Hz, (-CH3)). 3C{'H}NMR (75
MHz, CDCl3,50 °C) 3 (ppm): 155.6, 150.6, 138.3, 134.1, 112.1, 65.7, 44.5, 30.0, 28.8, 22.3,
14.4, 13.9. HRMS (ESI): calculated for [C14H23N70, + H™] 322.1986, found 322.1994.
Dipropyl (1-pentyl-4-(1H-tetrazol-5-yl)-1H-imidazol-5-yl)carbonimidate (5c)
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NN Prepared according to general procedure using 2,6-diazidopurine 4e (100 mg,

L
(:f\u 0.37 mmol, 1.0 eq.), n-propanol (69 puL, p = 0.80 g/mL, 0.92 mmol, 2.5 eq. in
N
oo~ 3 portions) and NaH (60% suspension in mineral oil) (37 mg, 0.92 mmol, 2.5
H eq. in 3 portions) in toluene (2 mL). Column chromatography gradient:

DCM/MeCN 0%—30% (+0.5 % AcOH). Yield: 97 mg, 76%. Colourless solid, Ry= 0.40
(DCM/MeCN = 7/3 (+0.5 % AcOH). IR (KBr) v (cm™): 2952, 2933, 2872, 1634, 1610, 1300,
1073. '"H-NMR (300 MHz, CDCls, 50 °C) § (ppm): 7.82 (s, 1H, H-C(2)), 4.28 (brs, 4H, 2x(-
CHy-)), 3.89 (t, 2H, 3J= 7.2 Hz, (-CH»-)), 1.81 (quintet, 2H, 3J = 7.2 Hz, (-CH,-)), 1.64 (brs,
4H, 2x(-CHa-)), 1.42 — 1.27 (m, 4H, 2x(-CH>-)), 0.91 (t, 3H, *J= 7.2 Hz, (-CH3)), 0.87 (brs,
6H, 2x(-CH3)). BC{'"H}NMR (75 MHz, CDCls) & (ppm): 155.8, 150.6, 138.4, 134.1, 112.1,
71.2,44.4,30.0, 28.8, 22.3, 22.2, 13.9, 10.2. HRMS (ESI): calculated for [CisH27N702 + Na']
350.2299, found 350.2274.
Diisopropy (1-pentyl-4-(1H-tetrazol-5-yl)-1H-imidazol-5-yl)carbonimidate (5d)
N[Nw Prepared according to general procedure using 2,6-diazidopurine 4e (100 mg,
</:fN\N 0.37 mmol, 1.0 eq.), isopropanol (70 uL, p = 0.79 g/mL, 0.92 mmol, 2.5 eq. in
Lo J\ 3 portions) and NaH (60% suspension in mineral oil) (37 mg, 0.92 mmol, 2.5
H) A eq. in 3 portions) in toluene (2 mL). Column chromatography gradient:
Tol/MeCN 0%—10% (+0.5 % AcOH). Yield: 83 mg, 65%. Colourless solid, Ry= 0.35
(Tol/MeCN = 7/3 (+0.5 % AcOH)). IR (KBr) v (cm™): 3110, 2956, 2931, 2860, 1635, 1608,
1301, 1100, 1059. "H-NMR (300 MHz, CDCl3, 50 °C) & (ppm): 7.82 (s, 1H, H-C(2)), 5.21 —
5.00 (m, 2H, 2x(-CH-)), 3.88 (t, 2H, *J= 7.2 Hz, (-CH>-)), 1.81 (quintet, 2H, *J =7.2 Hz, (-
CH,-)), 1.43 — 1.31 (m, 4H, 2x(-CH»-)), 1.28 (d, 12H, 3J= 5.5 Hz, 4x(-CH3)), 0.91 (t, 3H, *J=
7.2 Hz, (-CH3)). BC{'H}NMR (75 MHz, CDCl3) § (ppm): 154.6, 150.6, 138.6, 133.9, 112.1,
73.7, 44.5, 30.0, 28.8, 22.3, 22.2, 13.9. HRMS (ESI): calculated for [CisH27N702 + Na*]
350.2299, found 350.2298.
Diisobutyl (1-pentyl-4-(1H-tetrazol-5-yl)-1H-imidazol-5-yl)carbonimidate (5e)
N‘J\!N Prepared according to general procedure using 2,6-diazidopurine 4e (100 mg,
{fg” 0.37 mmol, 1.0 eq.), isobutanol (85 uL, p = 0.80 g/mL, 0.92 mmol, 2.5 eq. in
H) OJ\O/Y 3 portions) and NaH (60% suspension in mineral oil) (37 mg, 0.92 mmol, 2.5
H/ eq. in 3 portions) in toluene (2 mL). Column chromatography gradient:
Tol/MeCN 0%—6% (+0.5 % AcOH). Yield: 122 mg, 88%. Colourless solid, Ry= 0.38
(Tol/MeCN = 7/3 (+0.5 % AcOH). IR (KBr) v (cm™): 3091, 2960, 2932, 1635, 1610, 1316,
1070. '"H-NMR (300 MHz, CDCl3, 50 °C) § (ppm): 7.82 (s, 1H, H-C(2)), 4.14 (d, 4H, *J=
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6.2 Hz, 2x(-CH»-)), 3.92 (t, 2H, 3J= 7.2 Hz, (-CH>-)), 2.05 — 1.90 (m, 2H, 2x(-CH-)), 1.84
(quintet, 2H, 3J = 7.2 Hz, (-CH>-)), 1.45 — 1.31 (m, 4H, 2x(-CH»-)), 0.91 (t, 3H, >J= 6.2 Hz, (-
CH3)), 0.89 (d, 12H, *J= 6.5 Hz, 4x(-CH3)). BC{'H}NMR (75 MHz, CDCls,50 °C) § (ppm):
155.9, 150.6, 138.4, 134.0, 112.1, 75.6, 44.4, 30.1, 28.8, 28.0, 22.3, 19.0, 13.9. HRMS (ESI):
calculated for [C1sH31N70, + Na*] 378.2612, found 378.2615.

Dicyclohexyl (1-pentyl-4-(1H-tetrazol-5-yl)-1H-imidazol-5-yl)carbonimidate (5f)

NfN“N Prepared according to general procedure using 2,6-diazidopurine 4e (100 mg,
(:fN\H 0.37 mmol, 1.0 eq.), cyclohexanol (96 pL, p = 0.96 g/mL, 0.92 mmol, 2.5 eq.
(H oo in 3 portions), NaH (60% suspension in mineral oil) (37 mg, 0.92 mmol, 2.5
eq. in 3 portions) in toluene (2 mL). Column chromatography gradient:

Tol/MeCN 0%—10% (+0.5 % AcOH). Yield: 127 mg, 82%. Colourless solid,
Ry=0.35 (Tol/MeCN = 7/3 (+0.5 % AcOH)). IR (KBr) v (cm™): 2935, 2857, 1631, 1608, 1296,
1068, 1014. "H-NMR (300 MHz, CDCl3, 50 °C) § (ppm): 7.80 (s, 1H, H-C(2)), 4.90 (brs, 2H,
2%(-CH-)), 3.88 (t, 2H, *J= 7.2 Hz, (-CH»-)), 1.90 (brs, 4H, 2x(-CH>-)), 1.80 (quintet, 2H, 3J
=7.2 Hz, (-CHy-)), 1.65 (brs, 4H, 2x(-CHz-)), 1.56 — 1.18 (m, 16H, 8x(-CH.-)), 0.91 (t, 3H, *J
=7.2 Hz, (-CH3)). *C{'H'NMR (75 MHz, CDCl3) § (ppm): 154.5, 150.6, 138.7, 133.9, 112.1,
78.3,44.5,31.8, 30.1, 28.8, 25.6, 23.7, 22.3, 13.9. HRMS (ESI): calculated for [C22H35N702 +
H'] 430.2925, found 430.2915.
Dibenzy! (1-pentyl-4-(1H-tetrazol-5-yl)-1H-imidazol-5-yl)carbonimidate (5g)
N‘J\!:N Prepared according to general procedure using 2,6-diazidopurine 4e
(:fN\H (100 mg, 0.37 mmol, 1.0 eq.), benzyl alcohol (95 puL, p = 1.04 g/mL, 0.92
(H OJ\O/\© mmol, 2.5 eq. in 3 portions) and NaH (60% suspension in mineral oil) (37
© mg, 0.92mmol, 2.5 eq. in 3 portions) in toluene (2 mL). Column
chromatography gradient: Tol/MeCN 0%—20% (+0.5 % AcOH). Yield:
133 mg, 81 %. Colourless solid, Ry=0.42 (Tol/MeCN = 7/3 (+0.5 % AcOH)). IR (KBr) v (cm
1):2957,2928, 2857, 1654, 1614, 1302, 1071, 1018. 'H-NMR (300 MHz, CDCls) § (ppm): 7.76
(s, 1H, H-C(2)), 7.39 — 7.27 (m, 10H, 10xH-C (Ar)), 5.40 (s, 4H, 2x(-CH>-)), 3.78 (t, 2H, 3J=
7.2 Hz, (-CH»-)), 1.70 (quintet, 2H, 3J = 7.2 Hz, (-CH»-)), 1.39 — 1.14 (m, 4H, 2x(-CH»-)), 0.88
(t, 3H, 3J= 7.2 Hz, (-CH3)). *C{'H}NMR (75 MHz, CDCl;, 50 °C) & (ppm): 155.0, 150.6,
137.7,135.5,134.2, 128.6, 128.5, 128.3, 112.2, 71.5, 44.5, 30.0, 28.7, 22.3, 13.9. HRMS (ESI):
calculated for [C24H27N70; + Na'] 446.2299, found 446.2300.
N-(1-Pentyl-4-(1H-tetrazol-5-yl)-1 H-imidazol-5-yl)-1,3-dioxolan-2-imine (5h)
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N"N:N Prepared according to general procedure using 2,6-diazidopurine 4e (100 mg,

</: \ " No037 mmol, 1.0 eq.), ethylene glycol (26 uL, p = 1.11 g/mL, 0.46 mmol, 1.25 eq.
oo  in 3 portions) and NaH (60% suspension in mineral oil) (37 mg, 0.92 mmol, 2.5
(H ! eq. in 3 portions) in toluene (2 mL). Column chromatography gradient:
DCM/MeCN 20%—30% (+0.5 % AcOH). Yield: 39 mg, 36%. Colourless solid, Ry= 0.25
(DCM/MeCN = 9/1 (+0.5 % AcOH)). IR (KBr) v (cm™): 2956, 1677, 1609, 1229, 1205, 1058,
965. 'H-NMR (300 MHz, CDCl3) § (ppm): 7.86 (s, 1H, H-C(2)), 4.66 (s, 4H, 2x(-CH>-)), 3.96
(t, 2H, 3J= 6.6 Hz, (-CH>-)), 1.82 (quintet, 2H, 3J = 7.2 Hz, (-CH>-)), 1.42 — 1.29 (m, 4H, 2x(-
CH>-)), 0.89 (t, 3H, 3J= 7.2 Hz, (-CH3)). BC{'H}NMR (75 MHz, CDCl3) § (ppm): 158.8,
150.3, 137.5, 134.4, 112.2, 66.8, 44.7, 30.0, 28.7, 22.3, 14.0. HRMS (ESI): calculated for
[C12H17N702 + H'] 292.1516, found 292.1521.
Dimethyl (1-phenyl-4-(1H-tetrazol-5-yl)-1H-imidazol-5-yl)carbonimidate (5i)
N"’\“:N Prepared according to general procedure using 2,6-diazidopurine 4¢ (100 mg,
</: \ ) Ho0.36 mmol, 1.0 eq.), methanol (36 puL, p = 0.79 g/mL, 0.90 mmol, 2.5 eq. in 3
O \3: portions) and NaH (60% suspension in mineral oil) (37 mg, 0.90 mmol, 2.5 eq. in
3 portions) in toluene (2 mL). Column chromatography gradient: DCM/MeCN
0%—16% (+0.5 % AcOH). Yield: 44 mg, 41%. Colourless solid, Ry=0.24 (DCM/MeCN = 7/3
(+0.5 % AcOH)). IR (KBr) v (cm™): 2658, 1649, 1616, 1506, 1314, 1076, 1013, 958. 'H-NMR
(300 MHz, CDCl3,50 °C) & (ppm): 8.04 (s, 1H, H-C(2)), 7.60 — 7.39 (m, 5H, Ar), 3.88 (s, 6H,
2x(-CH3)). PC{'H}NMR (75 MHz, CDCls, 50 °C) § (ppm): 156.5, 150.3, 138.1, 135.3, 134.4,
129.5, 128.7, 125.1, 112.8, 56.6. HRMS (ESI): calculated for [Ci3Hi3N70, + H'] 300.1203,
found 300.1201.
Diethyl (1-phenyl-4-(1H-tetrazol-5-yl)-1H-imidazol-5-yl)carbonimidate (5j)
N"’\!:N Prepared according to general procedure using 2,6-diazidopurine 4¢ (100 mg,
</:fN\HC§/ 0.36 mmol, 1.0 eq.), ethanol (52 puL, p = 0.79 g/ml, 0.90 mmol, 2.5 eq. in 3
@7 2/ portions) and NaH (60% suspension in mineral oil) (37 mg, 0.90 mmol, 2.5 eq.
7 in 3 portions) in toluene (2 mL). Column chromatography gradient:
DCM/MeCN 0%—16% (+0.5 % AcOH). Yield: 75 mg, 64%. Colourless solid, Ry= 0.28
(DCM/MeCN = 7/3 (+0.5 % AcOH)). IR (KBr) v (cm™): 2921, 1647, 1614, 1595, 1502, 1307,
1268, 1070. 'H-NMR (300 MHz, CDCl3,50 °C) & (ppm): 8.05 (s, 1H, H-C(2)), 7.55 — 7.41 (m,
5H, Ar), 4.31 (q, 4H, 3J= 7.2 Hz, (-CH>-)), 1.19 (t, 6H, >J= 7.2 Hz, (-CH3)). *C{'H}NMR (75
MHz, CDCIl3, 50 °C) 6 (ppm): 155.4, 150.4, 138.4, 135.4, 134.4, 129.4, 128.5, 125.1, 112.9,
65.8, 14.3. HRMS (ESI): calculated for [C1sHi7N702 + H] 328.1516, found 328.1518.
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Dipropyl (1-phenyl-4-(1H-tetrazol-5-yl)-1H-imidazol-5-yl)carbonimidate (5k)
ru‘—NjN Prepared according to general procedure using 2,6-diazidopurine 4¢ (100 mg,
Q:fN\ﬂ 0.36 mmol, 1.0 eq.), n-propanol (67 uL, p = 0.80 g/mL, 0.90 mmol, 2.5 eq. in
@ ?f 3 portions) and NaH (60% suspension in mineral oil) (37 mg, 0.90 mmol, 2.5
l eq. in 3 portions) in toluene (2 mL). Column chromatography gradient:
DCM/MeCN 0%—16% (+0.5 % AcOH). Yield: 88 mg, 69%. Colourless solid, Ry= 0.37
(DCM/MeCN = 7/3 (+0.5 % AcOH)). IR (KBr) v (cm™): 2968, 1647, 1614, 1504, 1291, 1195,
1071, 958. "H-NMR (300 MHz, CDCl3, 50 °C) § (ppm): 8.04 (s, 1H, H-C(2)), 7.56 — 7.41 (m,
5H, Ar), 4.22 (t, 4H, 3J= 7.2 Hz, (-CH,-)), 1.60 (sextet, 4H, >J = 7.2 Hz, (-CHa)), 0.83 (t, 6H,
3J= 7.2 Hz, (-CH3)). BC{'"H}NMR (75 MHz, CDCl;3, 50 °C) & (ppm): 155.6, 150.4, 138.4,
135.4, 134.3, 129.4, 128.5, 125.1, 112.9, 71.3, 22.1, 10.1. HRMS (ESI): calculated for
[C17H21N70; + H'] 356.1829, found 356.1824.
Diisopropyl (1-phenyl-4-(1H-tetrazol-5-yl)-1H-imidazol-5-yl)carbonimidate (51)
“‘[N‘N Prepared according to general procedure using 2,6-diazidopurine 4¢ (100 mg,
{f’:ﬁ 0.36 mmol, 1.0 eq.), isopropanol (69 pL, p = 0.79 g/mL, 0.90 mmol, 2.5 eq. in
@ \3/07/ 3 portions) and NaH (60% suspension in mineral oil) (37 mg, 0.90 mmol, 2.5
Al eq. in 3 portions) in toluene (2 mL). Column chromatography gradient:
DCM/MeCN 0%—10% (+0.5 % AcOH). Yield: 79 mg, 62%. Colourless solid, Ry= 0.30
(DCM/MeCN = 7/3 (+0.5 % AcOH). IR (KBr) v (cm™): 2923, 1635, 1608, 1596, 1503, 1390,
1296, 1098, 1064. 'TH-NMR (300 MHz, CDCl3,50 °C) & (ppm): 8.01 (s, 1H, H-C(2)), 7.54 —
7.41 (m, 5H, Ar), 5.04 (septet, 2H, >J= 5.5 Hz, 2x(-CH-)), 1.21 (d, 12H, *J= 5.5 Hz, 4x(-CH3)).
BC{'H}NMR (75 MHz, CDCls) § (ppm): 154.4, 150.4, 138.6, 135.6, 134.3, 129.5, 128.6,
125.2, 112.9, 73.8, 22.0. HRMS (ESI): calculated for [Ci17H21N70, + H'] 356.1829, found
356.1834.
Diisobutyl (1-pentyl-4-(1H-tetrazol-5-yl)-1H-imidazol-5-yl)carbonimidate (Sm)
N‘—N\:N Prepared according to general procedure using 2,6-diazidopurine 4¢ (100 mg,
(:fN\H 0.36 mmol, 1.0 eq.), isobutanol (83 pL, p = 0.80 g/mL, 0.90 mmol, 2.5 eq. in
@7 2/0\/4 3 portions) and NaH (60% suspension in mineral oil) (37 mg, 0.90 mmol, 2.5
Y eq. in 3 portions) in toluene (2 mL). Column chromatography gradient:
DCM/MeCN 0%—6% (+0.5 % AcOH). Yield: 75 mg, 54%. Colourless solid,
Ry=0.38 (Tol/MeCN = 7/3 (+0.5 % AcOH)). IR (KBr) v (cm™): 2961, 1652, 1616, 1504, 1318,
1194, 1069, 1011. '"H-NMR (300 MHz, CDCl3, 50 °C) & (ppm): 8.05 (s, 1H, H-C(2)), 7.57 —
7.39 (m, 5H, Ar), 4.05 (d, 4H, *J= 6.2 Hz, 2x(-CH»-)), 1.89 (nonet, 2H, 3J= 6.2 Hz, 2x(-CH-
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)), 0.82 (d, 12H, J= 6.2 Hz, 4x(-CH3)). 3C{'H}NMR (75 MHz, CDCl3, 50 °C) & (ppm): 155.8,
150.4, 138.5,135.4,134.3,129.5, 128.6, 125.1, 112.9, 75.8, 27.9, 18.9. HRMS (ESI): calculated
for [C1oH25N;0; + H'] 384.2142, found 384.2139.
Dibenzyl (1-pentyl-4-(1H-tetrazol-5-yl)-1H-imidazol-5-yl)carbonimidate (5n)
N‘—N\:N Prepared according to general procedure using 2,6-diazidopurine 4c
</:fN\H (100 mg, 0.36 mmol, 1.0 eq.), benzyl alcohol (93 pL, p = 1.04 g/mL, 0.90
O ) OVQ mmol, 2.5 eq. in 3 portions) and NaH (60% suspension in mineral oil) (37
\© mg, 0.90 mmol, 2.5 eq. in 3 portions) in toluene (2 mL). Column
chromatography gradient: DCM/MeCN 0%—5% (+0.5 % AcOH). Yield
94 mg, 58 %. Colourless solid, Rr=0.36 (DCM/MeCN = 7/3 (+0.5 % AcOH). IR (KBr) v (cm’
1): 3033, 2959, 2659, 1644, 1613, 1505, 1299, 1194, 1067. 'H-NMR (300 MHz, DMSO-ds, 50
°C) & (ppm): 7.76 (s, 1H, H-C(2)), 7.48 — 7.39 (m, 5H, Ar), 7.33 — 7.09 (m, 10H, 2xAr), 5.28
(s, 4H, 2x(-CHa-)). BC{'H}NMR (75 MHz, DMSO-ds, 50 °C) & (ppm): 153.5, 150.5, 135.9,
134.9,134.8, 134.1, 129.1, 128.1, 128.0, 127.7, 124.1, 113.1, 70.4. HRMS (ESI): calculated for
[C2sH21N70, + H'] 452.1829, found 452.1821.
Dipropyl (1-(4-nitrophenyl)-4-(1H-tetrazol-5-yl)-1H-imidazol-5-yl)carbonimidate (50)
N"’\f:N Prepared according to general procedure using 2,6-diazidopurine 4f (100 mg,
(:fN\H 0.31 mmol, 1.0 eq.), n-propanol (58 pL, p = 0.80 g/mL, 0.77 mmol, 2.5 eq. in
\g/ 3 portions) and NaH (60% suspension in mineral oil) (32 mg, 0.77 mmol, 2.5
o5 l eq. in 3 portions) in toluene (2 mL). Column chromatography gradient:
DCM/MeCN, 0%—16% (+0.5 % AcOH). Yield: 69 mg, 56%. Slightly yellow solid, Ry= 0.31
(DCM/MeCN = 7/3 (+0.5 % AcOH)). IR (KBr) v (cm™): 2970, 1637, 1614, 1595, 1522, 1505,
1343, 1309, 1071. '"H-NMR (300 MHz, CDCl3, 50 °C) § (ppm): 8.40 (d, 2H, 3J= 8.8 Hz, Ar),
8.12 (s, 1H, H-C(2)), 7.76 (d, 2H, 3J = 8.8 Hz, Ar), 4.26 (t, 4H, 3J= 7.2 Hz, (-CH>-)), 1.62
(sextet, 4H, 3J =7.2 Hz, (-CH,)), 0.85 (t, 6H, >°J= 7.2 Hz, (-CH3)). *C{'H}NMR (75 MHz,
CDCl3,50 °C) & (ppm): 156.4, 150.1, 147.5, 140.5, 138.5, 133.7, 125.3, 125.1, 113.5, 71.8, 22.1,
10.2. HRMS (ESI): calculated for [C17H20NgO4 + H'] 401.1680, found 401.1661.
Diisopropyl (1-(4-nitrophenyl)-4-(1H-tetrazol-5-yl)-1H-imidazol-5-yl)carbonimidate (Sp)
NfN°N Prepared according to general procedure using 2,6-diazidopurine 4f (100 mg,
(Nf\ﬂ 0.31 mmol, 1.0 eq.), isopropanol (59 uL, p = 0.79 g/mL, 0.77 mmol, 2.5 eq.
p N\g/()?/ in 3 portions) and NaH (60% suspension in mineral oil) (32 mg, 0.77 mmol,
o AL 2.5 eq. in 3 portions) in toluene (2 mL). Column chromatography gradient:
DCM/MeCN 0%—10% (+0.5 % AcOH). Yield: 56 mg, 45%. Slightly yellow
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solid Ry= 0.26 (DCM/MeCN = 7/3 (+0.5 % AcOH)). IR (KBr) v (cm™): 2990, 1607, 1595,
1523, 1504, 1342, 1302, 1098, 1062, 1005. 'H-NMR (300 MHz, CDCls, 50 °C) § (ppm): 8.39
(d, 2H, *J= 8.8 Hz, Ar), 8.11 (s, 1H, H-C(2)), 7.74 (d, 2H, *J= 8.8 Hz, Ar), 5.08 (septet, 2H, *J
= 5.6 Hz, 2x(-CH-)), 1.21 (d, 12H, *J= 5.6 Hz, 4x(-CH3)). *C{'H}NMR (75 MHz, CDCl3) §
(ppm): 155.2, 150.1, 147.5, 140.6, 138.7, 133.7, 125.4, 125.1, 113.6, 74.4, 22.1. HRMS (ESI):
calculated for [Ci7H20NgO4+ H'] 401.1680, found 401.1681.
General procedure for the synthesis 2-alkoxy-6-azidopurines 6a-c
In a 50 mL round bottom flask DBU (1.4 eq.) and 2,6-diazidopurine 4 (1.0 eq.) were dissolved
in DMF or toluene under a nitrogen atmosphere. Isopropanol (1.4 eq.) was added, and the
reaction mixture was stirred at r.t. overnight. The reaction was quenched by adding 10% AcOH
solution in water (10 mL) and extracted with DCM (3x10 mL). The combined organic phase
was washed with saturated NaCl solution (2x10 mL), dried over anhydrous Na,SQs, filtered,
and evaporated under vacuum. Additional washing with 5% LiCl(yq, solution (2x10 mL) was
performed if DMF was used as the solvent. The crude reaction mixture was purified by silica
gel column chromatography.
5-Is0pr0p0xy-7-pentyl-7H-tetrazolo[5,1-z]purine (6a)
h Prepared according to general procedure using 2,6-diazidopurine 4e (100 mg,
f)\ J\ 0.37 mmol, 1.0 eq.), isopropanol (39 uL, p = 0.79 g/mL, 0.51 mmol, 1.4 eq.)
St and DBU (76 L, p = 1.03 g/mL, 0.51 mmol, 1.4 eq.) in toluene (2 mL).
Column chromatography gradient: DCM/MeCN 0%—15%. Yield: 87 mg, 82%. Colourless
solid, Ry=0.45 (DCM/MeCN = 9/1). IR (KBr) v (cm™'): 2958, 1645, 1547, 1338, 1279, 1103,
1072. 'H-NMR (500 MHz, CDCl3) § (ppm): 7.79 (s, 1H, H-C(8)), 5.35 (heptet, 1H, 3J=6.2 Hz,
(-CH-)), 4.13 (t, 2H, 3J= 7.2 Hz, (-CH»-)), 1.86 (quintet, 2H, 3J = 7.2 Hz, (-CHx-)), 1.43 (d,
6H, 3J= 6.2 Hz, 2x(-CH3)), 1.34 (quintet, 2H, *J =7.2 Hz, (-CH»-)), 1.32 — 1.23 (m, 2H, (-
CH,-)), 0.88 (t, 3H, 3J= 7.2 Hz, (-CH3)). *C{'H}NMR (75 MHz, CDCl3) § (ppm): 160.8,
154.7, 153.7, 142.6, 120.0, 71.2, 44.0, 29.6, 28.8, 22.2, 22.0, 14.0. HRMS (ESI): calculated for
[C13H1oN70 + Na*] 290.1724, found 290.1736.
5-Cyclohexyloxy-7-pentyl-7H-tetrazolo[5,1-i]purine (6b)

N b N Prepared according to general procedure using 2,6-diazidopurine d4e

< )\ /O (100 mg, 0.37 mmol, 1.0 eq.), cyclohexanol (51 pL, p = 0.96 g/mL, 0.51

5H11 mmol, 1.4 eq.) and DBU (76 uL, p=1.03 g/mL, 0.51 mmol, 1.4 eq.) in
toluene (2 mL). Column chromatography gradient: DCM/MeCN 0%—15%. Yield: 97 mg,
80%. Colourless solid, R¢=0.5 (DCM/MeCN = 9/1). IR (KBr) v (cm™): 2928, 1645, 1551,
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1357, 1278, 1235, 1072, 1004. 'H-NMR (500 MHz, CDCl3) § (ppm): 7.79 (s, 1H, H-C(8)), 5.03
(m, 1H, (-CH-)), 4.13 (t, 2H, *J= 7.2 Hz, (-CHz-)), 2.14 — 2.09 (m, 2H, 2xH-C(Cy)), 1.90 —
1.80 (m, 4H, 2x(-CH»-)), 1.66 — 1.57 (m, 2H, (-CH-)), 1.47 — 1.25 (m, 8H, 4x(-CH>-)), 0.88 (t,
3H, *J= 7.2 Hz, (-CH3)). BC{'H'NMR (75 MHz, CDCl3) & (ppm): 160.8, 154.7, 153.6, 142.6,
120.0, 76.5, 43.9, 31.9, 29.6, 28.8, 25.6, 24.3, 22.2, 14.0. HRMS (ESI): calculated for
[C16H23N70 + H'] 330.2037, found 330.2034.
5- Isobutoxy-7-pentyl-7H-tetrazolo[5,1-i]purine (6¢)

. “/"NNN Prepared according to general procedure using 2,6-diazidopurine 4e
n-§VHIN€)\O/Y (200 mg, 0.73 mmol, 1.0 eq.), isobutanol (95 pL, p = 0.80 g/mL, 1.03 mmol,

o 1.4 eq.) and DBU (152 uL, p = 1.03 g/mL, 1.03 mmol, 1.4 eq.) in DMF (2
mL). Column chromatography gradient: DCM/MeCN 0%—8%. Yield: 95 mg, 43 %.
Colourless solid, Ry= 0.48 (DCM/MeCN = 9/1). IR (KBr) v (cm™): 2958, 2129, 1646, 1549,
1356, 1236, 1069. "TH-NMR (500 MHz, CDCl3) & (ppm): 7.80 (s, 1H, H-C(8)), 4.19 (d, 2H, 3J
= 6.7 Hz, (-CH»-)), 4.14 (t, 2H, *J= 7.2 Hz, (-CHa-)), 2.18 (nonet, 1H, >*J= 6.7 Hz, (-CH-)),
1.87 (quintet, 2H, 3%J =7.2 Hz, (-CH>-)), 1.32 — 1.25 (m, 4H, 2x(-CH>-)), 1.05 (d, 6H, 3J=
6.7 Hz, 2x(-CH3)), 0.89 (t, 3H, 3J= 7.2 Hz, (-CH3)). "*C{'HYNMR (75 MHz, CDCl;) § (ppm):
161.3, 154.5, 153.4, 142.6, 120.1, 74.5, 43.8, 29.5, 28.7, 27.9, 22.1, 19.3, 13.8. HRMS (ESI):
calculated for [C14H21N70 + H'] 304.1880, found 304.1862.
General procedure for the synthesis of carbonimidates/carbonimidothioate 7a-f
Desired alcohol or thiol was added to a suspension of NaH (57-63% suspension in mineral oil)
in DMF and stirred at r.t. for 10 min. Then 2-alkoxy-6-azidopurine 6a was added to the
alcoholate suspension and stirred at r.t. for 30 min. After reaction completion (monitored by
HPLC), the reaction was quenched with 10% AcOH solution (10 mL). The aqueous phase was
extracted with DCM (3x10 mL). Combined organic phases were washed with saturated NaCl
solution (3x10 mL), dried over anhydrous sodium sulfate, filtered, and evaporated under
vacuum. The crude product was purified by silica gel column chromatography.
Isopropyl methyl (2)-(1-pentyl-4-(1H-tetrazol-5-yl)-1H-imidazol-5-yl)carbonimidate (7a)

HN-N Prepared according to general procedure using 2-isopropoxy-6-azidopurine 6a

(:f:No{ (50 mg, 0.17 mmol, 1.0 eq.), methanol (14 pL, p = 0.79 g/mL, 0.34 mmol, 2.0
Catt — eq.) and NaH (60% suspension in mineral oil) (14 mg, 0.34 mmol, 2.0 eq.) in
DMF (1 mL). Column chromatography gradient: DCM/MeCN 0%—20% (+0.5% AcOH).
Yield: 39 mg, 71 %. Colourless solid, Rr=0.25 (DCM/MeCN = 8/2 (+0.5% AcOH)). IR (KBr)
v (cm™): 2953, 2928, 1638, 1613, 1440, 1363, 1309, 1068, 972. 'H-NMR (500 MHz, CDCl3) &
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(ppm): 7.81 (s, 1H, H-C(2)), 5.16 (heptet, 1H, °J=5.8 Hz, (-CH-)), 3.89 — 3.79 (m, 5H, (-CH>-
), (-CH3)), 1.80 (quintet, 2H, *J = 7.2 Hz, (-CHz-)), 1.50 — 1.09 (m, 10H, 2x(-CH>-), 2x(-CH3)),
0.92 (t, 3H, *J= 7.2 Hz, (-CH3)). C{'H'NMR (75 MHz, CDCls) § (ppm): 155.5, 150.6, 138.3,
134.1, 112.1, 74.2, 56.1, 44.4, 30.0, 28.8, 22.2, 22.1, 13.9. HRMS (ESI): calculated for
[C14H23N70; + H'] 322.1986, found 322.1978.
Cyclohexyl isopropyl (E)-(1-pentyl-4-(1H-tetrazol-5-yl)-1H-imidazol-5-yl)carbonimidate
(7b)
HN-N Prepared according to general procedure using 2-cyclohexyloxy-6-azidopurine

{ \ N:’\ro{ 6b (75 mg, 0.23 mmol, 1.0 eq.), isopropanol (35 pL, p =0.79 g/mL, 0.46 mmol,
Ceth 2.0 eq.) and NaH (60% suspension in mineral oil) (18 mg, 0.46 mmol, 2.0 eq.)
in DMF (2 mL). Column chromatography gradient: DCM/MeCN 0%—10%
(+0.5% AcOH). Yield: 56 mg, 64%. Colourless solid, Rr= 0.50 (DCM/MeCN = 8/2 (+0.5%
AcOH)). IR (KBr) v (cm™): 2959, 2935, 2858, 1631, 1609, 1359, 1298, 1064, 982. 'H-NMR
(500 MHz, CDCl3) 6 (ppm): 7.81 (s, 1H, H-C(2)), 5.21 — 5.01 (m, 1H, (-CH-)), 4.99 —4.79 (br
s, 1H, H-C(Cy)), 3.88 (t, 2H, *J= 7.2 Hz, (-CH>-)), 2.01 — 1.86 (m, 2H, H-C(Cy)), 1.80 (quintet,
2H, 3J =7.2 Hz, (-CHy-)), 1.74 — 1.60 (m, 2H, H-C(Cy)), 1.57 — 1.16 (m, 16H, 6xH-C(Cy),
2x(-CHa-), 2x(-CH3)), 0.91 (t, 3H, 3J= 7.2 Hz, (-CH3)). *C{'H}NMR (75 MHz, CDCl3) &
(ppm): 154.5, 150.6, 138.6, 134.0, 112.2, 78.2, 73.6, 44.5, 31.8, 30.0, 28.8, 25.5, 23.7, 22.3,
22.2, 13.9. HRMS (ESI): calculated for [Ci9H31N702 + H] 390.2612, found 390.2598.
O-Isobutyl S-isopropyl (2)-(1-pentyl-4-(1 H-tetrazol-5-yl)-1H-imidazol-5-yl)carbonimido-
thioate (7¢)

HN-N Prepared according to general procedure using 2-isobutoxy-6-azidopurine 6¢
NN

</N \ s{ (100 mg, 0.33 mmol, 1.0 eq.), isopropylthiol (93 puL, p = 0.82 g/mL, 0.99
Ne

M o mmol, 3.0 eq.) and NaH (60% suspension in mineral oil) (40 mg, 0.99 mmol,

3.0 eq.) in toluene (2 mL). Column chromatography gradient: DCM/MeCN
0%—12% (+0.5% AcOH). Yield: 83 mg, 74%. Colourless solid, Rr=0.25 (DCM/MeCN = 8/2
(+0.5% AcOH)). IR (KBr) v (cm™): 2957, 2933, 2870, 1607, 1591, 1248, 1203, 1172, 1072. 'H-
NMR (500 MHz, CDC13) § (ppm): 7.92 (s, 1H, H-C(2)), 4.36 (d, 2H, 3J= 6.7 Hz, (-CH,-)), 3.84
(t, 2H, 3J= 7.2 Hz, (-CH»-)), 3.75 (heptet, 1H, 3J= 6.2 Hz, (-CH-)), 2.21 (nonet, 1H, 3J= 6.7 Hz,
(-CH-)), 1.80 (quintet, 2H, 3J = 7.2 Hz, (-CH>-)), 1.41 — 1.31 (m, 4H, 2x(-CH>-)), 1.28 (d, 6H,
3J= 6.2 Hz, 2x(-CH3)), 1.08 (d, 6H, 3J= 6.7 Hz, 2x(-CH3)), 0.91 (t, 3H, 3J= 7.2 Hz, (-CH3)).
BC{'H!NMR (75 MHz, CDCl3) & (ppm): 167.7, 149.8, 137.7, 135.1, 112.1, 76.5, 44.7, 36.9,
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29.8, 28.7, 27.9, 23.7, 22.2, 19.3, 13.9. HRMS (ESI): calculated for [Ci7H20N70S + H']
380.2227, found 380.2217.
O-isopropyl S-phenethyl (2)-(1-pentyl-4-(1H-tetrazol-5-yl)-1H-imidazol-5-
yl)carbonimido-thioate (7d)
HN-N Prepared according to general procedure using 2-isopropoxy-6-
N sy
S azidopurine 6a (50 mg, 0.17 mmol, 1.0 eq.), phenylethylthiol (70 uL, p =
"é:H“ h}\_@ 1.03 g/mL, 0.52 mmol, 3.0 eq.) and NaH (60% suspension in mineral oil)
(20 mg, 0.52 mmol, 3.0 eq.) in toluene (2 mL). Column chromatography
gradient: DCM/MeCN 0%—20% (+0.5% AcOH). Yield: 45 mg, 60 %. Colourless solid, Ry=
0.55 (DCM/MeCN = 8/2 (+0.5% AcOH)). IR (KBr) v (cm™): 2952, 2926, 2854, 1600, 1457,
1196, 1164, 1094, 1071. 'H-NMR (500 MHz, CDCl3) & (ppm): 7.89 (s, 1H, H-C(2)), 7.27 (t,
2H, Ar), 7.20 (t, 1H, Ar), 7.14 (t, 2H, Ar) 5.59 (heptet, 1H, 3J= 5.8 Hz, (-CH-)), 3.83 (t, 2H, 3J
= 7.2 Hz, (-CH>-)), 3.12 (t, 2H, 3J= 7.5 Hz, (-CH»-)), 2.89 (t, 2H, 3J= 7.5 Hz, (-CH>-)), 1.80
(quintet, 2H, *J =7.2 Hz, (-CH»-)), 1.55 (d, 6H, *J= 5.8 Hz, 2x(-CH3)), 1.41 — 1.31 (m, 4H,
2x(-CHa-)), 0.91 (t, 3H, *J= 7.2 Hz, (-CH3)). *C{'H}NMR (75 MHz, CDCl3) & (ppm): 166.7,
149.8, 139.9, 137.8, 135.0, 128.7, 128.7, 126.7, 112.0, 74.7, 44.9, 36.7, 32.6, 29.8, 28.8, 22.3,
22.1, 14.0. HRMS (ESI): calculated for [C21H2oN70S + H'] 428.2227, found 428.2232.
S-Cyclohexyl O-isopropyl (£2)-(1-pentyl-4-(1H-tetrazol-5-yl)-1H-imidazol-5-
yl)carbonimidothioate (7e)

HN-R Prepared according to general procedure using 2-isopropoxy-6-azidopurine
N =N
qﬂf s—<:> 6a (50 mg, 0.17 mmol, 1.0 eq.), cyclohexylthiol (63 uL, p = 0.85 g/mL, 0.52
Ne
Cath mmol, 3.0 eq.) and NaH (20 mg, 0.52 mmol, 3.0 eq.) in toluene (2 mL).

Column chromatography gradient: DCM/MeCN 0%—15% (+0.5% AcOH).
Yield: 55 mg, 78%. Colourless solid, Ry= 0.60 (DCM/MeCN = 8/2 (+0.5% AcOH)). IR (KBr)
v (em™): 2958, 2934, 2855, 1609, 1445, 1238, 1170, 1100, 1072. 'H-NMR (500 MHz, CDCl3)
8 (ppm): 7.91 (s, 1H, H-C(2)), 5.60 — 5.51 (m, 1H, (-CH-)), 3.83 (t, 2H, >*J= 7.2 Hz, (-CH>-)),
3.55 — 3.44 (m, 1H, H-C(Cy)), 2.01 — 1.88 (m, 2H, H-C(Cy)), 1.80 (quintet, 2H, >J = 7.2 Hz,
2x(-CHa-)), 1.70 — 1.59 (m, 2H, 2xH-C(Cy)), 1.55 (d, 6H, *J= 5.8 Hz, 2x(-CH3)), 1.40 — 1.13
(m, 10H, 2x(-CHz-), 6xH-C(Cy)), 0.91 (t, 3H, *J= 7.2 Hz, (-CH3)). *C{'H}NMR (75 MHz,
CDCl3) 8 (ppm): 166.9, 149.9, 138.0, 135.1, 112.1, 74.1, 44.8,44.7, 33.5, 29.8, 28.7, 25.8, 25.5,
22.2,21.9, 14.0. HRMS (ESI): calculated for [C1oH31N7OS + H*] 406.2384, found 406.2394.
S-cyclohexyl O-isopropyl (2)-(1-pentyl-4-(1H-tetrazol-5-yl)-1H-imidazol-5-
yl)carbonimido-thioate (7f)
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HN-N Prepared according to general procedure using 2-cyclohexyloxy-6-
</: \ N:N/s azidopurine 6b (100 mg, 0.30 mmol, 1.0 eq.), phenylethylthiol (120 pL,
Ceft QXQ p =1.03 g/mL, 0.91 mmol, 3.0 eq.) and NaH (34 mg, 0.91 mmol, 3.0
eq.) in toluene (2 mL). Column chromatography gradient: DCM/MeCN
0%—4% (+0.5% AcOH). Yield: 87 mg, 61%. Colourless solid, Rr=0.55 (DCM/MeCN = 9/1
(+0.5% AcOH)). IR (KBr) v (cm™): 2926, 2854, 1593, 1445, 1241, 1207, 1172, 1071, 986. 'H-
NMR (500 MHz, CDCl3) 6 (ppm): 7.91 (s, 1H, H-C(2)), 7.27 (t, 2H, Ar), 7.20 (t, 1H, Ar), 7.14
(t, 2H, Ar), 5.37 (m, 1H, (-CH-)), 3.83 (t, 2H, 3°J= 7.2 Hz, (-CH,-)), 3.13 (t, 2H, >J= 7.5 Hz, (-
CH,-)), 2.91 (t, 2H, 3J= 7.5 Hz, (-CH>-)), 2.26 — 2.15 (m, 2H, H-C(Cy)), 1.90 — 1.69 (m, 6H,
2xH-C(Cy), 2x(-CHz-)), 1.67 — 1.56 (m, 1H, H-C(Cy)), 1.42 — 1.28 (m, 5H, 2x(-CH»-), H-
C(Cy)), 0.91 (t, 3H, *J= 7.2 Hz, (-CH3)). “C{'H}NMR (75 MHz, CDCls) § (ppm): 166.4,
149.9, 139.9, 137.8, 135.2, 128.6, 128.6, 126.6, 112.2, 79.1, 44.8, 36.7, 32.5, 31.6, 29.8, 28.7,
25.5, 23.8, 22.2, 14.0. HRMS (ESI): calculated for [C24H33N;0S + H™] 468.2540, found
468.2531.
General procedure for the synthesis of 2-amino-6-azidopurines 8a-b
To a 100 mL round bottom flask charged with 2,6-diazidopurine 4e (1.0 eq.) was added DMF
and amine (3.0 eq.). The resulting mixture was stirred at r.t. overnight. After reaction completion
(monitored by HPLC), the mixture was transferred to a separatory funnel, diluted with H2O (40
mL), and extracted with EtOAc (3x20 mL). The combined organic phase was washed with 5%
LiCl(aq, solution (2x10 mL) and saturated NaCl solution (2x10 mL), dried over anhydrous
NaySO0q, filtered, and evaporated under vacuum. The crude reaction mixture was purified by
silica gel column chromatography.
A mixture of 6-azido-9-pentyl-2-(piperidin-1-yl)-9H-purine (8a-A) and 7-pentyl-5-
(piperidin-1-yl)-7H-tetrazolo|[5,1-i/]purine (8a-T)
NfN\SN " . 'f‘N “:'N Prepared according to general procedure using 2,6-4e (1.5
51 *Qi < Ay 2
Vean ¥ ° ”aa_T p=0.862 g/mL, 16.53 mmol, 3.0 eq.) in DMF (15 mL).
o Column chromatography gradient: DCM/MeCN 0% —
14%. Yield: 1.10 g, 64%. Dark yellow solid, Ry= 0.66 (DCM/MeCN = 7:3). IR v (cm™'): 2927,
2850, 2117, 1614, 1557, 1531, 1244, 1221. Analyzed azido form. 'H-NMR (500 MHz, CDCl3)
8 (ppm): 7.58 (s, 1H, H-C(8)), 4.03 (t, 2H, 3J = 7.1 Hz, H»-C(1")), 3.85-3.77 (m, 4H, 2xH>-
C(1”)), 1.84 (quintet, 2H, °J = 7.4 Hz, H»-C(2")), 1.71-1.64 (m, 2H, H>-C(3™)), 1.63-1.57 (m,
4H, 2xH>-C(2”)), 1.39-1.33 (m, 2H, H>-C(3")), 1.31-1.26 (m, 2H, H>-C(4")), 0.88 (t, 3H, ’J =

551 mmol, 1.0 eq.) and piperidine (1.6 mL,
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7.2 Hz, H3-C(5”)). 3C{'"H}NMR (126 MHz, CDCl3) 5 (ppm): 158.6, 154.9, 152.6, 140.8, 117.1,
45.5, 43.4, 29.4, 28.8, 25.8, 25.0, 22.2, 14.0. HRMS (ESI): calculated for [CisH»Ng + H']
315.2040, found 315.2053.

A mixture of 6-azido-2-N, N-dimethylamino-9-pentyl-9H-purine and N,/V-dimethyl-7-
pentyl-7H-tetrazolo[5,1-i]purin-5-amine (8b-T)

. N N F/“’\\‘N Prepared according to general procedure using 2,6-

y TN e INg - . . .
.<N \ - N1/I — nngfN/)\N/ d1a21dopur14ne é.le (2.0 g, 7.35 mmol, 1.0 eq.) and dimethylamine

oA s *;b_T (20% solution in H>0, 5.58 mL, p = 0.89 g/mL, 22.05 mmol, 3.0

4 eq.) in DMF (15 mL). Column chromatography gradient:
DCM/MeCN 0% — 14%. Yield: 1.13 g, 56%. Brown solid, Ry=

0.62 (DCM/MeCN = 7:3). IR v (cm™): 2959, 2928, 2859, 2116, 1621, 1572, 1548, 1392, 1258,
783. Analyzed azido form. 'H-NMR (500 MHz, CDCl3) § (ppm): 7.58 (s, 1H, H-C(8)), 4.05 (t,
2H,%J =7.2 Hz, H>-C(1")), 3.21 (s, 6H, 2xH3-C(17")), 1.85 (quintet, 2H, 3/ = 7.3 Hz, H>-C(2")),

1.39-1.27 (m, 4H, H>-C(3*), H2-C(4")), 0.89 (t, 3H, °J = 7.2 Hz, H3-C(5)). *C{'H}NMR (126
MHz, CDCl3) 6 (ppm): 159.2, 154.9, 152.4, 140.6, 117.0, 43.4, 37.4, 29.4, 28.8, 22.2, 14.0.
HRMS (ESI): calculated for [C12HgNs +H'] 275.1727, found 275.1704.

General procedure for the synthesis of tetrazolyl-imidazolyl-carbimidates 9a-i

Alcohol was added to a suspension of NaH (57-63% suspension in mineral oil) in DMF and
stirred at r.t. for 1 h. Then 2-amino-6-azidopurine 8 was added to the alcoholate suspension and
stirred at r.t. for 30 min. After reaction completion (monitored by HPLC), the reaction was
quenched with 10% AcOH solution (10 mL). The aqueous phase was extracted with toluene
(4x5 mL). The combined organic phase was washed with water (3x5 mL) and saturated NaCl
solution (2x5 mL). The aqueous phase was back extracted with toluene (1x5 mL). Combined
organic phases were dried over anhydrous sodium sulfate, filtered, and evaporated under
vacuum. The crude product was purified by crystallization from Et,O.

Methyl (E)-N-(1-pentyl-4-(1H-tetrazol-5-yl)-1H-imidazol-5-yl)piperidine-1-carbimidate
(%92)

N Prepared according to general procedure using 2-piperidinyl-6-azidopurine 8a
2<Nf NH (300 mg, 0.95 mmol, 1.0 eq.), NaH (60% suspension in mineral oil) (114 mg,
ot E\ 2.86 mmol, 3.0 eq.) and methanol (116 pL, p = 0.79 g/mL, 2.86 mmol, 3.0 eq.)
4{ O‘P ?1,,. in DMF (3 mL). Yield: 247 mg, 75%. Colourless solid, Ry = 0.35
s 7 (DCM/MeCN = 7:3 (+1% AcOH)). IR v (cm™): 2938, 2919, 2852, 1621, 1593,
1441, 1069, 948. 'TH-NMR (500 MHz, CDCls) & (ppm): 7.78 (s, 1H, HC(2)), 3.89 (t, 2H, 3J =
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7.4 Hz, H,C(1)), 3.87 (s, 3H, H3C(1)), 3.15 (br s, 4H, 2xH,C(17)), 1.82 (quintet, 2H, 3J =
7.3 Hz, H,C(2")), 1.41-1.35 (m, 10H, 5xH,C), 0.91 (t, 3H, °J= 6.8 Hz, H3C(5")). *C{'H}NMR
(126 MHz, CDCl3) 6 (ppm): 158.3, 150.7, 140.7, 133.4, 109.2, 56.0, 46.7, 44.2, 29.6, 28.9,
25.6, 24.2, 22.4, 14.0. HRMS (ESI): calculated for [CicH2sNsO + H'] 347.2302, found
347.2328.
Ethyl (E)-N-(1-pentyl-4-(1H-tetrazol-5-yl)-1H-imidazol-5-yl)piperidine-1-carbimidate
(b)
N"N¢N Prepared according to general procedure using 2-piperidinyl-6-azidopurine

. é:;f NH 8a (100 mg, 0.32 mmol, 1.0 eq.), NaH (60% suspension in mineral oil, 38 mg,
‘Pz/ﬂ NJN\O 0.96 mmol, 3.0 eq.) and ethanol (75 pL, p = 0.79 g/mL, 1.28 mmol, 4.0 eq.)

e vl in DMF (1 mL). Yield: 67 mg, 58%. Colourless solid, Ry = 0.37
C 77 (DCM/MeCN = 733 (+1% AcOH)). IR v (em™): 2932, 2853, 2651, 1619,
1591, 1229, 1071. 'H-NMR (500 MHz, CDCl3) § (ppm): 7.78 (s, 1H, HC(2)), 4.28 (q, 2H, *J =
7.1 Hz, H3C(1°)), 3.89 (t, 2H, *J= 7.3 Hz, Ho.C(1")), 3.17 (br s, 4H, 2xH,C(17")), 1.82 (quintet,
2H, 3J = 7.2 Hz, H,C(2")), 1.42-1.32 (m, 13H, (5xH2C, H3C(2"))), 0.91 (t, 3H, 3J = 6.8 Hz,
H3C(5)). "C{'H}NMR (126 MHz, CDCl3) 3 (ppm): 157.9, 150.6, 140.7, 133.3, 109.1, 64.9,
46.6, 44.2, 29.6, 28.9, 25.6, 24.2, 22.4, 14.9, 14.0. HRMS (ESI): calculated for [C17H2sNgO +
H" 361.2459, found 361.2461.
Isopropyl (E)-N-(1-pentyl-4-(1H-tetrazol-5-yl)-1H-imidazol-5-yl)piperidine-1-
carbimidate (9¢)

N\’NoN Prepared according to general procedure using 2-piperidinyl-6-azidopurine 8a

qulfNNH (100 mg, 0.32 mmol, 1.0 eq.), NaH (60% suspension in mineral oil) (115 mg,
r;/ﬂ NJ\O 2.88 mmol, 9.0 eq.), isopropanol (245 pL, p = 0.79 g/mL, 3.2 mmol, 10.0 eq.)
:. z‘*@*" )1\2 in DMF (1 mL). Yield: 70 mg, 58%. Colourless solid, Ry = 0.32
(DCM/MeCN = 7:3 (+1% AcOH)). IR v (cm™): 2931, 2854, 1582, 1540, 1420, 1369, 1253,
1069, 973, 920. 'H-NMR (500 MHz, CDCls) § (ppm): 7.76 (s, 1H, HC(2)), 5.03 (heptet, 1H, >J
= 6.2 Hz, HC(1>")), 3.88 (t, 2H, °J = 7.0 Hz, H>C(1°)), 3.21-3.10 (m, 4H, 2xH,C(1")), 1.82
(quintet, 2H, 3J = 7.2 Hz, H.C(2")), 1.47-1.35 (m, 10H, 5xH,C), 1.34 (d, 6H, %J = 6.2 Hz,
2xH3C(2”)), 0.91 (t, 3H, 3J = 6.8 Hz, H3C(5°)). *C{'H}NMR (126 MHz, CDCl3) § (ppm):
157.5, 150.7, 140.9, 133.4, 109.0, 72.2, 46.5, 44.1, 29.6, 28.9, 25.5, 24.3, 22.5, 22.4, 14.0.
HRMS (ESI): calculated for [C1sH30NsO + H] 375.2615, found 375.2612.
Isobutyl (E)-N-(1-pentyl-4-(1H-tetrazol-5-yl)-1H-imidazol-5-yl)piperidine-1-carbimidate
(9d)
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N\/N’:m Prepared according to general procedure using 2-piperidinyl-6-azidopurine

, z‘hﬁ 8a (100 mg, 0.32 mmol, 1.0 eq.), NaH (60% suspension in mineral oil) (38
y ﬂ\o mg, 0.96 mmol, 3.0 eq.) and isobutanol (119 puL, p = 0.80 g/mL, 1.28 mmol,
%@ K( 4.0 eq.) in DMF (1 mL). Yield: 55 mg, 44%. Colourless solid, Ry = 0.39
’ 2 " (DCM/MeCN = 7:3 (+1% AcOH)). IR v (cm™): 2930, 2853, 2661, 1616,

1591, 1422, 1253, 1229, 1073. '"H-NMR (500 MHz, CDCl3) § (ppm): 7.76 (s, 1H, HC(2)), 3.98
(d, 2H, 3J = 3.5 Hz, H,C(1””)), 3.88 (t, 2H, 3J = 6.4 Hz, H.C(1’)), 3.27-3.11 (m, 4H,
2xHoC(17)), 2.06 (nonet, 1H, 3J = 6.7 Hz, HC(2")), 1.82 (quintet, 2H, °J = 7.2 Hz, H,C(2")),
1.46-1.35 (m, 10H, 5xH,C), 0.97 (d, 6H, °J = 6.7 Hz, 2xH3C(3"")), 0.91 (t, 3H, °J = 6.8 Hz,
H3C(5%)). BC{'H}NMR (126 MHz, CDCl3) § (ppm): 157.9, 150.6, 140.7, 133.3, 109.1, 75.2,
46.6, 44.1, 29.6, 28.9, 28.2, 25.6, 24.3, 22.4, 19.4, 14.1. HRMS (ESI): calculated for
[C19H32NgO + H]" 389.2772, found 389.2772.

Isopentyl (E)-N-(1-pentyl-4-(1H-tetrazol-5-yl)-1H-imidazol-5-yl)piperidine-1-

carbimidate (9e)

N
z< f
1.N

N\~N¢N Prepared according to general procedure using 2-piperidinyl-6-azidopurine
NH
rz/-) JN\ mg, 1.28 mmol, 4.0 eq.) and isopentanol (174 puL, p =0.81 g/mL, 1.60 mmol,
3

8a (100 mg, 0.32 mmol, 1.0 eq.), NaH (60% suspension in mineral oil) (51

+ Wy 5.0 eq.) in DMF (1 mL). Yield: 58 mg, 45%. Colourless solid, Ry = 0.44
#~ e (DCM/MeCN = 7:3 (+1% AcOH)). IR v (cmr'): 2928, 2849, 2360, 1614,
1592, 1366, 1073, 957, 534. 'H-NMR (500 MHz, CDCls) & (ppm): 7.75 (s, 1H, HC(2)), 4.23
(t, 2H, 3J = 6.8 Hz, HaC(1"”)), 3.88 (t, 2H, °J = 7.2 Hz, H,C(1)), 3.23-3.13 (m, 4H,
2xH,C(17)), 1.82 (quintet, 2H, °J = 7.3 Hz, H2C(2")), 1.76 (nonet, 1H, °J = 6.6 Hz, HC(3"")),
1.61 (q, 2H, °J = 6.8 Hz, HoC(2")), 1.47-1.33 (m, 10H, 5xH,C), 0.92 (d, 6H, °J = 6.7 Hz,
2xH:C(47)), 0.91-0.90 (m, 3H, H:C(5%)). *C{'H}NMR (126 MHz, CDCls) § (ppm): 157.9,
150.7, 140.7, 133.4, 109.2, 67.6, 46.6, 44.1, 38.0, 29.6, 28.9, 25.6, 25.2,24.2, 22.7, 22.4, 14.0.
HRMS (ESI): calculated for [C20H34NsO + H]* 403.2928, found 403.2912.
Hex-5-yn-1-yl (E)-N-(1-pentyl-4-(1H-tetrazol-5-yl)-1 H-imidazol-5-yl)piperidine-1-
carbimidate (9f)

5 b
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Prepared according to general procedure using 2-piperidinyl-6-
azidopurine 8a (200 mg, 0.64 mmol, 1.0 eq.), NaH (60% suspension in
mineral oil) (76 mg, 1.91 mmol, 3.0 eq.) and 5-hexyn-1-ol (355 pL, p =
0.88 g/mL, 3.18 mmol, 5.0 eq.) in DMF (2 mL). Yield: 122 mg, 46%. Red
solid. Rf = 0.56 (DCM/MeCN = 7:3 (+1% AcOH)). IR v (cm !): 2942,
1590, 1443, 1344, 1268, 1145, 1073, 974. 'H-NMR (500 MHz, CDCl;) &
(ppm): 7.77 (s, 1H, HC(17)), 4.25 (t, 2H, HoC(17")), 3.88 (t, 2H, H2C(17)), 3.29-3.01 (m, 4H,
2xH,C(1°7)), 2.31-2.21 (2xdt, 2H, 2/ =7.0 Hz, 3J=2.6 Hz, H,C(2”")), 1.94 (t, IH, H.C(5”")),
1.90-1.76 (m, 4H, 2xH,C), 1.67 (quintet, 2H, *J = 7.0 Hz, H>C), 1.47-1.30 (m, 10H, 5xH,C),
0.91 (t, 3H, 3J = 7.0 Hz, H3C(5”)). *C{'H'NMR (126 MHz, CDCl3) § (ppm): 157.8, 150.7,
140.7, 133.4, 109.2, 84.3, 68.7, 68.3, 46.6, 44.2, 29.6, 28.9, 28.2, 25.5, 25.1, 24.2, 22.4, 18.2,
14.1. HRMS (ESI): calculated for [C21H33NsO + H]" 413.2772, found 413.2761.

Cyclopentyl (E)-N-(1-pentyl-4-(1H-tetrazol-5-yl)-1 H-imidazol-5-yl)piperidine-1-

carbimidate (9g)

-l
2/
-<‘N

NNy

L NH
: NﬁN\O mg, 1.28 mmol, 4.0 eq.) and cyclopentanol (145 pL, p = 0.95 g/mL, 1.60
AH?QI éz mmol, 5.0 eq.) in DMF (1 mL). Yield: 46 mg, 36%. Colourless solid, Ry =
5 Z 0.43 (DCM/MeCN = 7:3 (+1% AcOH)). IR v (cm™!): 2928, 2853, 1586, 1421,
1253, 1070, 977, 753, 662. '"H-NMR (500 MHz, CDCl3) § (ppm): 7.76 (s, 1H, HC(2)), 5.20
(quintet, 1H, *J = 5.1 Hz, HC(1°™")), 3.88 (t, 2H, °J = 7.2 Hz, H>C(1")), 3.23-3.08 (m, 4H,
2xH>C(17%)), 1.95-1.64 (m, 8H, 4xH>C), 1.62-1.50 (m, 2H, H>C), 1.46—1.31 (m, 10H, 5xH>C),
0.91 (t, 3H, 3J = 6.8 Hz, H3C(5*)). BC{'H}NMR (126 MHz, CDCl3) § (ppm): 157.2, 150.7,
140.7,133.4,109.1, 81.3,46.5, 44.2, 33.0, 29.6, 29.0, 25.6, 24.3,24.0, 22.4, 14.1. HRMS (ESI):
calculated for [C20H3,NsO + H*] 401.2772, found 401.2761; calculated for [C20H32NsO + Na*]
423.2591, found 423.2556.
Benzyl (E)-N-(1-pentyl-4-(1H-tetrazol-5-yl)-1H-imidazol-5-yl)piperidine-1-carbimidate
(h)

Prepared according to general procedure using 2-piperidinyl-6-azidopurine

8a (100 mg, 0.32 mmol, 1.0 eq.), NaH (60% suspension in mineral oil) (51

3m

NNy Prepared according to general procedure using 2-piperidinyl-6-azidopurine
th;ﬁ:w 8a (100 mg, 0.32 mmol, 1.0 eq.), NaH (60% suspension in mineral oil) (51

2 Y 1 mg, 1.28 mmol, 4.0 eq.) and benzyl alcohol (167 uL, p = 1.04 g/mL, 1.60
{@1 T mmol, 5.0 eq.) in DMF (1 mL). Yield: 68 mg, 50%. Colourless solid, Rr=

0.37 (DCM/MeCN = 7:3 (+1% AcOH)). IR v (cm™): 2930, 2848, 1616,
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1593, 1446, 1273, 1076, 962, 879, 725, 691, 558. 'H-NMR (500 MHz, CDCl;) § (ppm): 7.78
(s, 1H, HC(2)), 7.46 (d, 2H, 3J = 7.5 Hz, 2xHC(Ar)), 7.37 (t, 2H, 3J = 7.5 Hz, 2xHC(Ar)), 7.31
(t, 1H, °J = 7.3 Hz, HC(Ar)), 5.31 (s, 2H, H.C(1°")), 3.85 (t, 2H, °J = 7.2 Hz, H,C(1")), 3.26—
3.14 (m, 4H, 2xH,C(1)), 1.79 (quintet, 2H, %7 = 7.3 Hz, H.C(2")), 1.44-1.32 (m, 10H, 5xH,C),
0.91 (t, 3H, 3J = 6.8 Hz, H3C(5")). *C{'H'NMR (126 MHz, CDCl3) § (ppm): 157.5, 150.7,
140.5, 137.2, 133.5, 128.5, 128.1, 128.0, 109.4, 70.5, 46.7, 44.2, 29.6, 28.9, 25.6, 24.2, 22.4,
14.1. HRMS (ESI): calculated for [C22H30NsO + H]* 423.2615, found 423.2625.

Methyl (E)-N, N-dimethyl-N'-(1-pentyl-4-(1H-tetrazol-5-yl)-1 H-imidazol-5-yl)

carbamimidate (9i)
LN Prepared according to general procedure using 2-dimethylamino-6-azidopurine
Zz{\NH 8b (100 mg, 0.36 mmol, 1.0 eq.), NaH (60% suspension in mineral oil) (28 mg,
. N g\o 0.72 mmol, 2.0 eq.) and methanol (29 pL, p = 0.79 g/mL, 0.72 mmol, 2.0 eq.)
Wﬁﬁ e e in DMF (1 mL). Yield: 82 mg, 74%. Colourless solid, Ry=0.23 (DCM/MeCN =
7:3 (+1% AcOH)). IR v (cm™): 2931, 2863, 1644, 1598, 1487, 1360, 1214,
1051, 960, 873. 'H-NMR (500 MHz, CDCls) § (ppm): 7.77 (s, 1H, HC(2)), 3.90 (t, 2H, 3/ = 7.3
Hz, H>C(1)), 3.87 (s, 3H, H3C(1°")), 2.72 (s, 6H, 2xH3C(1")), 1.84 (quintet, 2H, °J = 7.2 Hz,
H>C(2%)), 1.41-1.33 (m, 4H, H.C(3’), H.C(4")), 0.91 (t, 3H, %J = 6.8 Hz, HiC(5)).
BC{'H'NMR (126 MHz, CDCl3) § (ppm): 158.5, 150.7, 140.2, 133.3, 109.8, 56.0, 44.1, 38.2,
29.6, 28.9, 22.3, 14.0. HRMS (ESI): calculated for [Ci3H22NzO + H*'] 307.1989, found
307.1979.
N-(1-Pentyl-4-(1H-tetrazol-5-yl)-1H-imidazol-5-yl)piperidine-1-carboxamide (9°)

RELNY Prepared according to general procedure using 2-piperidinyl-6-azidopurine
b NH
N
2 QN\ NH "

(H )\NQT' mmol, 4.0 eq.) in DMF (1 mL). Yield: 46 mg, 48%. Colourless solid, Ry =
2 o .

8a (100 mg, 0.32 mmol, 1.0 eq.) and potassium ferz-butoxide (144 mg, 1.28

0.60 (EtOH). IR v (cm™"): 3461, 3208, 2934, 2853, 1662, 1625, 1519,1268,

1018, 965, 882, 657. '"H-NMR (500 MHz, CDCls) & (ppm): 7.91 (s, 1H,
HN(1°)), 7.82 (s, 1H, HC(2)), 4.11 (t, 2H, 3%J = 7.4 Hz, H,C(1")), 3.64-3.56 (m, 4H,
2xH2C(17)), 1.89 (quintet, 2H, *J = 7.2 Hz, H2C(2’)), 1.74-1.67 (m, 6H, 3xH>C), 1.43-1.29
(m, 4H, 2xHC), 0.92 (t, 3H, 3J = 6.9 Hz, H3C(5)). *C{'H}NMR (126 MHz, CDCl;) § (ppm):
154.8, 149.9, 136.0, 132.1, 115.3, 46.9, 45.8, 29.2, 28.9, 25.9, 24.4, 22.3, 14.0. HRMS (ESI):
caled for [C1sH24NsO + H]" 333.2146, found 333.2160.

General procedure for the synthesis of alkylated tetrazoles 10a-e
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To a solution of tetrazolyl-imidazole derivative 2, 5§ or 9 in DMF K>CO; or NaH (57-63%
suspension in mineral oil), KI, 2-chloroacetonitrile or bromethylacetate were added and the
reaction mixture was stirred at 60 °C for 3 h. After reaction completion (monitored by HPLC),
the reaction was quenched with 10% AcOH solution (10 mL) and extracted with toluene (3x10
mL). The combined organic phase was washed with 5% LiCl(agq,) solution (2x10 mL), saturated
NaCl solution (2x10 mL), dried over anhydrous Na,SOs, filtered, and evaporated under
vacuum. The crude product was purified by silica gel column chromatography.

Methyl (E)-N-(4-(1-(cyanomethyl)-1H-tetrazol-5-yl)-1-pentyl-1 H-imidazol-5-yl)
piperidine-1-carbimidate (10a)

VALY Prepared according to general procedure using tetrazolyl-imidazole 9a (380
{ WCN mg, 1.1 mmol, 1.0 eq.), KoCO3; (760 mg, 5.5 mmol, 5.0 eq.), 2-
) . chloroacetonitrile (521 uL, p = 1.19 g/mL, 8.2 mmol, 7.5 eq.) and KI (73 mg,
Iy 3@1" r0.44 mmol, 0.4 eq.) in DMF (4 ml). Column chromatography gradient:
s Toluene/MeCN 0% —» 12%. Yield: 332 mg, 78%. Colourless solid, Ry = 0.92
(DCM/MeCN = 7:3). IR v (cm™!): 2937, 2857, 1612, 1570, 1536, 1442, 1270, 1084, 948, 764,
658. 'TH-NMR (500 MHz, CDCl3) § (ppm): 7.29 (s, 1H, H-C(2)), 6.00 (s, 2H, H>-C(1")), 3.83
(s, 3H, H3-C(1°7)), 3.83 (t, 2H, *J = 7.3 Hz, H>-C(1")), 3.16-3.05 (m, 4H, 2xH»-C(1")), 1.78
(quintet, 2H, 3J = 7.2 Hz, H>-C(2")), 1.46-1.33 (m, 10H, 2xH>-C(2”"), H>-C(3”), H>-C(3"), Ha-
C(4°)), 0.92 (t, 3H,3J = 7.1 Hz, H3-C(5°)). *C{'H}NMR (126 MHz, CDCl;) & (ppm): 158.1,
149.4, 142.8, 133.0, 113.7, 109.0, 56.0, 46.7, 43.9, 36.4, 29.6, 28.9, 25.5, 24.1, 22.3, 14.0.
HRMS (ESI): calculated for [C13H27NoO + H'] 386.2411, found 386.2422.

Methyl (E)-N'-(4-(1-(cyanomethyl)-1H-tetrazol-5-yl)-1-pentyl-4,5-dihydro-1H-imidazol-

5-yl)-N,N-dimethylcarbamimidate (10b)

Ny Prepared according to general procedure using tetrazolyl-imidazole
, 4{ \cn  derivative 9i (400 mg, 1.31 mmol, 1.0 eq.), K2CO;3 (906 mg, 6.55 mmol, 5
o (86 mg, 0.52 mmol, 0.4 eq.) in DMF (6 mL). Conditions: 60 °C, 2 h. Column
chromatography gradient: Toluene/MeCN 0% — 9%. Yield: 325 mg, 72%.
Green solid, Rr=0.93 (DCM/MeCN = 7:3). IR v (cm™): 3119, 2952, 2592, 2250, 1625, 1574,
1541, 1425, 1218, 1054, 960, 771, 658. 'H-NMR (500 MHz, CDCls3) § (ppm): 7.28 (s, 1H, H-
C(2)), 6.00 (s, 2H, H2-C(1””)), 3.83 (s, 3H, H3-C(1>")), 3.83 (t, 2H, *J = 7.3 Hz, H>-C(1")),
2.68 (s, 6H, 2xH3-C(17)), 1.79 (quintet, 2H, °J = 7.3 Hz, H>-C(2")), 1.39-1.33 (m, 4H, H>-
C(3’), H2-C(4°)), 0.91 (t, 3H, °J= 7.0 Hz, H3-C(5°)). *C{'H}NMR (126 MHz, CDCl3) & (ppm):

KZ/) i )Lo eq.), 2-chloroacetonitrile (495 uL, p = 1.19 g/mL, 7.83 mmol, 6.0 eq.) and KI
~N
¢ 2 \
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158.4, 149.4, 142.3, 132.9, 113.8, 109.7, 56.0, 43.8, 38.1, 36.5, 29.5, 28.9, 22.3, 14.0. HRMS
(ESI): calculated for [C1sH23NoO + H™] 346.2098, found 346.2101.
Diethyl (4-(1-(cyanomethyl)-1H-tetrazol-5-yl)-1-pentyl-1H-imidazol-5-yl)carbonimidate
(10c¢)
N Prepared according to general procedure using tetrazolyl-imidazole
zaftfim derivative 5b (320 mg, 0.99 mmol, 1.0 equiv.), NaH (44 mg, 1.09 mmol, 1.1
) )‘N\ equiv.), 2-chloroacetonitrile (125 pL, p = 1.19 g/mL, 1.98 mmol, 2.0 equiv.),
AK/Eij ™™ andKI (8 mg, 0.05 mmol, 0.05 eq.), DMF (5 mL). Conditions: 3 h at 60 °C.
° Flash column chromatography (DCM/MeCN, 0%—12%). Yield 150 mg,
42%. Yellow oil. HPLC: tg = 5.88 min, 98% purity. IR (KBr) v (cm™): 2911, 2934, 2860, 1635,
1592, 1532, 1415, 1376, 1302, 1075, 1032. 'H-NMR (500 MHz, CDCI3) § (ppm): 7.36 (s, 1H,
H-C(2)), 6.00 (s, 2H, (-CH>-)), 4.31 (br. s, 4H, (2x(-CH>-))), 3.83 (t, 2H, °J = 7.2 Hz, (-CH»-)),
1.75 (quintet, 2H, 3J = 7.2 Hz, (-CH-)), 1.41-0.97 (m, 10H, 2x(-CH»-), 2x(-CH3)), 0.90 (t, 3H,
3J=17.0 Hz, (-CH3)). *C{'H'NMR (75.5 MHz, CDCl3) & (ppm): 155.0, 149.5, 140.0, 133.7,
113.5, 111.5, 65.6, 44.1, 36.3, 30.0, 28.7, 22.3, 14.4, 14.0. HRMS (ESI): calculated
[C16H24N3O0>+H'] 361.2022, found 361.2092.
Ethyl 2-(5-(5-((diethoxymethylene)amino)-1-pentyl-1H-imidazol-4-yl)-1H-tetrazol-1-
yl)acetate (10d)
s Prepared according to general procedure using tetrazolyl-imidazole
Z{fﬁfwo ) derivative 5b (400 mg, 1.25 mmol, 1.0 eq.), K2COs (379 mg, 2.74 mmol,
=) )‘N\ O\T 2.20 eq.), and bromethylacetate (119 pL, p =1.19 g/mL, 1.88 mmol, 1.5
"//éij o eq.) in DMF (4 mL). Column chromatography gradient: DCM/MeCN
0% — 15%. Yield: 220 mg, 43%. Yellow oil, Rf=0.43 (DCM/MeCN =
9:1). IR v (cm™): 2933, 2871, 1754, 1643, 1592, 1375, 1303, 1210, 1069, 1027, 996. 'H NMR
(500 MHz, MeOD-da) & (ppm) 7.50 (s, 1H, H-C(2)), 5.68 (s, 2H, H-C(1°”)), 4.22-4.40 (m, 4H,
2xH,-C(17)), 4.20 (q, 2H, *J = 7.1 Hz, H2-C(2°")), 3.89 (t, 2H, *J = 7.0 Hz, H>-C(1°)), 1.74
(quintet, 2H, >J=7.1 Hz, H>-C(2")), 1.24-1.40 (m, 10H, H>-C(3"), H>-C(4"), 2xH3-C(2”)), 1.22
(t, 3H, 3J = 7.1 Hz, H3-C(3*")), 0.90 (t, 3H, 3J = 7.0 Hz, H3-C(5’)). *C{'H}NMR (126 MHz,
MeOD-ds) & (ppm) 168.2, 156.0, 151.7, 140.4, 135.4, 112.9, 66.6, 63.0, 50.6, 44.8, 31.0, 29.7,
23.2, 14.5, 14.3, 14.2. HRMS (ESI): calculated for [CisH2N7;04 + H*] 408.2354, found
408.2353.
Diisopropyl (4-(1-(cyanomethyl)-1H-tetrazol-5-yl)-1-cyclopentyl-1H-imidazol-5-
yl)carbonimidodithioate (10e)
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—N\N Prepared according to general procedure using tetrazolyl-imidazole derivative
2¢ ] f\ cn 2b (50 mg, 0.13 mmol, 1.0 eq.), NaH (11 mg, 0.26 mmol, 2.0 eq.), 2-
@ )\ J\ chloroacetonitrile (33 pL, p = 1.19 g/mL, 0.53 mmol, 4 eq.) and KI (8 mg, 0.05
)\2‘, mmol, 0.05 eq.) in DMF (4 mL). Column chromatography gradient:
DCM/MeCN 0% — 7%. Yield: 30 mg, 55%. Colourless solid, Rr=0.73 (DCM/MeCN = 9:1).
IR v (em™): 2966, 2930, 2869, 1592, 1557, 1501, 1421, 1366, 1257, 1107, 986. 'H NMR (500
MHz, CDCl3) & (ppm) 7.50 (s, 1H, H-C(2)), 5.95 (s, 2H, H>-C(1°”")), 4.32 (quintet, 1H, >J=6.9
Hz, H-C(1”)), 3.70-4.20 (m, 2H, H-C(1”)), 2.11-2.21 (m, 2H, ), 1.83-1.94 (m, 4H), 1.70-1.80
(m, 2H), 1.21-1.54 (m, 12H, H-C(2”)). *C{'H}NMR (126 MHz, CDCl3) § (ppm) 174.8, 148.9,
140.7, 132.7, 113.4, 110.8, 56.6, 38.4, 36.3, 33.1, 24.1, 23.5. HRMS (ESI): calculated for
[CisH26NgS2 + H'] 419.1795, found 419.1793.
General procedure for the synthesis of tetrazolodiazepines 11a-e
To a solution of tetrazolyl-imidazole derivative 10 in DMF K>COs3 (or NaH (57-63% suspension
in mineral oil)) was added and the reaction mixture was stirred at rt for 24 h. After reaction
completion (monitored by HPLC), the reaction was quenched with 10% AcOH solution
(10 mL) and extracted with toluene (3x10 mL). The organic phase was washed with water (2x5
mL) and then with brine (2x5 mL), dried over anhydrous Na,SOs, filtered, and evaporated
under vacuum. The crude product was purified by silica gel column chromatography.
8-Pentyl-6-(piperidin-1-yl)-5,8-dihydroimidazo[4,5-f]tetrazolo[1,5-d][1,4]diazepine-5-
carbonitrile (11a)
Prepared according to the general procedure using 10a (400 mg, 1.04 mmol,
9{ \ NJCN 1.0 eq.) and K>COs3 (575 mg, 4.16 mmol, 4.0 eq.) in DMF (4 mL). Column
/ . D chromatography gradient: DCM/MeCN 0% — 15%. Yield: 255 mg, 69%.
ks =¥ Brown solid, Rr=0.53 (DCM/MeCN = 7:3). IR v (cm™): 3375, 2952, 2923,
2853, 1676, 1612, 1572, 1442, 1197, 1019, 649. '"H-NMR (500 MHz, CDCls) & (ppm): 7.62 (s,
1H, H-C(9)), 7.45 (s, 1H, H-C(5)), 4.00 (ABqt, 2H, Adas = 0.07, Jag = 13.8 Hz, >J = 7.0 Hz,
H»-C(1%)), 3.82-3.71 (m, 4H, 2xH>-C(1”")), 1.84-1.67 (m, 8H, H>-C(2"), H>-C(2”*), H2-C(3”)),
1.38-1.22 (m, 4H, H»>-C(3’), H>-C(4")), 0.87 (t, 3H, *J = 7.0 Hz, H3-C(5”)). *C{'H}NMR (126
MHz, CDCl3) & (ppm): 149.9, 143.7, 139.7, 137.7, 111.1, 110.4, 49.1, 44.5, 44.1, 30.0, 28.7,
25.8,24.2,22.2,14.0. HRMS (ESI): calculated for [Ci7H23Ny + H*] 354.2149, found 354.2150.
6-(Dimethylamino)-8-pentyl-5,7a,8,10a-tetrahydroimidazo[4,5-f]tetrazolo[1,5-
d][1,4]diazepine-5-carbonitrile (11b)

41



wy Prepared according to the general procedure using 10b (220 mg, 0.64
:(\L}CN mmol, 1.0 eq.) and K>2COs (354 mg, 2.56 mmol, 4.0 eq.) in DMF (3 mL).
Ny~ Column chromatography gradient: DCM/MeCN 0% — 7%. Yield: 122 mg,
/ / 61%. Brown solid, Rr=0.49 (DCM/MeCN = 7:3). IR v (cm '): 2930, 1616,
1577, 1403, 1276, 1156, 1064, 1003. '"H-NMR (500 MHz, CDCl3) & (ppm): 7.61 (s, 1H, H-
C(9)), 7.44 (s, 1H, H-C(5)), 4.01 (ABqt, 2H, A8 = 0.08, Jag = 13.7 Hz, *J = 7.1 Hz, H>-C(1),
3.65-3.07 (m, 6H, 2xH3-C(1”’)), 1.79 (quintet, 2H, 3J = 6.8 Hz, H,-C(2")), 1.36-1.29 (m, 4H,
H>-C(3°), Ho-C(4%)), 0.87 (t, 3H, 3J = 7.0 Hz, H3-C(5”)). BC{'H}NMR (126 MHz, CDCl3) §
(ppm): 150.0, 144.6, 139.8, 137.6, 110.7, 110.3, 44.7, 44.2, 40.2, 30.0, 28.7, 22.2, 14.0. HRMS
(ESI): calculated for [C14H9No + H'] 314.1836, found 314.1819.
6-Ethoxy-8-pentyl-5,8-dihydroimidazo[4,5-f]tetrazolo[1,5-d][1,4] diazepine-5-carbonitrile
(11¢)

N
4
<N

NNy Prepared according to the general procedure using 10¢ (150 mg, 0.42 mmol,

(:f:\r en 1.0 eq.) and K2COs3 (230 mg, 1.66 mmol, 4.0 eq.) in DMF (2 mL). Column
///4 O\ chromatography gradient: DCM/MeCN 0% — 15%. Yield: 79 mg, 60%.
Brown oil, R¢ = 0.54 (DCM/MeCN = 9:1). IR v (cm™!): 2957, 2932, 2871,
1725, 1625, 1590, 1444, 1372, 1299, 1094, 957. 'H NMR (500 MHz, CDCl3) & (ppm) 7.72 (s,
1H, H-C(9)), 6.67 (s, 1H, H-C(5)), 4.47 (Abqq, 2H, ASas = 0.07, Jas = 10.7 Hz, 3°J = 7.2 Hz,,
H>-C(17)), 4.06 (ABqt, 2H, Adag = 0.03, Jas = 10.7 Hz, >J = 7.2 Hz, H>-C(1")), 1.84 (quintet,
2H, 3J=17.2Hz, H,-C(2"), 1.48 (t, 3H, 3J = 7.1 Hz, H3-C(2”)), 1.28-1.39 (m, 4H, H>-C(3’), H»-
C(4%)), 0.90 (t, 3H, *J = 7.0 Hz, H3-C(5)). BC{'HINMR (126 MHz, CDCl3) & (ppm) 149.2,
148.9, 138.7, 135.1, 114.2, 109.5, 67.0, 49.6, 44.7, 30.2, 28.7, 22.2, 14.0, 13.9.
HRMS (ESI): calculated for [C14HsNsO + H'] 315.1676, found 315.1677.
6-Ethoxy-8-pentyl-5,8-dihydroimidazo[4,5-f] tetrazolo[1,5-d][1,4]diazepine (11d)
1’\‘\’N~*N Prepared according to general procedure using 10d (200 mg, 0.49 mmol,
9</NNf:“}5 1.0 eq.) and NaH (24 mg, 0.59 mmol, 1.2 eq.) in DMF (3 mL). Column
2 _J, N= o/< chromatography gradient: DCM/MeCN 0% — 20%. Yield: 85 mg, 60%.
4//4) . White amorphous solid, Rr=0.60 (DCM/MeCN =4:1). IR v (cm™): 2952,
5 2928, 2866, 1639, 1586, 1377, 1332, 1299, 1276, 1034, 987. '"H NMR
(500 MHz, CDCl3) § (ppm) 7.61 (s, 1H, H-C(9)), 5.11 (s, 2H, H-C(5)), 4.37 (q, 2H, 3J = 7.1
Hz, H-C(1”)), 4.00 (t, 2H, *J = 7.1 Hz, H-C(1")), 1.81 (quintet, 2H, 3J = 7.1 Hz, H-C(2")), 1.41
(t, 3H,%J=17.1 Hz, H-C(2")), 1.28-1.39 (m, 4H, H-C(3"), H-C(4*)), 0.90 (t, 3H, *J = 7.0 Hz, H-
C(5%)). BC{'H}NMR (126 MHz, CDCl3) § (ppm) 155.1, 149.9, 137.5, 136.6, 113.9, 65.2, 48.8,
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44.4,30.1, 28.8, 22.2, 14.0, 13.9. HRMS (ESI): calculated for [Ci3H1oN;O + H'] 290.1724,
found 290.1724.
8-Cyclopentyl-6-(isopropylthio)-5,8-dihydroimidazo|4,5-f]tetrazolo[1,5-d][1,4]diazepine-
5-carbonitrile (11e)
1N./N¢N Prepared according to general procedure using 10e (30 mg, 0.07 mmol, 1.0
gng:ji on eq.) and KoCOs (39 mg, 0.29 mmol, 4.0 eq.) in DMF (0.5 mL). Column
Z'Eg ” S chromatography gradient: DCM/MeOH 0% — 5%. Yield: 15 mg, 62%.
’ 2 Yellowish solid, Rf = 0.30 (DCM/MeCN = 9:1). IR v (cm™!): 2967, 2928,
2867, 1610, 1575, 1450, 1300, 1235, 1099, 1055, 1032. 'H NMR (500 MHz, CDCl3) & (ppm)
7.78 (s, 1H, H-C(9)), 6.51 (s, 1H, H-C(5)), 4.72-4.80 (m, 1H, H-C(1°)), 3.90 (heptet, 1H, 3J =
6.8 Hz, H-C(17)), 2.17-2.34 (m, 2H, 2xH-C(2")), 1.77-2.06 (m, 6H, 2xH>-C(2"), 2xH>-C(3")),
1.52 (d, 3H, 3J = 6.8 Hz, H3a-C(27)), 1.43 (d, 3H, *J = 6.8 Hz, H3-C(2”)). *C{'"H}NMR (126
MHz, CDCl3) 6 (ppm) 151.0, 149.1, 137.8, 136.9, 114.7, 109.7, 57.0, 51.5, 39.1, 33.4, 32.7,
23.9,22.1,22.0. HRMS (ESI): calculated for [CisHisNgS + H'] 343.1448, found 343.1447.
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C-5 Substituted pyrido[3,2-e]tetrazolo[1,5-a]pyrimidines were obtained by simple azidation of 24-
dichloropyrido[2,3-d]pyrimidine followed by SnAr reactions with S-, N- and O-nucleophiles. Their NMR
and IR studies revealed that the mono-azido products undergo azide-tetrazole equilibrium, whereas
2,4-diazidopyrido[2,3-d]|pyrimidine exists in four tautomeric forms in various solutions, and its solid
phase tautomer was established by the X-ray analysis. In total, nine of the obtained products are fully

Keywords: characterized by their single crystal X-ray structures and seven of them revealed a novel annulated
Azide pyrido[3,2-e]tetrazolo[1,5-a]pyrimidine skeleton. Among the studied products the amino derivatives -
Tetrazole 5-aminopyrido[3,2-e]tetrazolo[1,5-a]pyrimidines - exist mainly in their tetrazole form both in the solid
f_NA' ) phase and in the solutions. However, also the latter enter the tautomeric equilibrium and the liberated
riazole

azido group is able to undergo copper(l)-catalyzed azide-alkyne cycloaddition (CuAAC) reaction and form
the corresponding 1,2,3-triazole derivatives. Free Gibbs energies of the tautomerization of C-5 substituted
cyclohexylmercapto-, isopropyloxy- and phenoxy-pyrido|3,2-e]tetrazolo[1,5-a]pyrimidines were found to

Pyrido[2,3-d]pyrimidine
Tautomeric equilibrium

be -21.30, -23.19 and -17.02 k]/mol, respectively.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Fused pyrimidines are privileged heterocyclic pharmacophores
found in many marketed drugs [1-3]. As such, they display future
potential for more potent and efficient drug development [4-6]. In-
terest for pyrido[2,3-d]pyrimidine scaffold by medicinal chemists
in new drug design increases in recent years [7-12]. Hence, new
synthetic methods are continuously being developed to obtain
more complex functionalized pyrimidines, including pyrido[2,3-
d|pyrimidines [13-17]. In this context, azido-substituted heterocy-
cles play a crucial role due to versatile reactivity patterns of azido
group.

Heterocycles possessing azido-azomethine structural entity are
particularly interesting by several aspects: 1) they undergo dy-
namic azide-tetrazole equilibrium in solution phase [18-20] and
this has been reviewed [21-23]; 2) azido group as pseudohalide
displays properties of a leaving group in the SyAr reactions [24-
30]; 3) rich chemistry of azido substituent offers further modi-
fication possibilities [31]. Additionally, from the synthetic chem-
istry point of view the azide-tetrazole ring-chain tautomerism

* Corresponding authors.
E-mail addresses: Irina.Novosjolova@rtu.lv (I. Novosjolova), Maris.Turks@rtu.lv
(M. Turks).

https://doi.org/10.1016/j.molstruc.2022.133784
0022-2860/© 2022 Elsevier B.V. All rights reserved.

is known to modulate the SyAr reactivity. In the case of fused
azido-pyrimidines I-AA, which possesses two identical leaving
groups at C-2 and C-4, a nucleophile would primarily react at
C-4 (Scheme 1). If the tautomer I-TA prevails, the regioselectiv-
ity of the nucleophile attack will be changed to C-2 (equals to
C-5 in tetrazolo-tautomer I-TA) and product I will be obtained.
On the other hand, an equilibrium towards I-AT gives a matched
case, which ensures reactivity at C-4 (equals to C-5 in tetrazolo-
tautomer I-AT) and provides product IIl. Additionally, the electron-
withdrawing character of the fused tetrazolopyrimidine system
may significantly enhance the rate of the SyAr reaction at the C-N3
reactive center.

During the past decades several 2,4-diazido-pyrimidine deriva-
tives and their fused analogs have been investigated. The published
reports reveal that there are different tautomeric equilibria in
structural classes A-C (Fig. 1). For example, 2,4-diazidopyrimidines
A [19,20] and 2,4-diazidoquinazolines C [29] tend to enhance the
classical reactivity at C-4 by tetrazole formation from the azido
group at C-2. On the other hand, tetrazole from azido group at
C-6 prevail in purines (X = N) [27,30,32] and 7-deazapurines
(X = CH) B [25,28]. Intrigued by the underexplored yet privi-
leged pyrido[2,3-d]pyrimidine scaffold, we decided to explore the
structure and reactivity of its 2,4-diazido substituted form D and
its SyAr reaction products. To the best of our knowledge, the
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Scheme 1. SyAr regioselectivity in fused azidopyrimidines; C-2 position of structure I-AA equals to C-5 in tetrazolo-tautomer I-TA and product II), C-4 position of structure

I-AA equals to C-5 in tetrazolo-tautomer I-AT and product III).

Fig. 1. 2,4-Diazido derivatives in pyrimidine class.

annulated scaffold of pyrido[3,2-e]tetrazolo[1,5-a]pyrimidines has
been reported only once for 4-alkylated 6,8-dimethylpyrido[3,2-
e|tetrazolo[1,5-a]pyrimidin-5(4H)-ones, which are potent anticon-
vulsant and antidepressant agents [33].

Hence, we report here our findings on the reactivity pat-
tern of 2,4-diazidopyrido[2,3-d]pyrimidine D with O-, N- and S-
nucleophiles, which is accompanied by IR, NMR and single crystal
X-ray studies of the substitution products.

2. Results and discussion
2.1. Synthesis

First, we obtained our key starting material 24-
diazidopyrido[2,3-d]pyrimidine (2) with practically quantitative

Cl
4
= N NaN; = ‘ N
~ ‘ )\ Acetone, H,0 2
N Cl s0°c,1h N" N
1 2,98%

yield in a simple reaction of commercially available dichloride 1
with sodium azide (Scheme 2). Here and further the name diazide
and structure 2 are used as formal simplification, as compound 2
does not exist in a pure diazide form, but rather as a mixture of
azide-tetrazole tautomeric forms. We observed diazide 2 undergo-
ing azide-tetrazole tautomerism in solutions by NMR. Addition of
cyclohexanethiol (3) to diazide 2 in various solvents (DMSO, DMF,
THF, CHCl3) in basic medium (K,CO3 or NEt3) proceeded at the
C-4 position. The best yield (70%) of tetrazolo[1,5-a|pyrimidine 4
was obtained in CHCls.

For comparison, the addition of cyclohexanethiol as the first nu-
cleophile and sodium azide as the second nucleophile yields 5-
(cyclohexylthio)pyrido[3,2-e]tetrazolo[1,5-a]pyrimidine (4) in 50%
yield over two steps (Scheme 3). The diazide route (Scheme 2)
has a simpler workup and a higher total yield. Further addition
of the second thiol equivalent to the intermediate 4 gave 24-
dithiopyrido[2,3-d]pyrimidine 6a.

Arylthiols were unreactive towards azido group substitution in
compound 2, whereas dichloride 1 readily reacted with arylthiols
to give disubstituted products 6b, 6c.

The SyAr reaction of diazide 2 with O-nucleophiles in DMF pro-
ceeded in the presence of K,CO3 and tetrazolo[1,5-a]pyrimidines
7a-b were obtained, however with low yields due to multiple
byproduct formation (Scheme 4).

On the other hand, primary and secondary amines undergo
a rapid SyAr reaction with diazide 2 to give 5-aminopyrido|3,2-
e]tetrazolo[1,5-a]pyrimidines 8 in good yields (Scheme 5). The ad-
dition of hydrazine, hydroxylamine or aniline gave mixtures of
unidentified compounds. The obtained amino derivatives 8 had
poor solubility in organic solvents. Especially pyrrolidine and mor-
pholine adducts 8d-e were particularly insoluble in common sol-
vents (MeOH, DMSO, CHCl3, H,0, THF, MeCN, DCM, EtOAc, toluene,

or NEt;

acetone, pyridine).
DMSO

3 rt., overnight N

c-Hex—SH (3)
K,COj3 ol

2

4,70% (in CHCls)
64% (in DMSO)
59% (in DMF)
10% (in THF)

Scheme 2. Synthesis of 2,4-diazidopyrido[2,3-d]pyrimidine (2) and its regioselective substitution with cyclohexanethiol.
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Scheme 3. Stepwise synthesis of pyrido[3,2-e]tetrazolo[1,5-a]pyrimidines 4 and 2,4-dithiopyrido[2,3-d]pyrimidines 6.
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Scheme 4. SyAr substitution of diazide 2 with O-nucleophiles.
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Scheme 5. Synthesis of 5-aminopyrido[3,2-e]tetrazolo[1,5-a]pyrimidines 8.

It is interesting to note, that basic additives (e.g. K;CO3) led to a
hydrolysis of azido groups, but the Lewis acid catalysts (e.g. ZnCl,)
[34] gave significantly lower yields of product 8.

To showcase the azide-tetrazole tautomerism, we functional-
ized 5-aminotetrazolo[1,5-a]pyrimidine 8a in a copper(l)-catalyzed
azide-alkyne cycloaddition (CuAAC) reaction [35] to yield 1,2,3-
triazole 10a. Since the tetrazole is the major tautomer for 8a both
in a solid state and in solutions, this reaction demonstrates well
the dynamic equilibrium to the minor tautomer, which is the reac-
tive component in the CuAAC reaction. Initially, we screened con-
ditions for the CuAAC reaction of model substrate 8a with pheny-
lacetylene (Table 1). Without catalyst no reaction occurred even
at elevated temperatures, but at temperatures > 120 °C substrate
degradation was observed (Table 1, entry 1). When Cul was used
as the catalyst, bisphenylacetylene formation was observed in the
Glaser-type coupling (Table 1, entries 2-3) [36]. Finally, a compro-
mise between suitable tautomeric equilibrium conditions and the
preparative solubility of all reaction components was reached with
CuS04-5H,0/sodium ascorbate in THF/H,0 (Table 1, entry 6).

Triazoles 10b and 10c were obtained in the further CuAAC re-
actions with p-tolyl and hexyl alkynes (Scheme 6). Next, 2-(1,2,3-
triazolyl)—4-thiopyrido[2,3-d]pyrimidine 11 was successfully ob-
tained in the CuAAC reaction using thio-derivative 4.

Besides the reactivity pattern of systems containing different
2,4-substituents, we also explored additional reactivity of diazide
2. Thus, we were able to isolate stable iminophospharane 12 in the
Staudinger reaction, when triphenylphosphine was reacted with di-
azide 2 (Scheme 7).

2.2. Single crystal X-ray analysis

Most of the newly obtained pyrido[2,3-d]pyrimidine derivatives
appeared to be highly crystalline substances. This allowed us to
perform crystal structure studies of compounds 2, 4, 5b, 7a, 8b,
8e, 8g, 11, and 12 by single crystal X-ray analysis. Crystal data and
refinement details for the studied crystals are presented in Table 2.
ORTEP views (50% probability ellipsoids) of the molecules, pack-
ing of the molecules in the crystal and atom labeling schemes are
shown in Table 3. The molecules 2 in the crystal are essentially

Table 1
Optimization of CuAAC reaction conditions.
HNrn'CeHm HNrn'CeHm
\)N\ . / conditions Z \J\l\
Ph
NN N"N—pn
8a N=N N=y .
Entry  Catalyst Solvent Temperature (°C)  Additive Yield of 10a (%)
1 - DMF 120 . 0
2 Cul CH,Cly 25 NEt; 0
3 Cul THF | H,0 25 NEt;3 <5
4 CuS04-5H,0 t-BuOH / H,0 60 Sodium ascorbate 10
5 CuS04-5H,0 DMF 80 Sodium ascorbate 23
6 CuS04-5H,0  THF | H,0 60 NEts, sodium ascorbate 72
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Table 2
Crystal data and refinement details.
Compound 2 4 5b 7a 8bh 8e 8g 1 12
Structural formula C7H3Ng Ci3H14NgS  Cy3HgCIN3S  CyiHpClsNgO  CyisHyiNy Ci1iH;1N7O  CqHasNyy  CoHyoNeS  CasHigNyP
Molar weight (g/mol) 213.18 286.36 273.73 349.61 299.39 257.27 277.30 388.49 447.43
Crystal system Orthorhombic Monoclinic  Monoclinic  Triclinic Monoclinic  Monoclinic  Triclinic Monoclinic  Monoclinic
Space group Pbca P2y[c P2/c P-1 P2,/c P2y[c P-1 P2y[c P2[c
z 8 4 4 2 4 4 6 4 4
a (A) 8.8799 (3) 20.0785 (2) 54128 (1)  6.6752 (5) 20.9737 (5) 17.8729 (3) 11.1482 (2) 13.2199 (1) 9.3396 (1)
b (A) 8.7781 (3) 9.0150 (1)  29.1050 (5) 8.8492 (5) 45734 (1) 89502 (2) 12.9283 (2) 12.2552 (1) 17.0598 (2)
c(A) 227102 (9)  7.7468 (1)  7.6278 (1) 13.3964 (9) 159981 (5) 7.0113 (2) 14.9433 (2) 12.8190 (1) 13.5331 (1)
a (%) 90 90 90 77.473 (5) 90 90 113.804 (1) 90 90
B () 90 98.828 (1)  98.181 (1)  79.327 (6) 94.101 (2) 101.264 (2) 95.832 (1) 110.592 (1) 98.641 (1)
y (©) 90 90 90 80.906 (5) 90 90 99.836 (1) 90 90
V (A3) 1770.23 (11)  1385.62 (3) 118945 (3) 753.37 (9) 1530.63 (7) 1099.97 (4) 1906.49 (5) 1944.15 (3) 2131.78 (4)
Calculated density (mg/m?) 1.600 1.373 1.529 1.541 1.299 1.554 1.449 1.327 1.394
Absorption coefficient (mm~") 0.99 2.07 4.34 5.59 0.67 0.91 0.78 1.63 1.38
6-range for data collection (°) 3.9-75.5° 44 -757  3.0-763 3.4 -76.3 28-764 50-754 33-765 3.6-76.2 42 -76.4
Index ranges -9to 11 —23 to 25 —5to 6 —-8to8 —26 to 26 —21 to 21 —14 to 13 —16 to 16 -11t09
—6to 11 —11 to 10 —34 to 36 -11to 7 -5to04 -11to 5 -15-16 —15to 15 —20 to 21
—27 to 28 -8t 9 -9to9 —16 to 16 —20to 19 -8to8 -14 - 18 —16 to 13 —17 to 16
Data collected 8736 13,130 11,237 11,328 16,290 5852 36,397 18,598 20,640
Unique reflections 1740 2760 2392 2974 3098 1984 7775 3923 4301
Unique reflections with I > 20(I) 1464 2485 2184 2473 2794 1758 7002 3694 4021
Symmetry factor (Rin) 0.048 0.034 0.034 0.058 0.039 0.031 0.034 0.027 0.030
Completeness to &max 93.8 99.5 96.2 92.7 99.9 92.4 99.9 96.5 96.1
F(000) 864 600 560 356 640 536 864 816 928
Parameters refined 145 181 164 193 202 173 569 254 299
Goodness of fit on F2 1.06 1.066 1.06 1.11 1.14 0.958 1.05 1.07 1.07
Final R, factor for I > 20(I) 0.059 0.035 0.033 0.086 0.080 0.035 0.035 0.033 0.03
wR2 factor for all data 0.187 0.097 0.090 0.255 0.247 0.096 0.097 0.089 0.092
Largest diff. peak/hole (e/A3) 0.43 -0.25 022 -0.28 030 -0.36 1.15 —-0.66 0.58 -0.26  0.22 -0.27 0.30 -0.22 0.32 -0.26  0.43 —-0.37
CCDC deposition number 2,151,125 2,129,256 2,129,262 2,129,264 2,129257 2,129,258  2,129261 2,129,263 2,129,265
HN/”'CGH13 N,n—CsH13 lence angle N10-N11-N12 is 171.6(2)°. The molecules are assembled
CuS0,-5H,0, NEt, in the layers stabilized by 7 ---7 stacking interactions. The stacks
= ‘ N Sodium ascorbate are characterized by pyridine/tetrazole fragment centroid distance
N /g THF, H,0 of 3.869(2) A and pyridine/pyridine centroid distance equals to
NT NN 60°C, 15h N R 3.624(2) A.
8 N=N N=N In the structure 4 the lone electron pairs of S10 atom are in-
a 10a: R = Ph, 72% volved in the common conjugate system of the tricycle. The bond
‘R = o PR
10b: R = p-Tol, 50% length C5-S10 = 1.736 (1) A is shortened as compared to a stan-
‘R = o . . . .
10¢: R = n-CeHyg, 75% dard single C-S bond [37]. Orientation of the cyclohexane cycle is
described by the torsion angle < C5 - S10 - C11 - C12 = -85.13
(12)°. Atom C11 is situated in the plane of the tricycle [torsion an-
gle < C11 - S10 - C5 - N4 = 154 (13)°]. The slope of the mean
_ N CuS045H,0, NEts _ Sy plane of cyclohexane to the plane of the tricycle is 56.65° The
\ Sodium ascorbate | packing contains layers formed by polar and nonpolar parts of the
> )\ THF, HZO X /)\ J . . . .
N7 ONTYY 60°C. 15 h NTONTONTN_pp molecules perpendicular to a-axis of the unit cell. The tricyclic het-
4 N:N’ ' 1. 40% ’I“:N erosystems are arranged in the stacks stabilized by 7~ 7 stacking

Scheme 6. Synthesis of 2-(1,2,3-triazolyl)pyrido|2,3-d]pyrimidines 10 and 11.

P
: G
PPh, N

= ‘ XN = X
\N N/)\N Toluene X ‘ /g
3 rt., overnight N" N N
2 N=N
12, 58%

Scheme 7. Synthesis of iminophospharane 12.

planar. Atomic deviations from the least squares mean plane of
the molecule do not exceed 0.05 A. Azide group is turned in the
direction opposite to the pyridine ring. The valence angle C5-N10-
N11 is equal to 113.8(2)°. Azide group is not strictly linear, the va-

interactions. The shortest distance between the atoms in the stacks

is 3.199(1) A (N3---C9a), while the minimal distance between the
centroids in the adjacent tricycles is 3.628(2)A.

The crystal structure 7a is a chloroform solvate. The atom C11 is
situated close to the average plane of the aromatic system [<N4-
C5-011-C11 = 1.47(1)°] and the lone electron pairs of 010 atom
participate in the common conjugate system of the tricycle. This
results in a shortening of bond length C5-010 [1.3105(1)A] as com-
pared to the C-0O single bond [37]. The polar and nonpolar parts of
the molecules form layers perpendicular to a-axis of the unit cell.
The layers of the tricyclic heterosystems consist of the stacks stabi-
lized by 7+ 7 stacking interactions. The shortest distance between
the centroids of the adjacent tricyclic heterosystems is 3.615(2) A,
while the shortest distance between the atoms in the stacks is
3.230(1) A [C3a--C3a].

In the structure 8b the atoms N10 and C11 are situated close
to the average plane of the aromatic system and the lone electron
pair of N10 atom participates in the common conjugate system
of the tricycle. Therefore, bond length C5-N10, equal to 1.342(4)A,
is shortened as compared to the C-N single bond [37]. The
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Table 3
ORTEP views (50% probability ellipsoids; ORTEP3 for Windows) [38], Mercury [39] drawings of crystal packing showing supramolecular features and atom labeling schemes
for compounds 2, 4, 5b, 7a, 8b, 8e, 8g, 11 and 12.

Comp. :
P Formula Crystal packin
Nr. ystal packing
®.NO
N
2 /‘ N
N
NN
=N
s” i
4 =z ) SN
Sy
N=N
& :
5b
= SN
<
NN el
OJ\
Ta /‘ SN
Sy
N=N
HN/nCBHn
X
8b 7 i
S
NNy
N=N

(continued on next page)
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Table 3 (continued)

Journal of Molecular Structure 1269 (2022) 133784

®

N
8e NN
-
N NJ*N
=N
HN
= SN
8g |
Sn N)%N
N=N

u (N

N"P
: ©
g

orientation of the long aliphatic chain is defined by the tor-
sion angle < C5 - N10 - C11 - C12 = 82.75 (25)°. The polar and
nonpolar parts of the molecules form layers perpendicular to
a-axis of the unit cell. The layers of the tricyclic heterosystems
consist of the stacks stabilized by 7 7 interactions. The shortest
distance between the centroids of the adjacent tricyclic heterosys-
tems is 3.801(2) A, while the shortest distance between the atoms
in the stacks is 3.421 A(1) (C8---C5a). In the stacks the molecules
are assembled in chains along axis ¢ of the unit cell by means of
hydrogen bonds N10-H14--N2 (x,1/2-y,—1/2 + z) (H--N = 211 A,
N--N = 2.941(1) A, <N-H--N = 158°).

In the crystal structure 8e the morpholine cycle is oriented in
such a way (< N4-C5-N10-C11 = 12.53°) that the lone electron pair
of the nitrogen atom N11 participates in a common conjugation in
the heterocycle. As a result C5-N10 bond length is shortened to the
value of 13491 (17)A. As in the previous structures, the molecules
are assembled in the layers containing polar and nonpolar parts
of the molecules. In the polar layers the tricyclic heterosystems
form stacks stabilized by 7 7 interactions. The shortest distance
between the centroids of the adjacent tricyclic heterosystems is

3.473(2) A, while the shortest distance between the atoms in the
stacks is 3.276(1) A (N9---C5a).

Crystal structure 8g contains three independent molecules in
the asymmetric unit. The last digit in the atomic labels refer to
the molecule number (Table 3). Geometry of the molecules is simi-
lar, but their conformations differ by the orientations of the phenyl
rings. The torsion angles C5-N10-C11-C12 for the three molecules
are —101.87(1)°, —87.17(1)° and 84.58(1)°, respectively. In the unit
cell the tricycles of all independent molecules are situated in one
and the same plane. By means of their tricyclic fragments the
molecules in the crystal are arranged into stacks. However, the
layer structure is less pronouned. The stacks propagate along the
a axis of the unit cell. In its turn the stacks are cross-linked by the
hydrogen bonds of the N-H...N type (Table 4).

In the crystal structure 11 the aromatic fragments in the
molecule are not coplanar. Dihedral angles of the triazole fragment
with the bicycle and the phenyl ring are 4.59° and 11.49°, respec-
tively. The slope of the least squares mean plane of cyclohexane to
the plane of the bicycle is 45.40° There are no well-defined stacks
in the structure. However, the bicyclic heterosystem has an overlap
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Table 4

Hydrogen-bond geometry (A,°) for 8 g structure?.
D-H--A D-H H--A D-A D-H.-A
N101-H---N33" 0.88 2.18 3.006(1) 157
N102-H--N31¢ 0.88 2.09 2.911(1) 156
N103-H---N32 0.88 211 2.917(1) 153

2 PLATON tool [38] was used for geometrical calculations.
b Symmetry code x,—1 + y,z.
¢ Symmetry code 1-x,1-y,1-z.

with the triazole fragment and the shortest intermolecular distance
N8..-C13 is 3.373(1)A.

In the crystal structure 12 the torsion angle C4-C5-N10-P11 is
—3.40(1)°, and the electron lone pair of the nitrogen atom is in-
volved in conjugation of the whole aromatic heterosystem and C5-
N10 bond is 1.337(2)A long. The N10-P11 bond length [1.6142(1)A]
corresponds to a standard value [1.599(18) A] of the N-P double
bond [37]. The orientations of the phenyl rings with respect to the
tricyclic heterosystem are described by torsion angles C5-N10-P11-
C12/C18/C24, which are —59.23(1)°, 68.00(1)° and —176.25(1)°, re-
spectively.

A comparison of crystal structure 5b with 11 reveals some dis-
tinctions in molecular geometry. In compound 11 single bond S20-
C21 is equal to 1.819(1) A, whereas in compound 5b a similar
$10-C11 bond is shortened [1.773(2)A] due to conjugation with
the phenyl ring. In compound 11 torsion angle N3-C4-S10-C11 is
—5.41(1)°, that facilitates conjugation of sulfur atom lone pairs
with the bicyclic heterosystem and C4-S20 bond is 1.740(1) A
long. In the structure 5b the analogous torsion angle is equal to
—11.47(1)°, that reduces the conjugation. Therefore C4-S10 bond is
slightly longer [1.756(2) A]. There are two types of stacks in 5b
structure, and the first one is built from the bicyclic heterosys-
tem with a pyridine/pyridine centroid distance 3.816(2) A and the
shortest interatomic distance in the stacks N1--C7 = 3.276(1) A.
The second type of stacks consists of phenyl rings. The centroid
and the shortest interatomic distances in these stacks are 3.923(2)
A and 3.427(1) A (C14--C15), respectively.

Search of the Cambridge Structure Database (CSD, version 5.42,
November 2020) for synthesized tricyclic tetrazolopyridopyrimi-
dine heterocyclic system did not reveal any hits and, thus, gave
evidence that it was not studied by single crystal X-ray diffraction
yet. For this reason, we list in Table 5 selected geometrical param-
eters of the studied compounds that shows changes in their values
taking place in the process of azide-tetrazole transformation.

Table 5

Journal of Molecular Structure 1269 (2022) 133784
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Fig. 2. Possible tautomeric forms of diazide 2.

3. NMR spectroscopy
3.1. Spectroscopic investigation of diazide 2

There are five theoretically possible azide-tetrazole tautomeric
forms for diazide 2: diazide 2AA, bis-tetrazole 2TT, linear azidote-
trazole 2AT’ and two angular azidotetrazoles 2AT and 2TA (Fig. 2).
Indeed, '"H NMR analysis of diazide 2 showed multiple sets of
signals in CDCl3 identifying azide-tetrazole equilibrium in solu-
tion (Fig. 3). We have identified four sets of signals for proton
H-C(6) (atom numbering for all tautomers refers to diazide 2AA
for simplicity) that appear in the range from 7.4 ppm to 8.0 ppm
and are the most distinguishable from the all other signals. Since
we could not undeniably assign the NMR signals to correct tau-
tomers, we labeled the signal pairs as &, B, y and § tautomers.
Angular (bent) fused tetrazole ring systems in pyrimidines are fa-
vored over linear based on DFT calculations [41,42] and experi-
mental reports [43]. However, on some occasions linear tetrazolo-
triazine structures have been unambiguously proved by X-ray and
5SN-NMR analysis [44-46]. Our preliminary DFT calculations of
diazidopyrido[2,3-d]pyrimidine 2 tautomers indicate that the lin-
ear 2AT structure is 14-18 kcal higher in base energy than others.
Thus, we speculate that tautomeric form 2AT was not observed
among 4 registered tautomers in the tested solutions.

With exchange spectroscopy (EXSY) [47] we have observed
chemical exchange only between § and y tautomers by H-C(5) and

Selected bond lengths and valence angles for studied crystal structures®.

Moiety Comp. Nr.  Nl1a-C3a /N1-C2  C3a-N4/C2-N3  N1a-C3a-N3/N1-C2-X®  N1a-C3a-N4/N1-C2-N3
- 2 1.350(3) 1.358(3) 108.5(2) 124.8(2)
o1 CEA e 4 13576 (17) 13582 (17) 108.61 (12) 123.99 (12)
= ‘ N 7a 1.359 (6) 1347 (6) 107.2 (4) 1248 (4)
N )\C?»a 8b 1.370 (4) 1338 (5) 107.2 (3) 1244 (3)
NTCENTIN N ge 1.3501 (18) 13420 (18) 108.32 (12) 12467 (12)
N N=N 8 g-1 1.3589 (14) 13476 (14) 107.34 (9) 124.97 (10)
N TN 8g-2 1.3564 (13) 13454 (13) 107.38 (9) 124.77 (9)
8g-3 1.3596 (14) 13473 (14) 107.58 (9) 124.46 (10)
12 13652 (17) 1.3506 (17) 107.62 (12) 124.42 (12)
o 5b 1.296 (2) 1.350 (2) 115.40 (12) 130.87 (15)
a8 s 1 1.3003 (15) 1.3526 (15) 117.61 (10) 130.75 (11)

c6 2 N

WS
NS /
CTSN TN Xy

N8 N1

2 PLATON tool [40] was used for geometrical calculations.
b X = N9 (for 11), X = CI9 (for 5b).
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H-C(7), H-C(8)g

H-C(7)

y H-C(5),

H-C(7)
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CDClL

H-C(8),

Fig. 3. 'H NMR spectrum of diazide 2 in CDCl;.

H-C(6) protons at 7.44 | 7.73 ppm and 8.35 | 8.97 ppm (Figure S1).
In the 1D selective excitation experiments (Figure S2) we were able
to see slower exchange rate tautomerizations between other tau-
tomers that were not visible in the 2D spectra.

The main factors influencing the tautomeric equilibrium are:
solvent polarity (tetrazole form dominates in polar solvents), tem-
perature (azide form is thermodynamically more stable and domi-
nates at higher temperatures) and protonation of fused heterocycle
(electron deficiency in the ring system favors the azide form) [21].
In various organic solvents the azide-tetrazole equilibrium varied
greatly based on the solvent polarity and dielectric constant &. In
more polar solvents (DMSO-dg, MeCN, MeNO,, MeOD-d4) down-
field @ and B tautomers (tetrazole form) dominated and in non-
polar solvents (CDCl3, MTBE, CgDg) upfield ¥ and § tautomers
(azide form) started to appear (Figure S3). Relative ratios of diazide
2 tautomers in different solvents are given in Table S1 and graphi-
cally depicted in Fig. 4. The results are in the agreement with other
NMR studies of azide-tetrazole equilibrium and conform that the
polar solvents favor the tetrazole tautomer, which appears further
downfield compared to the azido tautomer [48-51].

During the NMR titration of CDCl;3 solution of diazide 2 with
DMSO-dg the 'H NMR signals shifted towards downfield tau-
tomeric forms with significant decrease of § tautomer and increase
of o tautomer (Figure S4). The equilibrium constants for diazide
2 showed also temperature dependency. Elevating the tempera-
ture shifted the equilibrium towards azido tautomers y and § (Fig-
ure S5-S6). The relative ratios of tautomers are given in Figs. 5
and 6.

Thus, azide-tetrazole equilibrium in pyrido[2,3-d]pyrimidine
system displays similar physical properties as in other azidopy-

rimidines [21]: 1) tetrazole tautomer is favored in polar solvents
whereas azido form in nonpolar solvents; 2) tetrazole tautomer is
the major component at lower temperatures, whereas the azide
tautomer ratio increases at higher temperatures. Further NMR
studies on structural assignment and detailed DFT calculations for
diazide 2 will be reported elsewhere.

3.2. FI-IR spectroscopy

FT-IR analysis of diazide 2 showed four characteristic azido
group (N=N) asymmetric stretching bands at 2104, 2165, 2221
and 2265 cm~! and symmetric azido group stretching bands at
1303, 1322 and 1344 cm~! (Figure S7) [52]. Phosphonimidate
12 showed one azido (N=N) stretching band at 2216 cm~! (Fig-
ure S8). Other monoazido derivatives 4, 7, 8 did not show any
azido group stretching bands. It can be concluded from the IR
studies, that most of here described pyrido[3,2-e]tetrazolo[1,5-
a]pyrimidines in the solid phase exist solely in their tetrazole
form.

3.3. Exchange rate and free energy calculation for azide-tetrazole
equilibrium of substituted pyrido[3,2-e]tetrazolo[1,5-a]pyrimidines

Substituents of the annulated systems play a major role in the
azide-tetrazole equilibrium. The electron-donating groups shift the
equilibrium towards the tetrazolo-form, whereas the electron with-
drawing groups favor the azido-form [21,53,54]. In our study, we
observed tautomeric equilibrium for compounds 4, 7a, 7b, 8a and
12. Thus, amine substituent as the electron-donating group is pow-
erful enough to strongly shift the equilibrium towards the tetrazole
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Fig. 4. Relative tautomeric ratios of diazide 2 in different solvents in descending order of solvent dielectric constants &.
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Fig. 5. Relative tautomer ratios of diazide 2 at different temperatures in CDCl;.
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Fig. 6. Relative tautomer ratios of diazide 2 at different temperatures in DMSO-ds.

form in 5-aminopyrido[3,2-e]tetrazolo[1,5-a]pyrimidines 8. Tetra-
zole was the major tautomer in all obtained compounds, which
is common for other similar fused tetrazolopyrimidines [24,29,55].
Regardless the fact that the previously described transformation
8a — 10a-b logically involves a formation of the azido-tautomer
at an equilibrium concentration, the concentration of the latter was
too low to be determined by the NMR studies.

To calculate free energies for tautomerization '"H NMR spectra
were acquired at variable temperatures. For compounds 4, 7a and
7b the equilibrium at elevated temperatures shifted towards azide
form and equilibrium constant Ky, values decreased (Figures S9-
S11). On the other hand, the change was negligible for hexylamino
derivative 8a (Kyj4 = 7.46 in CDCl3 at 298 K) and iminophospho-
rane 12 (Kyj4 = 2.57 in CDCl3; Kyj4 = 0.85 in DMSO-dg at 298 K).
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Table 6
Equilibrium constants Kyj4 = [tetrazole]/[azide] and thermodynamic heats of tau-
tomerization for 4, 7a and 7b in CDCl;.

X X
= ‘ SN = ‘ SN
X /)\ N X
N7 N, N N/KN
N=N
4A: X = SCyHex
7aA: X = Oi-Pr 4,7a,7b
7bA: X = OPh
Compound T (K) Kga AGags (KJ/mol) AH (kJ/mol) AS (J/mol-K)
4 298 5.21 —4.08 £ 0.15 -21.30 £0.78 -57.71 £+ 2.10
313 3.48
323 2.68
7a 298 9.99 -570 £ 0.27 -23.19 +1.09 -58.70 + 2.76
313 6.30
323 4.85
7b 298 3.39 —3.02 £ 065 —17.02 +3.69 —46.93 + 10.16
313 248
323 1.99

The equilibrium constant for compound 12 in CDCl3 was larger
than in DMSO-dg, which is opposed to the generally accepted con-
cept that polar solvents favor the tetrazole form.

The Gibbs-Helmholtz equation AG=-RTIn(Keq) was used to cal-
culate Gibbs free energy of tautomerization. Enthalpy and en-
tropy values were obtained by plotting the Gibbs free energy
equation AG=AH-TAS (Figures S12-S14). Thermodynamic heats of
tautomerization are given in Table 6. Very similar results were
obtained by plotting the van't Hoff equation In(Keq) = —% +
A5 (see ESI). Errors were calculated using the mean square er-
ror method. The obtained enthalpy and entropy values are sim-
ilar to those of fused tetrazoles: 5-trifluormethyltetrazolo[1,5-
a]pyrimidine (AH 19.4 KJ/mol; AS 66 J/mol) [54] and
halotetrazolo[1,5-a]pyridines (AH = 10.6-24.1 kJ/mol; AS = 50.6-
57.4 ]J/mol) [56] . The obtained enthalpy values for 7a, 4 and 7b are
-23.19, —21.30 and -17.02 kJ/mol, respectively. Enthalpy is the ther-
modynamic value for stability of tetrazole ring [56] and higher val-
ues mean lower tendency for the ring opening. Since the electron-
donating substituents favor the tetrazole form, our enthalpy value
order for substituents: Oi-Pr > SCyHex > OPh, from experimental
data correlate very well with the theoretical calculations.

4. Expertimental

Reagents purchased from Alfa Aesar, Acros Organics, Merck -
Sigma Aldrich were used as received. All solvents were distilled
prior to use. THF and toluene were distilled from sodium metal
under argon atmosphere. DMF, DMSO and sulfolane were distilled
from CaH, under reduced pressure. Silica gel Upasil 60 (40-63 pm,
60 A) was used for column chromatography. Reaction progress and
flash chromatographic separation was monitored by TLC (E. Merck
Kieselgel 60 F,s4), visualized with UV light.

HPLC analysis was performed using an Agilent Technologies
1200 Series system equipped with an XBridge C-18 column,
4.6 x 150 mm, particle size 3.5 pm, with a flow rate of 1 mL/min,
using 0.1% TFA/H,0 and MeCN for the mobile phase. The wave-
length of detection was 260 nm.

IR spectra were recorded in a KBr tablet with a Perkin—Elmer
Spectrum BX FT-IR spectrometer (4000—450 cm~').

High-resolution mass (HRMS) (electrospray ionization (ESI))
were recorded with an Agilent 1290 Infinity series ultra-high pres-
sure liquid chromatography connected to an Agilent 6230 time-of-
flight mass spectrometer or (atmospheric pressure chemical ion-
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ization (APCI)) on 7 T solariX XR (Bruker Daltonik GmbH) Fourier
transform ion cyclotron resonance mass spectrometer equipped
with an APCI source.

Single-crystal diffraction data were collected on an XtalLAB
Synergy-S Dualflex diffractometer (Rigaku Corporation, Tokyo,
Japan) equipped with a HyPix6000 detector and micro-focus sealed
X-ray tube using Cu K, radiation (A = 1.54184 A). Single crys-
tals were fixed with oil in a nylon loop of a magnetic CryoCap
and set on a goniometer head. The samples were cooled down
to 150 K, and w-scans were performed with a step size of 0.5°
Data collection and reduction were performed with the CrysAl-
isPro 1.171.40.35a software (Oxford Diffraction Ltd., Abingdon, UK).
Structure solution and refinement were performed with SHELXT
[57] and SHELXL [58] software that are parts of the CrysAlisPro
and Olex2 suites. The H atoms were positioned geometrically and
treated as riding on their parent C or N atoms. Molecular graphics
were prepared using ORTEP3 for Windows [38] and Mercury [39].
PLATON tool [40] was used for the geometrical calculations.

TH NMR and '3C NMR spectra were recorded on Bruker Avance
500 spectrometer. Chemical shifts (8) reported in ppm and cou-
pling constants (J) in Hz. Residual solvent peaks (*H) or (13C) were
used as the reference (for "H NMR: CDCl; § = 7.26 ppm; DMSO-dg
8 = 2.50 ppm; AcOD-d4 § = 2.04 ppm, pyridine-ds § = 8.74 ppm
and for 13C NMR: CDCl; § = 77.16 ppm, DMSO-dg § = 39.52 ppm,
AcOD-d, 8§ = 20.00 ppm, pyridine-ds § = 150.45 ppm). For 3!P-
NMR spectra H3PO4 § = 0.0 ppm was added as external reference.
Multiplicities are reported as s (singlet), d (doublet), t (triplet), q
(quartet), quint (quintet), m (multiplet).

4.1. Synthetic procedures and product characterization

General procedure A - synthesis of 5-aminopyrido[3,2-
e]tetrazolo[1,5-a]pyrimidines 8a-g: substituted amine (1.407 mmol,
3 equiv.) was added to 2,4-diazidopyrido[2,3-d]pyrimidine (2)
(0.469 mmol, 1 equiv.) in DMSO (1 mL) and stirred for 15 min
at ambient temperature. Ice (10 mL) was added to the reaction
mixture and it was vigorously shaken. The resulting suspension
was filtered and washed with distilled water. The obtained crude
mixture is then recrystallized from EtOH or pyridine to give the
final product.

General procedure B - synthesis of 10a-c and 11 in CuAAC
reaction: sodium ascorbate (0.4 equiv.), CuSO4-5H,0 (0.2 equiv.),
NEt; (2 equiv.), pyrido[3,2-e|tetrazolo[1,5-a]pyrimidine (1 equiv.)
and substituted acetylene (1.5 equiv.) were dissolved in a mixture
of THF (1 mL) and H,0 (0.1 mL) and stirred at 60 °C overnight. The
resulting mixture was filtered through silica gel and anh. Na,SO4
plug and evaporated under reduced pressure. The obtained crude
product was purified by column chromatography.

4.2. 2,4-Diazidopyrido[2,3-d[pyrimidine (2)

To 2,4-dichloropyrido[2,3-d]pyrimidine (1) (200 mg, 1 mmol, 1
equiv.) and NaN3 (260 mg, 4 mmol, 4 equiv.) acetone (1 mL) and
water (0.1 mL) were added and the resulting reaction mixture was
heated at 50 °C for 1 h. When the reaction was complete (moni-
tored by HPLC), the reaction mixture was cooled to ambient tem-
perature and the solvent was evaporated under reduced pressure.
Water (10 mL) was added to the residue and the resulting mixture
was extracted with dichloromethane (3 x 10 mL). The combined
organic phases were washed with saturated aqueous NaCl solution
(2 x 10 mL), then dried over anhydrous Na,SOy, filtered and evap-
orated under reduced pressure. Product 2 was obtained as slightly
yellow amorphous solid (208 mg, 98% yield). Product was fur-
ther recrystallized from EtOH. Major tautomer: 'H NMR (500 MHz,
DMSO-dg) 8 9.26 (dd, 1H, 3] = 8.0 Hz, 4] = 1.5 Hz, H-C(5)), 9.23
(dd, 1H, 3] = 4.8 Hz, 4] = 1.5 Hz, H-C(7)), 8.14 (dd, 1H, 3] = 8.0,
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4.8 Hz, H-C(6)) ppm. 3C NMR (126 MHz, DMSO-dg) § 154.4, 149.3,
145.1, 142.0, 135.9, 126.1, 107.7 ppm. Minor tautomer: 'H NMR
(500 MHz, DMSO-dg) § 9.24 (dd, 1H, 3] = 4.8 Hz, 4] = 1.5 Hz,
H-C(7)), 8.71 (dd, 1H, 3] = 8.0 Hz, 4] = 1.5 Hz, H-C(5)), 7.98 (dd,
1H, 3] = 8.0, 4.8 Hz, H-C(6)) ppm. 3C NMR (126 MHz, DMSO-dg)
6 161.6, 156.6, 155.5, 142.0, 135.8, 125.1, 109.8 ppm. HRMS calcd.
for [C;H3Ng + Ht] = 214.0584, found 214.0579.

4.3. 5-(Cyclohexylthio )pyrido[3,2-e]tetrazolo[1,5-a]pyrimidine (4)

Cyclohexanethiol (60 mg, 0.516 mmol, 1.1 equiv.) was added
under argon atmosphere to a solution of 2,4-diazidopyrido[2,3-
d]pyrimidine (2) (100 mg, 0.469 mmol, 1 equiv.) and NEt3 (57 mg,
0.562 mmol, 1.2 equiv.) in CHCl3 (1 mL). The resulting reaction
mixture was stirred overnight at ambient temperature. Then it was
evaporated under reduced pressure and the product was purified
by column chromatography (R = 0.50 in 50% Hex/EtOAc) to ob-
tain white amorphous solid (94 mg, 70% yield). 'H NMR (500 MHz,
DMSO-dg) § 9.15 (dd, 1H, 3] = 4.6 Hz, 4] = 1.2 Hz, H-C(8)), 8.79
(dd, 1H, 3] = 8.2 Hz, 4] = 1.2 Hz, H-C(6)), 7.92 (dd, 1H, 3] = 8.2 Hz,
3] = 4.6 Hz, H-((7)), 4.20-4.27 (m, 1H, H-C(1")), 2.13-2.20 (m,
2H, 2 x H-CH), 1.73-1.81 (m, 2H, 2 x H-CH), 1.59-1.69 (m, 3H,
3 x H-CH), 1.49-1.59 (m, 2H, 2 x H-CH), 1.33-1.42 (m, 1H, H-CH)
ppm. 3C NMR (126 MHz, DMSO-dg) § 171.5, 155.7, 154.3, 142.2,
135.7, 124.9, 114.4, 43.7, 32.0, 25.4, 25.2 ppm. HRMS calcd. for
[C13H14NgS + HT] = 287.1073, found 287.1092.

5-(Cyclohexylthio)pyrido[3,2-e]tetrazolo[1,5-a]pyrimidine (4)
and 2-azido-4-(cyclohexylthio)pyrido[2,3-d]pyrimidine (4A) ob-
served in CDCl3 solution as tautomer mixture in 86:14 ratio. Azide:
TH NMR (500 MHz, CDCl3) § 9.08 (dd, 1H, 3] = 4.6 Hz, %] = 1.6 Hz,
H-C(7)), 8.37 (dd, 1H, 3] = 8.2 Hz, 4] = 1.6 Hz, H-C(5)), 7.39 (dd,
1H, 3] = 8.2, 4.6 Hz, H-C(6)), 4.16-4.23 (m, 1H, H-C(1")), 2.13-
219 (m, 2H, 2 x H-CH), 1.78-1.87 (m, 2H, 2 x H-CH), 1.48-1.73
(m, 5H, 5 x H-CH), 1.34-1.43 (m, 1H, H-CH) ppm. Tetrazole: 'H
NMR (500 MHz, CDCl3) § 9.12 (dd, 1H, 3] = 4.6 Hz, 4/ = 1.6 Hz,
H-C(8)), 8.65 (dd, 1H, 3] = 8.2 Hz, 4] = 1.6 Hz, H-C(6)), 7.76 (dd,
1H, 3] = 8.2, 4.6 Hz, H-((7)), 4.36-4.45 (m, 1H, H-C(1")), 2.19-2.27
(m, 2H, 2 x H-CH), 1.78-1.87 (m, 2H, 2 x H-CH), 1.48-1.73 (m, 5H,
5 x H-CH), 1.34-1.43 (m, 1H, H-CH) ppm.

4.4. 2-Chloro-4-(cyclohexylthio)pyrido[2,3-d pyrimidine (5a)

Cyclohexanethiol (64 mg, 0.55 mmol, 1.1 equiv.) was added
to 2,4-dichloropyrido[2,3-d]pyrimidine (1) (100 mg, 0.5 mmol, 1
equiv.) and K,CO5 (83 mg, 0.6 mmol, 1.2 equiv.) dissolved in DMF
(1 mL) and the resulting reaction mixture was stirred at ambi-
ent temperature overnight. Water (10 mL) was added to the re-
action mixture and it was extracted with toluene (3 x 10 mL). The
combined organic phase was washed with saturated aqueous NaCl
solution (2 x 10 mL), dried over anhydrous Na,SOy, filtered and
evaporated under reduced pressure. The crude product was puri-
fied by column chromatography (R¢ = 0.40 in 50% Hex/EtOAc) to
obtain yellowish amorphous solid (101 mg, 72% yield). '"H NMR
(500 MHz, CDCl3) § 9.15 (dd, 1H, 3] = 4.3 Hz, 4] = 1.7 Hz, H-C(7)),
8.41 (dd, 1H, 3] = 83 Hz, 4 = 1.7 Hz, H-C(5)), 749 (dd, 1H,
3] = 83, 43 Hz, H-C(6)), 4.20-4.28 (m, 1H, H-C(1")), 2.12-2.20
(m, 2H, 2 x H-CH), 1.48-1.84 (m, 8H, 8 x H-CH) ppm. 13C NMR
(126 MHz, CDCl3) § 176.7, 159.7, 158.2, 157.8, 133.6, 122.6, 1174,
443, 32.7,25.9, 25.7 ppm.

4.5. 2-Chloro-4-(phenylthio )pyrido[2,3-d[pyrimidine (5b)

Thiophenol (121 mg, 1.1 mmol, 1.1 equiv.) was added to 2,4-
dichloropyrido[2,3-d]pyrimidine (1) (200 mg, 1 mmol, 1 equiv.)
and K,CO3 (152 mg, 1.1 mmol, 1.1 equiv.) dissolved in DMF (1 mL)

11
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and the resulting reaction mixture was stirred at ambient temper-
ature overnight. Water (10 mL) was added to the reaction mix-
ture and it was extracted with toluene (3 x 10 mL). The combined
organic phase was washed with saturated aqueous NaCl solution
(2 x 10 mL), dried over anhydrous Na,SOy, filtered and evaporated
under reduced pressure. The crude product was purified by column
chromatography (Ry = 0.45 in 50% Hex/EtOAc) to obtain yellowish
amorphous solid (13 mg, 5% yield). '"H NMR (500 MHz, CDCl;) §
8.95 (d, 1H, 3] = 3.4 Hz, H-C(7)), 8.30 (d, 1H, 3] = 8.3 Hz, H-C(5)),
7.34-7.37 (m, 2H, 2 x H-C(Ar)), 7.32 (dd, 1H, 3] = 8.3, 3.4 Hgz,
H-C(6)), 7.22-7.27 (m, 3H, 3 x H-C(Ar)) ppm. 3C NMR (126 MHz,
CDCl3) § 176.1, 159.8, 158.6, 157.9, 135.6, 133.4, 130.5, 129.7, 125.5,
123.0, 116.7 ppm. HRMS calcd. for [Ci3HgCIN3S + H'| = 274.0206,
found 274.0228.

4.6. 2,4-Bis(cyclohexylthio)pyrido[2,3-d pyrimidine (6a)

Cyclohexanethiol (63 mg, 0.538 mmol, 11 equiv.) was
added under argon atmosphere to mixture of 5-(cyclohexylthio)
pyrido|3,2-e]tetrazolo[1,5-a]pyrimidine (4) (140 mg, 0.489 mmol,
1 equiv.) and NaH (60% suspension in oil, 23 mg, 0.587 mmol,
1.2 equiv.) in DMF (1 mL). The obtained reaction mixture was
stirred at 50 °C overnight. Water (10 mL) was added to the
reaction mixture and it was extracted with toluene (3 x 10 mL).
The combined organic phase was washed with saturated aqueous
NaCl solution (2 x 10 mL), dried over anhydrous Na,SOy, filtered
and evaporated under reduced pressure. The crude product was
purified by column chromatography (R¢ = 0.65 in 50% Hex/EtOAc)
to obtain white amorphous solid (134 mg, 75% yield). 'H NMR
(500 MHz, CDCl3) 8§ 9.02 (dd, 1H, 3] = 4.4 Hz, 4] = 1.9 Hz, H-C(7)),
830 (dd, 1H, 3] = 81 Hz, 4 = 19 Hz, H-C(5)), 7.32 (dd, 1H,
3] = 81, 4.4 Hz, H-C(6)), 413-4.20 (m, 1H, H-CH)), 4.02-4.09
(m, 1H, H-CH), 2.11-2.23 (m, 4H, 4 x H-CH), 1.76-1.84 (m, 4H,
4 x H-CH), 1.48-1.63 (m, 10H, 10 x H-CH), 1.32-1.41 (m, 2H, 2 x
H-CH) ppm. 3C NMR (126 MHz, CDCl;) § 183.8, 172.7, 1714, 157.2,
133.7, 120.9, 116.3, 43.6, 43.5, 33.2, 32.9, 26.1, 26.1, 25.9, 25.8 ppm.
HRMS calcd. for [C9Ha5N3S, + Ht] = 360.1563, found 360.1553.

4.7. 2,4-Bis(phenylthio )pyrido[2,3-d]pyrimidine (6b)

Thiophenol (165 mg, 1.5 mmol, 3 equiv.) was added to a mix-
ture of 2,4-dichloropyrido[2,3-d]pyrimidine (1) (100 mg, 0.5 mmol,
1 equiv.) and K,CO5 (207 mg, 1.5 mmol, 3 equiv.) in DMF (1 mL).
The obtained reaction mixture was stirred at ambient tempera-
ture overnight. Water (10 mL) was added to the reaction mix-
ture and it was extracted with EtOAc (3 x 10 mL). The combined
organic phase was washed with saturated aqueous NaCl solution
(2 x 10 mL), dried over anhydrous Na,SOy, filtered and evapo-
rated under reduced pressure. The crude product was purified by
column chromatography (R¢ = 0.20 in 50% Hex/EtOAc) to obtain
yellow amorphous solid (110 mg, 63% yield). '"H NMR (500 MHz,
CDCl3) § 9.02 (d, 1H, 3] = 4.2 Hz, H-C(7)), 8.40 (d, 1H, 3] = 8.0 Hz,
H-C(5)), 7.18-7.46 (m, 11H, H-C(6), 10 x H-C(Ar)) ppm. 13C NMR
(126 MHz, CDCl3) § 173.0, 171.6, 157.9, 157.2, 135.5, 135.0, 133.5,
130.0, 129.5, 129.2 (3xC), 126.0, 121.5, 115.9 ppm. HRMS calcd. for
[C19H13N3S, + H+] = 348.0629, found 348.0640.

4.8. 2,4-Bis((4-chlorophenyl)thio )pyrido[2,3-d]pyrimidine (6c)

p-Chorothiophenol (217 mg, 1.5 mmol, 3 equiv.) was added
to a mixture of 2,4-dichloropyrido[2,3-d]pyrimidine (1) (100 mg,
0.5 mmol, 1 equiv.) and K,CO3; (207 mg, 1.5 mmol, 3 equiv.) in
DMF (1 mL). The obtained reaction mixture was stirred at ambient
temperature overnight. Water (10 mL) was added to the reaction
mixture and it was extracted with EtOAc (3 x 10 mL). The com-
bined organic phase washed with saturated aqueous NaCl solution
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(2 x 10 mL), dried over Na;SOy, filtered and evaporated under re-
duced pressure. The crude product was purified by column chro-
matography (Ry = 0.30 in 50% Hex/EtOAc) to obtain yellow amor-
phous solid (98 mg, 47% yield).

TH NMR (500 MHz, CDCl3) § 9.02 (d, 1H, 3] = 4.4 Hz, H-C(7)),
8.35 (d, 1H, 3] = 8.1 Hz, H-C(5)), 7.35 (dd, 1H, 3] = 8.1, 44 Hz,
H-C(6)), 7.16-7.30 (m, 8H, 8 x H-C(Ar)) ppm. 13C NMR (126 MHz,
CDCl3) § 172.8, 1711, 158.2, 157.2, 136.9, 136.7, 136.5, 135.7, 1334,
129.7, 1294, 1276, 1243, 121.8, 1158 ppm. HRMS calcd. for
[C19H11CI;N3S,; + HT] = 415.9850, found 415.9846.

4.9. 5-Isopropoxypyrido[3,2-e]tetrazolo[1,5-aJpyrimidine (7a)

I[sopropanol (31 mg, 0.516 mmol, 11 equiv.) was added
to mixture of 2,4-diazidopyrido[2,3-d]|pyrimidine (2) (100 mg,
0.469 mmol, 1 equiv.) and K,CO5 (78 mg, 0.563 mmol, 1.2 equiv.)
in DMF (1 mL). The obtained reaction mixture was stirred at am-
bient temperature overnight. Water (10 mL) was added to the re-
action mixture and it was extracted with toluene (3 x 10 mL).
The combined organic phase was washed with saturated aque-
ous NaCl solution (2 x 10 mL), dried over Na,SOy, filtered and
evaporated under reduced pressure. The crude product was pu-
rified by column chromatography (R = 0.25 in 50% Hex/EtOAc)
to obtain yellowish amorphous solid (32 mg, 30% yield). 'H NMR
(500 MHz, DMSO-dg) & 9.13 (d, 1H, 3] = 4.4 Hz, H-C(8)), 8.71 (d,
1H, 3] = 7.9 Hz, H-C(6)), 7.92 (dd, 1H, 3] = 7.9, 4.2 Hz, H-C(7)),
5.66 (septet, 1H, 3] = 6.2 Hz, H-C(1")), 1.51 (d, 6H, 3] = 6.2 Hz,
2 x H3_C(2")) ppm. 13C NMR (126 MHz, DMSO-dg) § 163.9, 155.3,
154.6, 144.4, 136.0, 124.6, 109.4, 72.9, 21.3 ppm. HRMS calcd. for
[C10H10NgO + H*] = 231.0994, found 231.1002.

2-Azido-4-isopropoxypyrido[2,3-d]pyrimidine (7aA) and 5-
isopropoxypyrido[3,2-e]tetrazolo[1,5-a]pyrimidine (7a) observed
in CDCl; solution as tautomer mixture in 91:9 ratio. Azide: 'H
NMR (500 MHz, CDCl3) § 9.05 (d, 1H, 3] = 4.4 Hz, H-C(7)), 8.43
(d, 1H, 3] = 7.9 Hz, H-C(5)), 7.39 (dd, 1H, 3] = 7.9, 4.4 Hz, H-C(6)),
5.64 (septet, 1H, 3] = 6.2 Hz, H-C(1')), 1.48 (d, 6H, 3] = 6.2 Hz, 2
x H3_C(2)) ppm. Tetrazole: 'H NMR (500 MHz, CDCl;) § 9.11 (d,
1H, 3] = 4.4 Hz, H-C(8)), 8.68 (d, 1H, 3] = 7.9 Hz, H-C(6)), 7.76
(dd, 1H, 3] = 7.9, 4.4 Hz, H-C(7)), 5.82 (septet, 1H, 3] = 6.2 Hz,
H-C(1")), 1.56 (d, 6H, 3] = 6.2 Hz, 2 x H3-C(2")) ppm. *C NMR
(126 MHz, CDCl3) § 163.9, 155.7, 154.8, 144.8, 136.2, 124.3, 109.2,
74.2, 21.8 ppm.

4.10. 5-Phenoxypyrido[3,2-e]tetrazolo[1,5-a]pyrimidine (7b)

Phenol (49 mg, 0.516 mmol, 1.1 equiv.) was added to a mixture
of 2,4-diazidopyrido[2,3-d]pyrimidine (2) (100 mg, 0.469 mmol, 1
equiv.) and K,CO3 (78 mg, 0.563 mmol, 1.2 equiv.) in DMF (1 mL).
The obtained reaction mixture was stirred at ambient tempera-
ture overnight. Water (10 mL) was added to the reaction mix-
ture and it was extracted with toluene (3 x 10 mL). The com-
bined organic phase was washed with saturated aqueous NaCl so-
lution (2 x 10 mL), dried over Na,SOy, filtered and evaporated
under reduced pressure. The crude product was purified by col-
umn chromatography (R¢ = 0.20 in 50% Hex/EtOAc) and recrystal-
lized from EtOH to obtain yellowish amorphous solid (16 mg, 13%
yield). TH NMR (500 MHz, DMSO-dg) 8 9.24 (d, 1H, 3] = 4.5 Hz,
H-C(8)), 9.02 (d, 1H, 3] = 7.9 Hz, H-C(6)), 8.03 (dd, 1H, 3] = 7.9,
45 Hz, H-C(7)), 7.59 (t, 2H, 3] = 7.7 Hz, 2 x H-C(2")), 744 (t,
1H, 3] = 7.7 Hz, H-C(3")), 742 (d, 2H, 3] = 7.7 Hz, 2 x H-C(1"))
ppm. 13C NMR (126 MHz, DMSO-dg) § 164.7, 155.9, 154.1, 151.7,
144.6, 136.3, 130.0, 126.6, 125.0, 121.8, 109.3 ppm. HRMS calcd. for
[C13HgNgO + H] = 265.0838, found 265.0838.

2-Azido-4-phenoxypyrido[2,3-d]pyrimidine (7bA) and 5-
phenoxypyrido|[3,2-e]tetrazolo[1,5-a]pyrimidine (7b) observed
in CDCl solution as tautomer mixture in 87:13 ratio. Azide: 'H
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NMR (500 MHz, CDCl3) § 9.16 (dd, 1H, 3] = 4.7 Hz, 4] = 2.0 Hz,
H-C(7)), 8.66 (dd, 1H, 3] = 8.0 Hz, 4] = 2.0 Hz, H-C(5)), 7.52 (t, 2H,
3] = 7.5 Hz, 2 x H-C(2")), 7.48 (dd, 1H, 3] = 8.0, 4.7 Hz, H-C(6)),
739 (t, 1H, 3] = 7.5 Hz, H-C(3')), 732 (d, 2H, 3] = 7.5 Hz, 2 x
H-C(1’)) ppm. Tetrazole: 'H NMR (500 MHz, CDCl3) § 9.21 (dd,
1H, 3] = 4.7 Hz, 4 = 2.0 Hz, H-C(8)), 8.91 (dd, 1H, 3] = 8.0 Hz,
4] = 2.0 Hz, H-C(6)), 7.89 (dd, 1H, 3] = 8.0, 4.7 Hz, H-C(7)), 7.52
(t, 2H, 3] = 7.5 Hz, 2 x H-C(2)), 7.39 (t, 1H, 3] = 7.5 Hz, H-C(3")),
7.32 (d, 2H, 3] = 7.5 Hz, 2 x H-C(1’)) ppm.

4.11. N-Hexylpyrido[3,2-e]tetrazolo[1,5-a]pyrimidin-5-amine (8a)

According to the general procedure A white amorphous solid
was obtained (91 mg, 71% yield). '"H NMR (500 MHz, DMSO-dg)
5 9.01 (d, 1H, 3] = 4.6 Hz, H-C(8)), 8.98 (t, 1H, 3] = 5.1 Hz, NH),
8.93 (d, 1H, 3] = 8.1 Hz, H-C(6)), 7.87 (dd, 1H, 3] = 8.1, 4.6 Hz,
H-C(7)), 3.58 (dt, 2H, 3] = 7.2, 5.1 Hz, H,_C(1")), 1.69 (quintet, 2H,
3] = 72 Hz, H,_C(2')), 1.36-145 (m, 2H, H,_C(3)), 1.27-1.35 (m,
4H, H,-C(4"), H,-C(5")), 0.87 (t, 3H, 3] = 6.6 Hz, H3_C(6")) ppm.
13C NMR (126 MHz, DMSO-dg) § 157.7, 155.7, 154.0, 143.5, 134.7
123.8, 108.6, 414, 31.0, 28.0, 26.2, 22.1, 13.9 ppm. HRMS calcd. for
[Ci3sH7N; + H*] = 2721618, found 272.1621.

4.12. N-Octylpyrido[3,2-e]tetrazolo[1,5-a]pyrimidin-5-amine (8b)

According to the general procedure A white amorphous solid
was obtained (84 mg, 60% yield). 'H NMR (500 MHz, DMSO-
dg) 8 9.00 (d, 1H, 3] = 3.4 Hz, H-C(8)), 8,96 (dd, 1H, 3] = 8.0,
3.4 Hz, H-C(7)), 8,92 (d, 1H, 3] = 8.0 Hz, H-C(6)), 7.84-7.89 (m,
1H, NH), 3.53-3.60 (m, 2H, H,_C(1)), 1.63-1.73 (m, 2H, H,_C(2')),
1.18-1.43 (m, 10H, 5 x -CH,-), 0.79-0.88 (m, 3H, H3_C(8')) ppm.
13C NMR (126 MHz, DMSO-dg) & 157.6, 155.7, 154.0, 143.5, 134.7,
123.7, 108.5, 414, 31.2, 28.8, 28.6, 28.0, 26.6, 22.1, 13.9 ppm. HRMS
calcd. for [C1sHy1N; + H'] = 300.1931, found 300.1934.

4.13. 5-(Piperidin-1-yl)pyrido[3,2-e]tetrazolo[1,5-a]pyrimidine (8c)

According to the general procedure A white amorphous solid
was obtained (59 mg, 49% yield). '"H NMR (500 MHz, DMSO-dg)
§ 9.00 (d, 1H, 3] = 4.6 Hz, H-C(8)), 8.60 (d, 1H, 3] = 7.9 Hgz
H-C(6)), 7.80 (dd, 1H, 3] = 7.9, 4.6 Hz, H-C(7)), 3.75-3.81 (m, 4H, 2
X Hy_C(1")), 1.69-1.79 (m, 6H, 6 x H-CH) ppm. 13C NMR (126 MHz,
DMSO-dg) § 162.4, 154.9, 153.8, 144.7, 137.9, 123.1, 109.1, 50.8,
25.3, 23.8 ppm. HRMS calcd. for [CipHi3N; + HT] = 256.1305,
found 242.1307.

2-Azido-4-(piperidin-1-yl)pyrido[2,3-d]pyrimidine (8cA) and
5-(piperidin-1-yl)pyrido[3,2-e]tetrazolo[1,5-a]pyrimidine (8¢c)
Tetrazole: '"H NMR (500 MHz, CDCl3) § 8.96 (d, 1H, 3] = 4.6 Hz,
H-C(8)), 8.40 (d, 1H, 3] = 8.2 Hz, H-C(6)), 7.66 (dd, 1H, 3] = 8.2,
4.6 Hz, H-C(7)), 3.74-3.91 (m, 4H, 2 x H,_C(1")), 1.69-192 (m,
6H, 3 x -CH,-) ppm. 3C NMR (126 MHz, CDCl3) § 162.5, 161.2,
154.3, 145.2, 137.2, 122.7, 109.0, 51.7, 25.9, 24.4 ppm. Azide: 'H
NMR (500 MHz, CDCl;) § 8.88 (d, 1H, 3] = 4.6 Hz, H-C(7)), 8.13
(d, 1H, 3] = 8.2 Hz, H-C(5)), 7.23 (dd, 1H, 3] = 8.2, 4.6 Hz, H-C(6)),
3.74-391 (m, 4H, 2 x H,_C(1")), 1.69-1.92 (m, 6H, 3 x -CHy-)
ppm. 3C NMR (126 MHz, CDCl3) § 166.1, 161.8, 155.9, 155.2, 134.9,
118.9, 108.4, 50.9, 26.0, 24.4 ppm.

4.14. 2-Azido-4-(pyrrolidin-1-yl)pyrido[2,3-d]pyrimidine (8dA) and
5-(pyrrolidin-1-yl)pyrido[3,2-e]tetrazolo[1,5-a]pyrimidine (8d)

According to the general procedure A white amorphous solid
was obtained (40 mg, 35% yield). "H NMR (500 MHz, acetic acid-
dy) & 8.85-9.06 (m, 2H), 7.55-7.81 (m, 1H), 4.00-4.14 (m, 4H),
2.10-2.20 (m, 4H) ppm. 3C NMR could not be acquired due to low
sample concentration caused by poor solubility and tautomeriza-
tion. HRMS calcd. for [C;;H13N; + H| = 242.1149, found 242.1117.



K. Leskovskis, A. Mishnev, I. Novosjolova et al.
4.15. 4-(Pyrido[3,2-e]tetrazolo[1,5-a]pyrimidin-5-yl)morpholine (8e)

According to the general procedure A white amorphous solid
was obtained (69 mg, 57% yield). 'H NMR (500 MHz, Pyr-
ds, 70 °C) § 9.02-9.07 (m, 1H, H-C(8)), 8.54-8.60 (m, 1H,
H-C(6)), 7.65-7.60 (m, 1H, H-C(7)), 3.89-3.96 (m, 8H, 4 x -
CH,-) ppm. 3C NMR (126 MHz, Pyr-ds, 70 °C) § 163.4, 157.0,
156.4, 155.0, 146.3, 137.9, 109.9, 67.1, 51.5 ppm. HRMS calcd. for
[C1iH;3N70 + H*] = 2581098, found 258.1092.

4.16. N-(4-Methoxybenzyl)pyrido[3,2-e]tetrazolo[1,5-a]pyrimidin-5-
amine (8f)

According to the general procedure A white amorphous solid
was obtained (100 mg, 69% yield). '"H NMR (500 MHz, DMSO-dg)
8 9.65 (s, 1H, NH), 8.87 (dd, 1H, 3] = 4.7 Hz, 4] = 1.8 Hz, H-C(8)),
8.71 (dd, 1H, 3] = 7.8 Hz, 4 = 18 Hz, H-C(6)), 746 (dd, 1H,
3] = 7.8, 4.7 Hz, H-C(7)), 742 (d, 2H, 3] = 8.5 Hz, 2 x H-C(1')), 6.88
(d, 2H, 3] = 8.5 Hz, 2 x H-C(2")), 4.76 (s, 2H, -CH,-), 3.71 (s, 3H,
H3-C-0) ppm. 3C NMR (126 MHz, DMSO-dg) § 158.4, 155.2, 154.8,
1501, 142.9, 133.3, 130.2, 128.9, 119.4, 113.6, 106.3, 55.0, 43.6 ppm.
HRMS calcd. for [Ci5sH13N; + HT] = 308.1254, found 242.1260.

4.17. N-Benzylpyrido|3,2-e]tetrazolo[1,5-a]pyrimidin-5-amine (8g)

According to the general procedure A white amorphous solid
was obtained (78 mg, 61% yield). '"H NMR (500 MHz, DMSO-dg)
8 9.55 (s, 1H, NH), 9.02 (d, 1H, 3] = 4.3 Hz, H-C(8)), 8.98 (d, 1H,
3] = 8.0 Hz, H-C(6)), 7.88 (dd, 1H, 3] = 8.0, 4.3 Hz, H-C(7)), 7.43
(d, 2H, 3] = 7.3 Hz, 2 x H-C(1")), 7.34 (t, 2H, 3] = 7.3 Hz, 2 x
H-C(2')), 7.26 (t, 1H, 3] = 7.3 Hz, H-C(3)), 4.85 (s, 2H, -CH,-) ppm.
13C NMR (126 MHz, DMSO-dg) 8 157.9, 155.6, 154.1, 143.6, 138.1,
134.7, 128.4, 127.5, 1271, 123.8, 108.6, 44.4 ppm. HRMS calcd. for
[C14H11N; + HT] = 278.1149, found 242.1146.

4.18. N-Hexyl-2-(4-phenyl-1H-1,2,3-triazol-1-yl)pyrido[2,3-
dpyrimidin-4-amine (10a)

Product was obtained according to the general procedure B:
sodium ascorbate (20 mg, 0.148 mmol, 0.4 equiv.), CuSO4-5H,0
(18 mg, 0.074 mmol, 0.2 equiv.), NEt3 (74 mg, 0.738 mmol, 2
equiv.), N-hexylpyrido[3,2-e]tetrazolo[1,5-a]pyrimidin-5-amine (8a)
(100 mg, 0.369 mmol, 1 equiv.) and phenylacetylene (56 mg,
0.553 mmol, 1.5 equiv.); white amorphous solid was obtained
(100 mg, 72% yield). '"H NMR (500 MHz, DMSO-dg) & 9.33 (s,
1H, H-C(triazole)), 9.08 (t, 1H, 3] = 5.2 Hz, NH), 9.02 (d, 1H,
3] = 4.4 Hz, H-C(7)), 8.78 (d, 1H, 3] = 81 Hz, H-C(5)), 8.06
(d, 2H, 3] = 76 Hz, 2 x H-C(1”)), 757 (dd, 1H, 3] = 81,
4.4 Hz, H-C(6)), 749 (t, 2H, 3] = 7.6 Hz, 2 x H-C(2")), 7.39
(t, 1H, 3] = 7.6 Hz, H-C(3")), 3.70 (td, 2H, 3] = 72, 52 Hz,
H,-C(1")), 1.71 (quintet, 2H, 3] = 7.2 Hz, H,-C(2")), 1.39 (quintet,
2H, 3] = 7.2 Hz, H,_C(3")), 1.22-1.35 (m, 4H, H,-C(4’), H,_C(5)),
0.83 (t, 3H, 3 = 7.0 Hz, H3_C(6')) ppm. 3C NMR (126 MHz, DMSO-
dg) 8 162.3, 158.8, 156.3, 153.5, 146.4, 132.9, 130.1, 128.9, 128.3,
125.6, 1214, 119.8, 109.3, 41.2, 31.0, 28.3, 26.2, 22.1, 13.9 ppm. 'H
NMR (500 MHz, CDCl3) & 9.04 (s, 1H, H-C(triazole)), 9.03 (d, 1H,
3] = 4.4 Hz, H-C(7)), 8.37 (d, 1H, 3] = 8.2 Hz, H-C(5)), 7.95 (d, 2H,
3] = 7.6 Hz, 2 x H-C(1")), 747 (t, 2H, 3] = 7.6 Hz, 2 x H-C(2")),
741 (dd, 1H, 3] = 8.2, 4.4 Hz, H-C(6)), 7.37 (t, 1H, 3] = 7.6 Hz,
H-C(3")), 6.77 (t, 1H, 3] = 53 Hz, NH), 3.83 (dt, 2H, 3] = 7.3,
5.3 Hz, H,_C(1")), 1.74 (quintet, 2H, 3] = 7.3 Hz, H,_C(2')), 1.40
(quintet, 2H, 3] = 7.3 Hz, H,-C(3')), 123-1.33 (m, 4H, H,_-C(4),
H,-C(5')), 0.85 (t, 3H, 3] = 6.9 Hz, H3_C(6')) ppm. 3C NMR
(126 MHz, CDCl3) § 162.6, 159.4, 156.7, 154.2, 147.8, 131.4, 1304,
129.1, 128.6, 126.1, 121.4, 119.2, 109.2, 42.4, 31.6, 29.2, 26.8, 22.7,
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14.1 ppm. HRMS calcd. for [C;1Hy3N; + HT] = 374.2093, found
374.2096.

4.19. N-Hexyl-2-(4-(p-tolyl)—1H-1,2,3-triazol-1-yl)pyrido[2,3-
d]pyrimidin-4-amine (10b)

Product was obtained according to the general procedure B:
sodium ascorbate (25 mg, 0.125 mmol, 0.4 equiv.), CuSO4-5H,0
(16 mg, 0.063 mmol, 0.2 equiv.), NEt3 (63 mg, 0.626 mmol, 2
equiv.), N-hexylpyrido[3,2-e]tetrazolo[1,5-a]pyrimidin-5-amine (8a)
(85 mg, 0.313 mmol, 1 equiv.) and p-tolylacetylene (55 mg,
0.470 mmol, 1.5 equiv.); white amorphous solid was obtained
(60 mg, 50% yield). 'H NMR (500 MHz, CDCl;) § 9.04 (d, 1H,
3] = 44 Hz, H-C(7)), 9.00 (s, 1H, H-C(triazole)), 8.32 (d, 1H,
3] = 8.1 Hz, H-C(5)), 7.84 (d, 2H, 3] = 8.0 Hz, 2 x H-C(1")), 7.41 (dd,
1H, 3] = 8.1, 4.4 Hz, H-C(6)), 7.28 (d, 2H, 3] = 8.0 Hz, 2 x H-C(2")),
6.64 (t, 1H, 3] = 6.7 Hz, NH), 3.84 (dt, 2H, 3] = 75, 6.7 Hz,
H,_C(1)), 2.40 (s, 3H, H3_C(3")), 1.74 (quintet, 2H, 3] = 7.5 Hz,
H,-C(2")), 141 (quintet, 2H, 3] = 7.3 Hz, H,-C(3')), 1.24-1.34 (m,
4H, H,_C(4'), Hy-C(5')), 0.86 (t, 3H, 3] = 6.9 Hz, H3_C(6')) ppm. 13C
NMR (126 MHz, CDCl3) § 162.6, 159.4, 156.7, 154.3, 147.9, 138.5,
131.3, 129.7, 127.5, 126.0, 121.4, 118.8, 109.1, 42.4, 31.6, 29.2, 26.8,
22.7, 215, 14.1 ppm. HRMS calcd. for [CyHa5N7 + H*| = 388.2250,
found 388.2267.

4.20. N-Hexyl-2-(4-hexyl-1H-1,2,3-triazol-1-yl)pyrido[2,3-
d]pyrimidin-4-amine (10c)

Product was obtained according to the general procedure B:
sodium ascorbate (26 mg, 0.133 mmol, 0.4 equiv.), CuSO4-5H,0
(17 mg, 0.066 mmol, 0.2 equiv.), NEt3 (67 mg, 0.663 mmol, 2
equiv.), N-hexylpyrido[3,2-e]tetrazolo[1,5-a]pyrimidin-5-amine (8a)
(90 mg, 0.332 mmol, 1 equiv.) and 1-octyne (55 mg, 0.498 mmol,
1.5 equiv.); white amorphous solid was obtained (95 mg, 75%
yield). 'H NMR (500 MHz, CDCl3) § 9.00 (d, 1H, 3] = 4.4 Hz,
H-C(7)), 8.53 (s, 1H, H-C(triazole)), 8.42 (d, 1H, 3] = 81 Hz,
H-C(5)), 7.38 (dd, 1H, 3] = 8.1, 44 Hz, H-C(6)), 6.96 (t, 1H,
3] = 6.0 Hz, NH), 3.78 (dt, 2H, 3] = 74, 6.0 Hz, H,-C(1)), 2.81
(t, 2H, 3] = 7.6 Hz, H,-C(1”)), 1.73 (quintet, 2H, 3] = 7.6 Hz,
H,-C(2")), 1.67 (quintet, 2H, 3] = 7.4 Hz, H,_C(2')), 1.20-1.41 (m,
12H, 6 x -CH,-), 0.88 (t, 3H, 3] = 6.6 Hz, -CH3), 0.83 (t, 3H,
3] = 6.6 Hz, -CH3) ppm. 3C NMR (126 MHz, CDCl3) § 162.6, 159.4,
156.6, 154.3, 148.7, 131.6, 121.3, 120.5, 109.2, 42.3, 31.7, 31.6, 29.3,
29.1, 29.0, 26.8, 25.8, 22.7, 22.6, 14.2, 14.1 ppm. HRMS calcd. for
[Co1H31N7 + H'] = 382.2719, found 382.2745.

4.21. 4-(Cyclohexylthio)—2-(4-phenyl-1H-1,2,3-triazol-1-yl)pyrido[2,3-
dJpyrimidine (11)

Product was obtained according to the general procedure B:
sodium ascorbate (12 mg, 0.058 mmol, 0.4 equiv.), CuSO4-5H,0
(7 mg, 0.029 mmol, 0.2 equiv.), NEt; (30 mg, 0.293 mmol,
2 equiv.), 5-(cyclohexylthio)pyrido[3,2-e|tetrazolo[1,5-a]pyrimidine
(4) (42 mg, 0.147 mmol, 1 equiv.) and phenylacetylene (22 mg,
0.220 mmol, 1.5 equiv.); white amorphous solid was obtained
(23 mg, 40% yield). "H NMR (500 MHz, CDCl;) § 921 (d, 1H,
3] = 4.4 Hz, H-C(7)), 9.07 (s, 1H, H-C(triazole)), 8.51 (d, 1H,
3] = 82 Hz, H-C(5)), 7.98 (d, 2H, 3] = 7.6 Hz, 2 x H-C(1")),
754 (dd, 1H, 3] = 8.2, 44 Hz, H-C(6)), 749 (t, 2H, 3] = 7.6 Hz,
2 x H-C(2")), 740 (t, 1H, 3] = 7.6 Hz, H-C(3")), 4.46-4.53 (m,
1H, H-C(1")), 2.25-2.33 (m, 2H, 2 x H-CH), 1.81-1.89 (m, 2H, 2
x H-CH), 1.62-1.76 (m, 5H, 5 x H-CH), 1.36-1.47 (m, 1H, H-CH)
ppm. 13C NMR (126 MHz, CDCl3) § 178.1, 158.5, 1574, 152.3, 148.1,
133.9, 130.2, 129.1, 128.8, 126.1, 122.6, 118.9, 118.3, 45.0, 32.7, 26.0,
25.8 ppm. HRMS calcd. for [Cy1HyoNgS + HT] = 389.1548, found
389.1523.
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4.22. N-(Triphenylphosphorylidene)pyrido|3,2-e]tetrazolo[1,5-
aJpyrimidine-5-amine (12) and N-(triphenylphosphorylidene)—
2-azidopyrido[2,3-d[pyrimidin-4-yl-amine (12A)

Triphenylphosphine (308 mg, 1.173 mmol, 2.5 equiv.) and 2,4-
diazidopyrido[2,3-d]pyrimidine (2) (100 mg, 0.469 mmol, 1 equiv.)
were dissolved in toluene (1 mL) and the resulting reaction mix-
ture was stirred at ambient temperature overnight. The reaction
mixture was evaporated under reduced pressure and the crude
product was purified by column chromatography (R¢ = 0.15 in 50%
Hex/EtOAc) to obtain white amorphous solid (185 mg, 58% yield).
Products 12 provides tautomeric mixtures in CDCl3 and DMSO-dg
solutions in 72:28 and 46:54 ratios, respectively.

Azide: '"H NMR (500 MHz, CDCl3) § 8.80 (dd, 1H, 3] = 4.7 Hz,
4] = 1.8 Hz, H-C(7)), 8.68 (dd, 1H, 3] = 8.0 Hz, 4 = 1.8 Hz,
H-C(5)), 8.01 (ddd, 6H, 3Jy.p = 12.6 Hz, 3] = 8.0 Hz, 4] = 1.5 Hz,
6 x H-C(2')), 7.59 (tdt, 3H, 3] = 8.0, 7.5 Hz, °Jyp = 1.8 Hz, 3
x H-C(4")), 7.53 (ddd, 6H, 3] = 8.0, 7.5 Hz, 4Jy.p = 3.3 Hz, 6 x
H-C(3)), 7.22 (dd, 1H, 3] = 8.0, 4.7 Hz, H-C(6)) ppm. 3*C NMR
(126 MHz, CDCl3) 6 155.8 (2 x C), 154.7, 150.7, 133.7, 133.6 (d,
zjc_p =104 HZ), 1331 (d' 4]c_p =28 HZ)' 129.1 (d, 3](_[: =127 HZ),
126.4 (d, 'Je.p = 103.1 Hz), 118.8, 107.2 ppm. 3'P NMR (202 MHz,
CDCl3) § 21.8 ppm.

TH NMR (500 MHz, DMSO-dg) 8§ 8.76 (dd, 1H, 3] = 4.6 Hz,
4] = 2.0 Hz, H-((7)), 8.65 (dd, 1H, 3] = 7.8 Hz, 4] = 2.0 Hz, H-C(5)),
8.01 (ddd, 6H, 3Jy.p = 12.6 Hz, 3] = 8.0 Hz, 4 = 15 Hz, 6 x
H-C(2)), 7.72 (tdt, 3H, 3] = 8.0, 7.5 Hz, 5J;.p = 1.8 Hz, 3 x H-C(4)),
7.64 (ddd, 6H, 3] = 8.0, 7.5 Hz, 4y.p = 3.3 Hz, 6 x H-C(3")),),
7.38 (dd, 1H, 3] = 7.8, 4.6 Hz, H-C(6) ppm. '*C NMR (126 MHz,
DMSO-dg) & 155.2, 155.0, 154.4, 150.4 (d, 2 = 1.6 Hz), 133.2 (d,
4] = 2.6 Hz), 133.1 (d, 3J = 10.6 Hz), 133.1, 129.1 (d, 3] = 12.4 Hz),
126.1 (d, !J = 102.3 Hz), 119.1, 106.4 ppm. 3'P NMR (202 MHz,
DMSO-dg) § 21.4 ppm.

Tetrazole: 'H NMR (500 MHz, CDCl;) § 912 (dd, 1H,
3] = 8.0 Hz, 4 = 1.8 Hz, H-C(6)), 9.00 (dd, 1H, 3] = 4.7 Hz,
4] = 1.8 Hz, H-C(8)), 8.01 (ddd, 6H, 3J;.p = 12.6 Hz, 3] = 8.0 Hz,
4] = 1.5 Hz, 6 x H-C(2')), 7.88 (dd, 1H, 3] = 8.0, 4.7 Hz, H-C(7),
7.72 (tdt, 3H, 3] = 8.0, 7.5 Hz, 5Jy.p = 1.8 Hz, 3 x H-C(4')), 7.64
(ddd, 6H, 3] = 8.0, 7.5 Hz, 4Jy.p = 3.3 Hz, 6 x H-C(3')) ppm. 3C
NMR (126 MHz, CDCl3) § 165.2 (d, 2Jc.p = 6.0 Hz), 153.6, 147.3
(d, Yep = 3.2 Hz), 1447 (d, Ycp = 3.2 Hz), 1384, 133.5 (d,
2Jc.p = 10.1 Hz), 132.9 (d, 4Jc_p = 2.7 Hz), 129.0 (d, 3Jc_p = 12.5 Hz),
126.8 (d, Jc.p = 1014 Hz), 123.4, 114.7 (d, 3Jc.p = 23.7 Hz) ppm.
31P NMR (202 MHz, CDCl3) § 21.6 ppm.

TH NMR (500 MHz, DMSO-dg) § 9.22 (dd, 1H, 3] = 7.8 Hz,
4] = 2.0 Hz, H-C(6)), 9.00 (dd, 1H, 3] = 4.6 Hz, 4] = 2.0 Hz,
H-C(8)), 8.01 (ddd, 6H, 3Jy.p = 12.6 Hz, 3] = 8.0 Hz, 4] = 1.5 Hz,
6 x H-C(2")), 7.88 (dd, 1H, 3] = 7.8, 4.6 Hz, H-C(7), 7.72 (tdt,
3H, 3 = 8.0, 7.5 Hz, °Jy.p = 18 Hz, 3 x H-C(4")), 7.64 (ddd, 6H,
3] = 8.0, 75 Hz, Yy.p = 3.3 Hz, 6 x H-C(3')) ppm. 3C NMR
(126 MHz, DMSO-dg) § 164.9 (d, 2jcp = 6.0 Hz), 153.8, 146.9
(d, 4Je.p = 3.1 Hz), 1441 (d, 4c.p = 3.1 Hz), 1384, 132.0 (d,
4] = 2.6 Hz), 132.0 (d, ?J = 10.6 Hz), 129.1 (d, 3] = 12.4 Hz),
126.5 (d, 'J = 100.2 Hz), 1241, 114.3 (d, 3Jcp = 23.3 Hz) ppm.
31p NMR (202 MHz, DMSO-dg) & 20.5 ppm. HRMS calcd. for
[Ca5H1gN7P + HT] = 448.1440, found 448.1466.

5. Conclusions

In summary, for the first time C-5 substituted pyrido[3,2-
e|tetrazolo[1,5-a]pyrimidines were obtained in sequential SyAr re-
actions of 2,4-dichloropyrido[2,3-d]pyrimidine with NaN3 followed
by various O-, S- and N- nucleophiles. Further application of C-
5 substituted pyrido[3,2-e]tetrazolo[1,5-a]pyrimidines for synthe-
sis of triazoles in CuAAC reaction was possible due to the azide-
tetrazole tautomeric equilibrium of these compounds. To the best
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of our knowledge, the annulated tricylic pyrido[3,2-e]tetrazolo[1,5-
a]pyrimidine heterocyclic skeleton was unambiguously character-
ized by single crystal X-ray diffractometry for the first time. Also,
azide-tetrazole equilibrium rate constants (Ky/s) and free Gibbs en-
ergies for the tautomeric equilibrium of pyrido[3,2-e]tetrazolo[1,5-
a]pyrimidines were calculated using variable temperature NMR
and the obtained numerical values were similar to those of other
azidopyrimidines. A detailed NMR and DFT study of structurally
rich tautomeric interplay of 2,4-diazidopyrido[2,3-d]pyrimidine is
currently under progress and will be reported elsewhere.
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Abstract: A straightforward method for the synthesis of 5-substituted tetrazolo[1,5-a]pyrido[2,3-
e]pyrimidines from 2,4-diazidopyrido[3,2-d[pyrimidine in SNAr reactions with N-, O-, and S- nucle-
ophiles has been developed. The various N- and S-substituted products were obtained with yields
from 47% to 98%, but the substitution with O-nucleophiles gave lower yields (20-32%). Further-
more, the fused tetrazolo[1,5-a]pyrimidine derivatives can be regarded as 2-azidopyrimidines and
functionalized in copper(I)-catalyzed azide-alkyne dipolar cycloaddition (CuAAC) and Staudinger
reactions due to the presence of a sufficient concentration of the reactive azide tautomer in solution.
In total, seven products were fully characterized by their single crystal X-ray studies, while five of
them were representatives of the tetrazolo[1,5-a]pyrido[2,3-e[pyrimidine heterocyclic system. Equilib-
rium constants and thermodynamic values were determined using variable temperature 'H NMR
and are in agreement of favoring the tetrazole tautomeric form (AGpgg = —3.33 to —7.52 (k] /mol),
AH = —19.92 to —48.02 (k] /mol) and AS = —43.74 to —143.27 (J/mol-K)). The key starting material
2,4-diazidopyrido[3,2-d]pyrimidine presents a high degree of tautomerization in different solvents.

Keywords: azide; tetrazole; SNAr; triazole; CuAAC chemistry; pyrido[3,2-d]pyrimidine; tautomeric
equilibrium; X-ray structure determination

1. Introduction

Fused-pyrimidine heterocycles are privileged scaffolds that have attracted great inter-
est due to their biological properties [1]. The modification and refinement of such scaffolds
are a promising strategy for the development of novel drugs. Among them, pyrido[3,2-
d]pyrimidine motif as a purine and pteridine analogue is a commonly used building block
in drug discovery [2-7].

From the synthesis perspective, heterocycles with an azido-azomethine structural
entity are interesting due to their intrinsic dynamic azide-tetrazole tautomeric equilibrium
in the solution phase (Figure 1a) [8-15] alongside rich azide functional group chemistry [16].

The azide-tetrazole equilibrium greatly varies based on the substituent electronic
effects, solvent polarity, and temperature [17-20]. This phenomenon raises the opportunity
to selectively substitute one position of 2,4-diazidopyrimidines (Figure 1b). Conventionally,
nucleophile attack on pyrimidines takes place at a more reactive C-4 position when two
identical leaving groups are present (Figure 1b, I). However, as the equilibrium shifts, (1) the
addition rate of nucleophiles can be enhanced (Figure 1b, II) by the electron withdrawing
effect of the tetrazole moiety, which stabilizes the Meisenheimer complex intermediate;
(2) the addition site can be switched (Figure 1b, III), since tetrazole cannot be substituted and
the substitution takes place at the C-2 position; and (3) addition can be completely omitted
(Figure 1b, IV). Indeed, SNATr reactions in 2,4-diazidopurines V [21-23] and deazapurines
VI [24,25] take place at the C-2 position (Figure 1c). However, this is not the case with
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quinazoline VII [26,27] and pyrido[2,3-d]pyrimidine VIII [28], where a conventional C-4
addition is observed.
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Figure 1. (a) Azide-tetrazole equilibrium; (b) reactivity of 2,4-diazidopyrimidines; (c) SNAr regiose-

lectivity in fused 2,4-diazidopyrimidines.

To the best of our knowledge, only a handful of papers have mentioned tetrazolopyrido[2,3-
elpyrimidines [29-32], providing a vague idea of the azide-tetrazole tautomerism, and
one paper describing the ring opening of tetrazolo[1,5-c]pyrido[2,3-e]pyrimidine with
reactive C-nucleophiles [33]. Hence, in this paper, we report on the SNAr reactions
of 2,4-diazidopyrido[3,2-d]pyrimidine IX for the first time, describe azide-tetrazole tau-
tomerism in the obtained tetrazolo[1,5-a]pyrido[2,3-¢]pyrimidines, further functionalize
the remaining azide moiety, and provide insights into the azide-tetrazole tautomerism in
2,4-diazidopyrido[3,2-d]pyrimidine.

2. Results and Discussion
2.1. Synthesis

First, we acquired our key starting material, 2,4-diazidopyrido[3,2-d]pyrimidine 2, in
excellent yield from commercially available dichloride 1 with sodium azide (Scheme 1).
Here and further, the name diazide and structure 2 are used as formal simplification,
as it does not exist in pure diazide form, but rather as a mixture of azide-tetrazole
tautomeric forms.

®

cl N3 -
4 .
N>y NaN; (4 eq.) NSy
S ‘ L Acetone / Water (50:1) ~ ‘ e T
NT Cl 50°C, 1 h N" Ns
1 2,95%

2AT

Scheme 1. Synthesis of 2,4-diazidopyrido[3,2-d]pyrimidine (2).

As the initial conditions for the substitution of diazide 2 with thiols, we chose the
K,CO3,DME system (Scheme 2, conditions a). 5-Thiotetrazolo[1,5-a]pyrido[2,3-¢]pyrimidines
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3a—c,f were obtained in moderate yields with substitution proceeding at the expected C-
4 position. These conditions were found to be most suitable in our previous work on
pyrido[2,3-d]pyrimidines [28]. However, we discovered that the reaction could be under-
taken in DCM using NEt3 as a base (conditions b). In these conditions, the work-up was
easier and products 3d-f were obtained in higher yields.

_R
Na Thiol (1.2 eq.)

_ conditions a or b /N N

N
N
x lN/)\N a: K,CO3 (1.5 eq.), DMF, rt,, 1h x K\
3 b:NEt; (1.5 eq.), DCM, r.t., 20 min X

VN
/N | SN

N=N e
3a, 47%° 3b, 64%°% ¢ 3c, 69%?
Q8 "y

NN NN

N:N N:N 2
3d, 95%° 3e, 82%" 3f, 84%P (54%2)

Scheme 2. SNAr reaction of diazide 2 with thiols.

Next, we explored the SNAr reaction between diazide 2 and the amines. As with
the thiols, we adopted the previously used reaction conditions [28] and an addition of
p-methoxybenzylamine to diazide 2 in DMSO provided product 4a in 49% yield without an
additional base. At this point, we decided to investigate the solvent effect on tautomeriza-
tion and thus manipulate the site of nucleophile attack. To do this, we carried out SNAr
reactions of diazide 2 with p-methoxybenzylamine in various solvents: toluene, benzene,
DCM, EtOH, CHCl3, DMSO, and MeCN. In all cases, the same product 4a was obtained.
This means that 5-azidotetrazolo[1,5-a]pyrimidine tautomer 2AT is always predominant,
despite the selected solvents. The highest yield with the easiest work-up procedure was ob-
tained in DCM, and it was the solvent of choice in further research. To explore the scope of
the reaction, we used optimized conditions for the synthesis of different amino derivatives
4a—g in good yields (Scheme 3). Products bearing the benzylic 4a, aliphatic primary 4b, and
secondary 4c, 4d, 4g amine moieties were obtained. In addition, ammonia and hydrazine
showed good reactivity and provided products 4h and 4f. However, substitution of diazide
2 with aromatic amine (anisidine) to 4h was unsuccessful and only the starting material
was recovered after 3 days of stirring.
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Scheme 3. SNAr reaction of diazide 2 with amines.

Substitution of diazide 2 with simple alcohols proceeded in the presence of a base
(K2CO3) in dry MeCN, yielding products 5a and 5b (Scheme 4), although the products were
obtained in low yields, mainly due to partial hydrolysis in the basic reaction medium as a
side reaction. A complex mixture of unidentified products was obtained in the reaction of
diazide 2 with phenol, most probably due to further substitution reactions of the phenyloxy

moiety as a leaving group.
0’ : g 0" :
SO TS
N=N N=N =

N Na Alcohol (1.2 eq.)
2 SN K,CO; (1.2 eq.)
@ MeCN(ary)
N N3 80 °C, overnight
2 N=N

5a, 32% 5b, 20% 5¢c, 0%
Scheme 4. SNAr reaction of diazide 2 with alcohols.

Given that the compounds 2-5 persist in equilibrium between tetrazolo[1,5-a]pyrimidines
and 2-azidopyrimidines, it should be possible to functionalize them as hetarylazides [12,34]
and tetrazoles [35]. Indeed, a series of 1,2,3-triazole-substituted pyrido[3,2-d]pyrimidines
6a—e were obtained from tetrazolo[1,5-a]pyrido[2,3-e]pyrimidine 4a in the copper(I)-catalyzed
azide-alkyne cycloaddition (CuAAC) reaction (Scheme 5).
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Scheme 5. Synthesis of 2-triazolylpyrido[3,2-d]pyrimidines 6a—e.

Synthesis of 2,4-bistriazole from diazide 2 was not successful due to the formation
of multiple side products. The major component was found to be partially reduced
2-triazolylpyrido[3,2-d]pyrimidine 7 (Scheme 6). We [36-38] and others [39] have pre-
viously observed that azido groups can be selectively reduced to their respective amino
derivatives by Cu(I), which is generated by the CuSO,4/ascorbate system.

N3 Phenylacetylene (5 eq.)

N CuS04-5H,0 (0.2 eq.)
z ‘ N Na ascorbate (0.4 eq.), NEt3(2 eq.) N
S N/)\ THF / H,O (10:1)

N3 70 °C, overnight .

2 7,15% N=

Scheme 6. Partial reduction of compound 2 during its CuAAC reaction.

Additionally, we were able to functionalize 5-aminotetrazolo[1,5-a]pyrimidine 4b
in the Staudinger reaction to iminophosphorane 8 (Scheme 7). Interestingly, its NMR
and single crystal X-ray analysis revealed a protonated form 8’, which was obtained by
the precipitation of compound 8 with anhydrous HCI in the DCM/MTBE system. The
protonation occurred at the N(1) position of the molecule.

HN/"'CGHm HN/”'CGH13
N | SN PPh; (1.5 eq.) NSy HCl
\ A DCM \ _ .pPh; “DCM
N rt, 3 days N" N MTBE
N=N
4ab 8, 32%

protonation
site

Scheme 7. Synthesis of iminophosphorane 8 and its HCl salt 8.
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To confirm that the C-4 position is the more reactive site in pyrido[3,2-d]pyrimidines
with identical leaving groups in positions C-2 and C-4 (substrate 1), we switched the order
of nucleophile addition. Indeed, the addition of amine first to the 2,4-dichloropyrido[3,2-
d]pyrimidine (1), followed by sodium azide, afforded the expected 4b (Scheme 8). How-
ever, it should be mentioned that the addition rate of the second nucleophile-azide was
rather slow. It took 3 days to achieve near complete conversion of intermediate 9. Previ-
ously, Boyomi et al. [29] reported failed attempts of 4-amino and 4-benzyloxy substituted
2-chloropyrido[3,2-d]pyrimidine substitution with sodium azide in refluxed ethanol. More-
over, in our case, the amino product 9 was obtained in high yield without the formation
of the diamino product. The electron-donating effect of the amino group slowed or even
inhibited further SNAr process.

HN/”‘CBH13 HN/"'CsH13
Qr\ Amlne (3 eq.) N | =N NaN; N ‘ =N
X )\ Acetone / H,0O X /K
rt., 15 min N Cl g °C, 3 days N \,N
9, 89% N=N
4b, 96%

Scheme 8. Conventional synthesis route for compound 4b.

It is interesting to note that the addition of two azido groups in the synthesis of diazide
2 was relatively fast (<1 h). This suggests that the first azido group after the addition to C-4
tautomerizes to tetrazole 10T, where tetrazole, as an electron-withdrawing group, makes
the pyrimidine system more reactive toward a second nucleophilic addition, and the final
2,4-disubstituted system is formed (Scheme 9).

cl N, \
I \
/N | ~N NaN3 /N \N NaN3
N™ °CI
1 10A

Scheme 9. Synthesis pathway of diazide 2.

2.2. Single Crystal X-ray Analysis

Compounds 2, 3b, 3f, 4a, 4d, 5a, and the product 8 protonated form 8’ were obtained
in crystalline form and their chemical structures were confirmed by single crystal X-ray
analysis. Crystal data and refinement details for the studied crystals are presented in
Table 1. Search of the Cambridge structure database (CSD, version 5.43, November 2021)
for synthesized pyrido[2,3-e]tetrazolo[1,5-a]pyrimidine heterosystem did not reveal any hits
and, thus, gave evidence that it had not been studied by single crystal X-ray diffraction yet.
Below, we discuss the geometry of this new tricyclic heterosystem in detail. The pyrido[3,2-
d]pyrimidine heterosystem search gave five hits [40-42]. Comparison of compound 6¢ with
structures from CSD showed that their geometry fit very well.
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Table 1. Crystal data and refinement details of compounds 2, 3b, 3f, 4a, 4d, 6a, and 8.
Compound 2 3b 3f 4a 4d 6a 8
Structural formula CyH3Ng C31Hp6Cl NS, Ci3H14N6S Ci5H13N;0 C11H;1N;O Co4Hi1gNgO C33H35ClyNsP
Molar weight (g/mol) 213.18 701.66 286.36 307.32 257.27 434.46 780.78
Crystal system Monoclinic Monoclinic Orthorhombic Monoclinic Triclinic Triclinic Triclinic
Space group P2y /n P2/n Pbca P2y /c P-1 P-1 P-1
a(A) 7.7018 (2) 9.5365 (2) 5.8380 (1) 13.9255 (3) 6.8386 (3) 8.0329 (5) 9.51807 (7)
b(A) 4.9727 (1) 6.9099 (2) 15.1883 (2) 8.3800 (2) 8.7709 (5) 10.3423 (4) 12.55333 (10)
c(A) 22.0045 (4) 24.5953 (4) 30.4815 (4) 13.3706 (3) 10.4546 (5) 13.5771 (4) 16.07767 (12)
« (%) 90.00 90.00 90.00 90.00 67.195 (5) 109.489 (3) 96.7786 (7)
B () 92.956 (2) 94.787 (2) 90.00 115.495 (3) 81.477 (4) 97.968 (3) 98.3660 (6)
v (°) 90.00 90.00 90.00 90.00 71.424 (4) 100.796 (4) 98.8468 (6)
V (A3) 841.62 (3) 1615.08 (6) 2702.77(7) 1408.35 (6) 547.72 (5) 1019.59 (8) 1858.49 (2)
z 4 2 8 4 2 2 2
T (K) 160(2) 150(2) 200(2) 150(2) 160(2) 150(2) 150(2)
Absorption coefficient (mm ™) 1.04 3.38 213 0.82 0.92 0.76 5.53
Calculated density (mg/m?) 1.682 1.443 1.407 1.449 1.560 1.415 1.395
Data collected 7965 15480 24550 13282 9722 12025 35065
6-range for data collection (°) 4.0-76.3 3.6-76.4 2.9-76.1 3.5-75.9 4.6-76.1 3.5-76.4 2.8-76.6
Unique reflections 1491 3180 2757 2735 2171 3983 7454
Symmetry factor (Rj,;) 0.024 0.037 0.043 0.047 0.051 0.032 0.036
Rsigma 0.017 0.029 0.020 0.037 0.034 0.031 0.026
Final R; factor for I > 20(I) 0.034 0.048 0.033 0.041 0.052 0.037 0.037
wR?2 factor for all data 0.094 0.132 0.093 0.108 0.160 0.104 0.103
CCDC deposition number 2208559 2208560 2208556 2208558 2208557 2208561 2208562
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In the crystal structure 2, the tricyclic heterosystem was planar within £0.021(1) A.
Atoms N12 and N13 of the azide group deviated from this plane by 0.0736(9) A and
0.1356(11) A, respectively. Thus, the azide group is involved in a common conjugate system
of the molecule, and the C5-N11 single bond, equal to 1.391(2) A, was shortened when
compared to a standard single C-N bond [43]. The azide group was not exactly linear and
the valence angle N11-N12-N13 was 171.88(12)°.

The crystal structure 3b was a dichloromethane solvate. Heterocyclic fragment of the
molecule was strictly planar. Deviation of the S11 atom from this plane was 0.121(1) A.
The lone electron pairs of S11 atom were involved in the common conjugate system of the
heterosystem, which resulted in shortening of the bond C5-511 = 1.731 (2) A compared to a
standard single C-S bond [43]. Aromatic fragments of the molecule, forming a dihedral
angle of 5.15(9)°, were nearly parallel to each other.

In the crystal structure 3f, some violation of the planarity of the heterocyclic system
was observed. The dihedral angle between the tetrazolo-pyrimidine and pyridine fragments
was 5.97(5)°. The C5-S11 bond (1.745(1) A) in the 3f structure was longer than in 3b. The
least squares mean planes of tricyclic heterosystem and cyclohexane fragments formed a
dihedral angle of 61.40(7)°.

In the crystal structure 4a, the heterocyclic system was strictly planar (+0.01 A).
Deviation of the N11 atom from this plane was 0.0358(11) A and the lone electron pair of
N11 atom participated in the common conjugate system of a tricycle. The dihedral angle
between aromatic fragments of the molecule was 73.98(5)°. Orientation of the methoxy
group was characterized by the torsion angle C20-019-C16-C15 = —6.8(2)°.

In the crystal structure 4d, we again observed minor violation of the planarity of the
heterocyclic system. The dihedral angle between the tetrazolo-pyrimidine and pyridine
fragments was 3.39(7)°. The least squares mean planes of the heterocyclic system and
morpholine fragment formed a dihedral angle of 19.71(7)°. The morpholine fragment
assumed a chair conformation. Atoms N11 and O14 deviated from the plane formed by
four carbon atoms by 0.6142(15) A and —0.6703(14) A, respectively.

In the structure 6c¢, the bicyclic heterosystem was sufficiently planar. The C4-N9 bond
length was 1.3366 (15) A. Dihedral angles of the triazole fragment with mean planes of bicy-
cle and adjacent phenyl ring were 4.38(6)° and 11.16(7)°, respectively. The slope of the mean
plane of the second phenyl fragment to the plane of the bicycle was 75.71(5)°. Orientation
of the methoxy group was characterized by the torsion angle C18-017-C14-C13 = 7.2(2)°.

Compound 8 was crystallized in the form of hydrochloride chloroform disolvate. In
contrast to the previous structure 6a in 8, atom N1 became protonated and bond C2-N16
[1.328(2) A] assumed a double bond character. Least squares planes of pyridine and
pyrimidine fragments in the heterosystem formed a dihedral angle of 3.87(8)°. Two atoms
at the end of an aliphatic chain in the structure were disordered and assumed two positions
with an occupancy ratio of 0.7:0.3.

Since the pyrido[2,3-e]tetrazolo[1,5-a]pyrimidine heterosystem has not been studied
by single crystal X-ray diffraction until now, we present a comparison of the geometric
parameters with the tetrazolo[1,5-a]pyrimidine fragment of the crystal structures deposited
with CCDC. Table 2 lists the selected geometrical parameters of the studied compounds
and data from the literature.
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Table 2. The selected bond lengths for the studied crystal structures and data from the literature *.

N1-N2 N1-N10 N2-N3 N3-C3a C3a-N4 C3a-N10 N4-C5
2 1.301(1) 1.357(1) 1.357(1) 1.328(1) 1.356(1) 1.357(1) 1.304(1)

3b 1.308(3) 1.356(3) 1.364(3) 1.334(3) 1.354(3) 1.354(3) 1.308(3)

3f 1.306(2) 1.355(2) 1.358(2) 1.325(2) 1.359(2) 1.357(2) 1.308(2)
4a 1.298(2) 1.362(2) 1.359(2) 1.331(2) 1.354(2) 1.363(2) 1.324(2)
ad 1.301(2) 1.364(2) 1.348(2) 1.334(2) 1.341(2) 1.353(2) 1.329(2)
Ivajoh 1.304(2) 1.365(23) 1.350(2) 1.336(2) 1.343(2) 1.363(2) 1.324(2)
Pesvuh 1.305(2) 1.358(2) 1.347(2) 1.328(2) 1.350(2) 1.359(2) 1.303(2)
Pulsib 1.306(3) 1.369(3) 1.365(3) 1.330(3) 1.348(3) 1.368(3) 1.308(3)
Sowwik 1.307(7) 1.354(7) 1.367(8) 1.308(7) 1.369(8) 1.365(7) 1.315(8)
Uxazid 1.300(1) 1.351(1) 1.345(1) 1.326(1) 1.348(1) 1.363(1) 1.309(1)
Vendoh 1.289(4) 1.365(5) 1.343(4) 1.330(5) 1.343(4) 1.351(4) 1.316(4)

* Ivajoh [44], Pesvuh [45], Pulsib [46], Sowwik [47], Uxazid [48], Vendoh [49].

The analysis of Table 2 shows that, overall, the geometry of the tetrazolo[1,5-a]pyrimidine
fragment in the studied compounds corresponded to the published data. The geometry
of the tetrazole fragment was the most conservative and was practically the same in all
structures. The most variable bonds of the heterocyclic system were C3a-N4 and N4-C5.
Their length was related to the type of substituent in position 5.

2.3. Free Energy Calculation for Azide-Tetrazole Equilibrium of Substituted
Tetrazolo[1,5-a]pyrido[2,3-e] Pyrimidines

The system in equilibrium can be quantitatively characterized by thermodynamic
values—Gibbs free energy, enthalpy, and entropy. The Gibbs free energy describes the
equilibrium at given state of conditions, while the enthalpy defines the absolute stability of
the tetrazole system (a higher value means a higher stability of tetrazole).

The Gibbs-Helmholtz equation AG = —RTIn(Keq) was used to calculate the Gibbs free
energy of tautomerization [50]. 'H NMR spectra of tetrazoles 3-5 were acquired in CDCl;
at variable temperatures (see Supplementary Materials) to obtain equilibrium constants
(Keq) expressed as the integral ratio of tetrazole/azido tautomeric forms Keq) = [T]/[A].
Enthalpy and entropy values were obtained by plotting the Gibbs free energy equation AG
= AH — TAS (see Supplementary Materials). The calculated thermodynamic values for the
tautomerization of the obtained compounds are given in Table 3. Very similar results were
also obtained by plotting the van’t Hoff equation (see Supplementary Materials). Errors
were calculated using the mean square error method.
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Table 3. Equilibrium constant and thermodynamic heat of the tautomerization of substituted
tetrazolo[1,5-a]pyrido[2,3-e]pyrimidines 3-5 in CDCl3; (A) azide form, (T) tetrazole form.

R R
/N ‘ NN Kkt /N I NN
Hy N N/)\N3 K o X N)\\N
A T N=N
COmpO\ll‘ld R T (K) K(eq) * Angs (k]/mol) AHzgs (k]/mol) A8298 (]/molK)
298 8.44
3a YN 313 432 529 £0.11 —32.11 + 1.94 ~90.14 + 6.24
- 323 3.11
298 6.26
3b 313 3.92 —4.54 £0.02 ~23.63 + 0.38 —64.08 +1.21
v 323 2.9
298 12.39
3¢ J@/ 313 6.37 —6.24 + 0.02 ~30.53 + 0.34 ~81.69 + 1.11
T 323 481
298 6.53
3d /l\ 313 449 —4.65+0.03 —20.14 + 0.61 ~51.96 + 1.95
1 323 3.47
298 419
3e @ 313 2.57 —3.55 +0.28 —31.75 + 4.90 ~94.33 + 15.74
e 323 153
298 15.08
3f 313 496 —611+0.12 —42.05+2.13 ~120.72 + 6.83
e 323 3.30
o 298 20.83
4a m 313 15.05 —752 4022 —21.91 +3.91 —48.05 + 12.53
OMe 323 10.39
298 19.20
/\/\/\
b HN” 313 12.77 —7.32 £ 0.03 —20.35 + 0.56 4374 £ 1.78
323 10.19
O 298 592
4c . 313 3.81 —4.40 +0.07 2452 +131 —67.42 + 420
ke 323 2.74
o 298 3.89
ad [N] 313 253 ~3.36 + 0.02 22,65+ 0.32 —64.71 + 1.03
n 323 191
| 298 3.83
4g @ 313 2.59 ~3.33+0.01 ~19.92 £ 0.25 —55.69 £ 0.79
W 323 2.06
298 8.59
5a O/O 313 3.36 ~533+0.17 —48.02 +2.95 —143.27 +9.49
L 323 1.92
298 11.84
/\/
5b i 313 6.00 —612+0.16 —31.55+2.75 —85.50 + 8.83
323 445

* Expressed as an integral an integral ratio of the tetrazole/azide tautomeric forms Keq) = [T]/[A].

As previously mentioned, the azide-tetrazole equilibrium is influenced by the solvent
polarity, temperature, substituent electronic effects, and sterics [8]. In our case, the equi-
librium of tetrazolo[1,5-a]pyrido[2,3-e]pyrimidines 3-5 was fully shifted toward tetrazole
in DMSO-dg and the azido tautomer was not observed in this solvent. On the other hand,
the equilibrium in less polar CDCl3 was notable and varied with different substituents.
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As expected, the equilibrium shifted toward the azido tautomer at elevated temperatures.
The calculated negative enthalpy values confirmed that the tetrazole is an energetically
more stable form and the negative Gibbs free energy affirms that tetrazole in pyrido[3,2-
d]pyrimidines 3-5 is a major tautomer present at 25 °C.

It is well-known that electron donating substituents stabilize the fused tetrazole ring,
while electron withdrawing substituents favor the azido tautomer. In our case, the Gibbs
free energy values of p-methoxybenzylamino- (4a) and hexylamino- (4b) products were
the highest. Therefore, the equilibrium was strongly shifted toward the tetrazole tautomer
(Figure 2). However, the Gibbs free energy values for products containing secondary amine
moieties piperidine (4c), morpholine (4d), and N-methylpiperazine (4g) were significantly
lower than those of primary amine moieties 4a and 4b. Additionally, alkoxy-substituted 5a
and 5b were shifted toward the tetrazole tautomer and the Gibbs free energy values were
higher than those of the thiols.
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Figure 2. Composition of the Gibbs free energy of tautomerization for the substituted tetrazoles 3-5.

2.4. Tautomerism of Diazidopyridol3,2-d]Pyrimidine

Finally, we looked at the tautomeric equilibrium of diazide 2. The "H-NMR spectra of
diazide 2 in various solvents are shown in Figure 3. A different number of tautomeric forms
were present depending on the solvent polarity. Tetrazole as the electron withdrawing
moiety shifted signals downfield, while azido tautomer signals were more upfield. By
going up in solvent polarity, the signals appeared more downfield and the ratio of the
downfield /upfield signals increased. Thus, as in theory, the tetrazole tautomer becomes
more dominant in polar solvents. At the present time, we are unable to undeniably provide
the structural identity of each set of signals. For a thorough assignment of tautomeric forms,
15N labeling is required.

In most cases, three to four tautomeric forms were observed. In TFA, only one
tautomeric form was present and two tautomeric forms were observed in D;SO4. It
is most likely that these solvents shift the equilibrium to bistetrazole 2TT due to far-out
polarity. However, the pyridine ring in such acidic conditions can be protonated, making
the ring system extremely electron deficient and shifting the equilibrium toward diazide
2P. It is interesting to note that in AcOD-dy, seven out of nine possible tautomeric forms
were present. There are five possible tautomeric structures and three betaine structures for
diazide 2 (Figure 4). To prove that these are indeed tautomeric forms, we acquired spectra
after prolonged storage and redissolving the stored sample in a different solvent. To our
delight, acquiring spectra after 7 days and 30 days of storage at 4 °C in acetic acid solution
presented identical spectra to that of the freshly prepared sample (Figure 5). Furthermore,
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evaporation of the acetic acid and redissolving the 30 day stored sample in CDCl3 provided
identical spectra to one obtained by dissolving diazide 2 in CDCl3.

D,50; (2) M

|
) W JU TJJ; N
l
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Figure 3. 'H-NMR spectra of diazide 2 in various solvents (number of the observed tautomers reported
in parentheses).

Diazide 2 tautomeric structures
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Figure 4. Tautomeric structures of diazide 2.
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Figure 5. TH-NMR spectra of diazide 2 in AcOD-d4 and CDCl3.

3. Materials and Methods
3.1. General Information

Reagents purchased from Alfa Aesar, Acros Organics, Sigma Aldrich were used
as received. All solvents were distilled prior to use. THF and toluene were distilled
from Na under an Ar atmosphere. DMF and DMSO were distilled from CaH,; under
reduced pressure. For column chromatography, ROCC silica gel (40-60 um, 60 A) was used.
Chromatography was monitored by TLC (E. Merck Kieselgel 60 Fps4) and visualized with
UV light.

HPLC analysis was performed using an Agilent Technologies 1200 Series system
equipped with an X Bridge C-18 column, 4.6 x 150 mm, particle size 3.5 um, with a flow
rate of 1 mL/min, using 0.1% TFA /H,O and MeCN for the mobile phase.

The IR spectra were recorded in KBr with a Perkin-Elmer Spectrum BX FTIR spectrom-
eter (4000—450 cm™1).

High-resolution mass (HRMS) (electrospray ionization (ESI)) was recorded with an
Agilent 1290 Infinity series ultra-high pressure liquid chromatography connected to an
Agilent 6230 time-of-flight mass spectrometer or (atmospheric pressure chemical ionization
(APCI)) on a 7 T solariX XR (Bruker Daltonik GmbH) Fourier transform ion cyclotron
resonance mass spectrometer equipped with an APCI source.

Single-crystal diffraction data were collected on an XtaLAB Synergy-S Dualflex diffrac-
tometer (Rigaku Corporation, Tokyo, Japan) equipped with a HyPix6000 detector and
micro-focus sealed X-ray tube (Rigaku, Tokyo, Japan) using Cu Ko radiation (A = 1.54184 A).
Single crystals were fixed with oil in a nylon loop of a magnetic CryoCap and set on a
goniometer head. The samples were cooled down to 150 K, and w-scans were performed
with a step size of 0.5°. Data collection and reduction were performed with CrysAlisPro
1.171.40.35a software (Oxford Diffraction Ltd., Abingdon, UK). The structure solution and
refinement were performed with SHELXT [50] and SHELXL [51] software, which are part
of the CrysAlisPro and Olex2 suites. The H atoms were positioned geometrically and
treated as riding on their parent C or N atoms. Molecular graphics were prepared using
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ORTEP3 for Windows [52] and Mercury [53]. The PLATON [54] tool was used for the
geometrical calculations.

H and 13C NMR spectra were recorded on a Bruker Avance 500 spectrometer (Bruker
BioSpin GmbH, Rheinstetten, Germany). Chemical shifts (5) were reported in ppm and
coupling constants (J) in Hz. Residual solvent peaks (*H) or (13C) were used as the reference
(for '"H-NMR: CDCl; § = 7.26 ppm, DMSO-dg § = 2.50 ppm, (CD3),CO & = 2.05 ppm,
CD3COQOD 6 = 2.04 ppm, CgDg 6 = 7.16 ppm, CD,Cl, 6 = 5.32 ppm, D,SO4 6 = 11.20
ppm, CD3CN 6 = 1.94 ppm, CD;0D 6 = 3.31 ppm, CF3COOD $ = 11.50 ppm, THF-dg
8 = 3.58 ppm, toluene-dg § = 6.98 ppm and for 3C-NMR: CDCl; § = 77.16 ppm, DMSO-dg
5 =39.52 ppm). H3POy4 (85% aq.) & = 0.00 ppm was used as the external standard for
3IP NMR. Multiplicities were reported as s (singlet), d (doublet), t (triplet), q (quartet),
and m (multiplet).

3.2. Synthesis Methods and Product Characterization

General procedure A: A synthesis of 5-thiotetrazolo[1,5-a]pyrido[2,3-e]pyrimidines
3c—f. Thiol (1.5 eq) was added to 2,4-diazidopyrido[3,2-d]pyrimidine (2) (1 eq) and triethy-
lamine (1.2 eq) in DCM (1 mL) in a 10 mL glass vial and stirred for 15 min at ambient
temperature. After the reaction completion (HPLC monitoring), the reaction mixture was
filtered through a silica gel plug with 10% DCM/MeCN and evaporated under reduced
pressure to yield the crude product.

General procedure B: A synthesis of 5-aminotetrazolo[1,5-a]pyrido[2,3-e]pyrimidines
4a-d. An amine (3 eq) was added to 2,4-diazidopyrido[3,2-d]pyrimidine (2) (1 eq) in
DCM (1 mL) in a 10 mL glass vial and stirred for 15 min at ambient temperature. After
the reaction completion (HPLC monitoring), an additional DCM (5 mL) was added and
the mixture was washed with 0.5 M HCl,q solution (2 x 5 mL), followed by saturated
NaCl(,q) wash (2 x 5 mL). The organic phase was dried over anhydrous NaySOy, then
filtered and evaporated to yield the product.

General procedure C: A synthesis of triazoles 6a—e. Sodium ascorbate (0.4 eq), CuSO4-5H,0
(0.2 eq), NEt3 (2 eq), N-(4-methoxybenzyl)pyrido[2,3-e]tetrazolo[1,5-a]pyrimidin-5-amine
(4a) (1 eq), and substituted acetylene (1.5 eq) were dissolved in THF (1 mL) and H,O
(0.1 mL) in a 10 mL glass vial and stirred at 60 °C overnight. The resulting mixture was
filtered through silica gel and the Na,;SO4 plug, evaporated under reduced pressure. Crude
product was purified by column chromatography.
2,4-Diazidopyrido[3,2-dlpyrimidine (2):

2,4-Dichloropyrido[3,2-d]pyrimidine (1) (1 g, 5 mmol, 1 eq) and NaNj3 (1.6 g, 20 mmol,
4 eq) were weighed in a 50 mL round bottom flask. Acetone (10 mL) and water (1 mL)
was added, and the mixture was stirred at 50 °C for 1 h. After the reaction completion
(monitored by HPLC), the reaction mixture was cooled to room temperature and the solvent
was evaporated under reduced pressure. Water (20 mL) was added to the mixture and
extracted with dichloromethane (3 x 20 mL). Combined organic phases were washed with
a saturated NaCl solution (2 x 10 mL) and dried over anhydrous Na,SOy, filtered, and
evaporated under reduced pressure. Product was obtained as a slightly yellow amorphous
solid (1 g, 95%). The product can be recrystallized from EtOH to obtain yellowish crystals
(m.p. 168 °C). A single crystal for X-ray analysis was obtained by slow evaporation from
DCM/MeOH.

'H NMR (500 MHz, CF3COOD) 6 9.19 (dd, 1H, 3] = 4.7 Hz, *] = 1.4 Hz, H-C(8)), 8.66
(dd, 1H, 3] = 8.8 Hz, 4] = 1.4 Hz, H-C(6)), 8.30 (dd, 1H, %] = 8.8, 4.7 Hz, H-C(7)) ppm.
13C NMR (125 MHz, CF;COOD) 6§ 169.0, 160.6, 152.0, 143.2, 136.0, 135.6, 127.7 ppm.

Observed as a mixture of three tautomers in a 80:17:3 ratio in DMSO-dy. First tautomer:
'H NMR (500 MHz, DMSO-de) § 9.25 (dd, 1H, 3] = 47 Hz, 4] = 1.5 Hz), 9.15 (dd, 1H,
3] =8.6 Hz, 4] = 1.5 Hz), 8.26 (dd, 1H, 3] = 8.5, 4.5 Hz) ppm. Second tautomer: 'H NMR
(500 MHz, DMSO-d) & 9.12 (dd, 1H, 3] = 4.5 Hz, 4] = 1.5 Hz), 9.01 (dd, 1H, 3] = 8.5 Hz,
4] = 1.5Hz), 8.23 (dd, 1H, 3] = 8.5, 4.4 Hz) ppm. Third tautomer: 'H NMR (500 MHz,
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DMSO-dg) § 9.06 (dd, 1H, 3] = 4.6 Hz, 4] = 1.6 Hz), 8.46 (dd, 1H, 3] = 8.4 Hz, %] = 1.6 Hz),
8.03 (dd, 1H, 3] = 8.4, 4.3 Hz) ppm.

Observed as a mixture of three tautomers in a 59:35:6 ratio in CDCl;. First tautomer:
TH NMR (500 MHz, CDCl3) § 9.13 (dd, 1H, 3] = 4.5 Hz, 4] = 1.5 Hz), 8.92 (dd, 1H, 3] = 8.5 Hz,
4] = 1.5 Hz), 8.07 (dd, 1H, 3] = 8.5, 4.5 Hz) ppm. Second tautomer: 'H NMR (500 MHz,
CDCl3) & 8.86 (dd, 1H, 3] = 4.3 Hz, 4] = 1.5 Hz), 8.12 (dd, 1H, 3] = 8.5 Hz, ] = 1.5 Hz),
7.77 (dd, 1H, 3] = 8.5, 4.3 Hz) ppm. Third tautomer: TH NMR (500 MHz, CDCl3) § 9.08
(dd, 1H, 3] = 4.4 Hz, %] = 1.5 Hz), 8.31 (dd, 1H, 3] = 8.5 Hz, %] = 1.5 Hz), 7.87 (dd, 1H,
3] = 8.5, 4.4 Hz) ppm.

IR (KBr): 3074, 2377, 2225, 2164, 2144, 1598, 1539 cm ™.

HRMS calculated for [C;H3Ng + H] = 214.0584, found 214.0584.
5-(Butylthio)pyridol2,3-eltetrazolo[1,5-alpyrimidine (3a):

2,4-Diazidopyrido[3,2-d]pyrimidine (100 mg, 0.469 mmol, 1 eq) and K,COj3 (71 mg,
0.516 mmol, 1.1 eq) were added to a 10 mL round bottom flask, flushed with Ny, and
capped with a septum. Through the septum, absolute DMF (1 mL) and buthanethiol
(44 mg,d=0.84g/mL, v =52 uL, 0.493 mmol, 1.05 eq) were added and stirred for 1 h at
room temperature. After the reaction completion (HPLC control), water (10 mL) was added
and extracted with toluene (3 x 10 mL). The combined organic phase was washed with
5% LiCl solution (2 x 10 mL) and dried over anhydrous Na,SOy, filtered, and evaporated
under reduced pressure to give the crude product. The crude product purification by
silica gel column chromatography (DCM/MeOH, gradient 0—2%) and crystallization from
n-PrOH yielded yellow crystals (57 mg, 47%, R¢ = 0.50 in 50% Hex/EtOAc, m.p. 136 °C).

TH NMR (500 MHz, DMSO-dg) 6 9.06 (dd, 1H, 3] = 4.5 Hz, %] = 1.4 Hz, H-C(7)), 8.94
(dd, 1H, 3] = 8.5 Hz, 4] = 1.4 Hz, H-C(9)), 8.18 (dd, 1H, 3] = 8.5, 4.5 Hz, H-C(8)), 3.35 (t, 2H,
3] = 7.4 Hz, H,-C(1")), 1.78 (quintet, 2H, 3] = 7.4 Hz, H,-C(2)), 1.51 (sextet, 2H, 3] = 7.4 Hz,
H,-C(3)), 0.96 (t, 3H, 3] = 7.4 Hz, H3-C(4')) ppm. 3C NMR (125 MHz, DMSO-dg) & 174.3,
152.3,150.3, 134.2, 130.1, 128.2, 124.9, 30.0, 29.0, 21.6, 13.5 ppm.

IR (KBr): 3067, 2963, 2932, 1592, 1526, 1504 cm ™.

HRMS calculated for [C11H1oNgS + H*] = 261.0917, found 261.0922.

2-Azido-4-(butylthio)pyrido[3,2-dlpyrimidine (3aA) and 5-(butylthio)pyrido[2,3-e]tetrazolo[1,5-
alpyrimidine (3a): observed in CDCl3 solution as a tautomer mixture in 11:89 ratio.

Azide: TH NMR (500 MHz, CDCl3) 5 8.81 (dd, 1H, 3] = 4.5 Hz, 4] = 1.5 Hz, H-C(6)), 8.08
(dd, 1H, 3] = 8.5 Hz, 4] = 1.5 Hz, H-C(8)), 7.72 (dd, 1H, %] = 8.5, 4.5 Hz, H-C(7)), 3.32 (t, 2H,
3] = 7.4 Hz, H,-C(1")), 1.85 (quintet, 2H, 3] = 7.4 Hz, H,-C(2")), 1.56 (sextet, 2H, 3] = 7.4 Hz,
H,-C(3")), 1.00 (t, 3H, 3] = 7.4 Hz, H3-C(4")) ppm.

Tetrazole: "TH NMR (500 MHz, CDCl3) § 9.06 (dd, 1H, 3] = 4.5 Hz, 4] = 1.5 Hz, H-C(7)),
8.85 (dd, 1H, 3] = 8.5 Hz, 4] = 1.5 Hz, H-C(9)), 7.99 (dd, 1H, 3] = 8.5, 4.5 Hz, H-C(8)), 3.46
(t, 2H, 3] = 7.4 Hz, Hp-C(1")), 1.85 (quintet, 2H, 3] = 7.4 Hz, H,-C(2')), 1.56 (sextet, 2H,
3] = 7.4 Hz, H,-C(3")), 1.00 (t, 3H, 3] = 7.4 Hz, H3-C(4')) ppm.
5-(Phenethylthio)pyridol2,3-eltetrazolo[1,5-alpyrimidine (3b):

2,4-Diazidopyrido[3,2-d]pyrimidine (100 mg, 0.469 mmol, 1 eq) and K,COj3 (71 mg,
0.516 mmol, 1.1 eq) were added to a 10 mL round bottom flask, flushed with Ny, and
capped with a septum. Through the septum, absolute DMF (1 mL) and phenethanethiol
(68 mg, d =1.03 g/mL, v = 66 uL, 0.493 mmol, 1.05 eq) were added and stirred for 1 h at
room temperature. After the reaction completion (HPLC control), water (10 mL) was added
and extracted with toluene (3 x 10 mL). The combined organic phase was washed with
5% LiCl solution (2 x 10 mL) and dried over anhydrous NaySOy, filtered, and evaporated
under reduced pressure to give the crude product. Crystallization from n-PrOH yielded
yellow crystals (93 mg, 63%, m.p. 184 °C). A single crystal for X-ray analysis was obtained
by slow evaporation from DCM/Hex.

TH NMR (500 MHz, DMSO-d;) § 9.06 (dd, 1H, 3] = 4.4 Hz, %] = 1.3 Hz, H-C(7)), 8.95
(dd, 1H, 3] = 8.5 Hz, 4] = 1.3 Hz, H-C(9)), 8.18 (dd, 1H, 3] = 8.5, 4.4 Hz, H-C(8)), 7.22-7.40
(m, 5H, 5 x H-C(Ar)), 3.61 (t, 2H, 3] = 7.5 Hz, H,-C(1")), 3.11 (t, 2H, 3] = 7.5 Hz, H,-C(2"))
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ppm. 13C NMR (125 MHz, DMSO-dg) § 174.1, 152.3, 150.3, 139.9, 134.2, 130.2, 128.6, 128.5,
128.2,126.5,124.9, 33.6, 30.8 ppm.

IR (KBr): 3078, 1596, 1533, 1504 cm L.

HRMS calculated for [C15H12NgS + H*] = 309.0917, found 309.0899.
2-Azido-4-(phenethylthio)pyrido[ 3,2-dJpyrimidine (3bA) and 5-(phenethylthio)pyrido[2,3-e]
tetrazolo[1,5-alpyrimidine (3b): observed in CDClj3 solution as a tautomer mixture in 7:43 ratio.

Azide: 'TH NMR (500 MHz, CDCl3) & 8.81 (d, 1H, 3] = 4.2 Hz, H-C(6)), 8.09 (d, 1H,
3] = 8.6 Hz, H-C(8)), 7.72 (dd, 1H, 3] = 8.6, 4.2 Hz, H-C(7)), 7.22-7.37 (m, 5H, 5 x H-C(Ar)),
3.59 (t, 2H, 3] = 7.7 Hz, H-C(1")), 3.12 (t, 2H, 3] = 7.7 Hz, H-C(2')) ppm.

Tetrazole: 'TH NMR (500 MHz, CDCl3) 5 9.04 (d, 1H, 3] = 4.5 Hz, H-C(7)), 8.86 (d, 1H,
3] = 8.5 Hz, H-C(9)), 7.99 (dd, 1H, 3] = 8.5, 4.5 Hz, H-C(8)), 7.22-7.37 (m, 5H, 5 x H-C(Ar)),
3.71 (t, 2H, 3] = 7.6 Hz, H-C(1")), 3.17 (t, 2H, 3] = 7.6 Hz, H-C(2')) ppm.
5-(p-Tolylthio)pyrido[2,3-e]tetrazolo[1,5-alpyrimidine (3c):

Prepared according to procedure A using 2,4-diazidopyrido[3,2-d]pyrimidine (2)
(50 mg, 0.235 mmol, 1 eq), p-thiocresol (35 mg, 0.282 mmol, 1.2 eq), and triethylamine
(36 mg,d =0.73 g/mL, v =49 puL, 0.353 mmol, 1.5 eq). Crystallization from n-PrOH yielded
yellow crystals (48 mg, 69%, m.p. 235 °C).

TH NMR (500 MHz, DMSO-dg) 6 9.14 (dd, 1H, 3] = 4.4 Hz, %] = 1.5 Hz, H-C(7)), 8.98
(dd, 1H, 3] = 8.5 Hz, %] = 1.5 Hz, H-C(9)), 8.23 (dd, 1H, 3] = 8.5, 4.4 Hz, H-C(8)), 7.57 (d, 2H,
3] =8.0 Hz, 2 x H-C(1")), 7.41 (d, 2H, 3] = 8.0 Hz, 2 x H-C(2')), 2.44 (s, 3H, H3-C(3')) ppm.
13C NMR (125 MHz, DMSO-dg) 8 174.1, 152.3, 150.4, 140.2, 135.5, 133.7, 130.4 (2 x C), 1284,
125.0, 122.9, 21.0 ppm.

IR (KBr): 3082, 2919, 1592, 1540, 1504 cm L.

HRMS calculated for [C14H19NgS + H*] = 295.0760, found 295.0787.
2-Azido-4-(p-tolylthio)pyridol 3,2-dIpyrimidine (3cA) and 5-(p-tolylthio)pyrido[2,3-e]tetrazolo[1,5-
alpyrimidine (3c): observed in CDClj solution as a tautomer mixture in 1:9 ratio.

Azide: 'TH NMR (500 MHz, CDCl3) 5 8.88 (dd, 1H, 3] = 4.2 Hz, #] = 1.5 Hz, H-C(6)), 8.10
(dd, 1H, 3] = 8.5 Hz, 4] = 1.5 Hz, H-C(8)), 7.75 (dd, 1H, 3] = 8.5, 4.2 Hz, H-C(7)), 7.52 (d, 2H,
3] = 8.0 Hz, 2 x H-C(1"), 7.30 (d, 2H, 3] = 8.0 Hz, 2 x H-C(2')), 2.43 (s, 3H, H3-C(3')) ppm.

Tetrazole: TH NMR (500 MHz, CDCl3) § 9.11 (dd, 1H, 3] = 4.5 Hz, %] = 1.5 Hz, H-C(7)),
8.87 (dd, 1H, 3] = 8.5 Hz, *] = 1.5 Hz, H-C(9)), 8.03 (dd, 1H, 3] = 8.5, 4.5 Hz, H-C(8)),
7.53 (d, 2H, 3] = 8.0 Hz, 2 x H-C(1")), 7.33 (d, 2H, 3] = 8.0 Hz, 2 x H-C(2')), 2.46 (s, 3H,
H;-C(3)) ppm.
5-(Isopropylthio)pyrido[ 2,3-e]tetrazolo[1,5-alpyrimidine (3d):

Prepared according to procedure A using 2,4-diazidopyrido[3,2-d]pyrimidine (2)
(50 mg, 0.235 mmol, 1 eq), isopropanethiol (22 mg, d = 0.82 g/mL, v = 26 uL, 0.282 mmol,
1.2 eq), and triethylamine (36 mg, d = 0.73 g/mL, v =49 uL, 0.353 mmol, 1.5 eq). Yielded
a yellow amorphous solid (55 mg, 95%). Crystallization from n-PrOH yielded yellowish
crystals (m.p. 151 °C).

TH NMR (500 MHz, DMSO-dg) 6 9.05 (dd, 1H, 3] = 4.5 Hz, %] = 1.4 Hz, H-C(7)), 8.94
(dd, 1H, 3] = 8.5 Hz, 4] = 1.4 Hz, H-C(9)), 8.17 (dd, 1H, 3] = 8.5, 4.5 Hz, H-C(8)), 4.18 (heptet,
1H, 3] = 6.9 Hz, H-C(1")), 1.50 (d, 6H, %] = 6.9 Hz, H-C(2)) ppm. 13C NMR (125 MHz,
DMSO-dg) 5 174.0,152.3,150.2, 134.1, 130.1, 128.3, 124.9, 34.8, 22.2 ppm.

IR (KBr): 3063, 2968, 2952, 2926, 2865, 1598, 1527, 1505 cm ™ 1.

HRMS calculated for [C1gH19NgS + H*] = 247.0760, found 247.0769.
2-Azido-4-(isopropylthio)pyrido[3,2-dJpyrimidine (3dA) and 5-(isopropylthio)pyrido[2,3-e]
tetrazolo[1,5-alpyrimidine (3d): observed in CDCl; solution as a tautomer mixture in 13:87 ratio.

Azide: 'TH NMR (500 MHz, CDCl3) 5 8.80 (dd, 1H, 3] = 4.3 Hz, *] = 1.6 Hz, H-C(6)), 8.08
(dd, 1H, 3] = 8.5 Hz, 4] = 1.6 Hz, H-C(8)), 7.71 (dd, 1H, 3] = 8.5, 4.3 Hz, H-C(7)), 4.20 (heptet,
1H, 3] = 6.9 Hz, H-C(1")), 1.53 (d, 6H, %] = 6.9 Hz, H-C(2)) ppm.
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Tetrazole: "TH NMR (500 MHz, CDCl3) § 9.04 (dd, 1H, 3] = 4.6 Hz, ] = 1.5 Hz, H-C(7)),
8.85 (dd, 1H, 3] = 8.5 Hz, *] = 1.5 Hz, H-C(9)), 7.98 (dd, 1H, 3] = 8.5, 4.6 Hz, H-C(8)), 4.38
(heptet, 1H, 3] = 6.8 Hz, H-C(1")), 1.57 (d, 6H, 3] = 6.8 Hz, H-C(2')) ppm.
5-(Phenylthio)pyrido[2,3-e]tetrazolo[1,5-alpyrimidine (3e):

Prepared according to procedure A using 2,4-diazidopyrido[3,2-d]pyrimidine (2)
(50 mg, 0.235 mmol, 1 eq), thiophenol (31 mg, 0.282 mmol, 1.2 eq) and triethylamine
(36 mg, d=0.73 g/mL, v =49 uL, 0.353 mmol, 1.5 eq). Purification by silica gel column
chromatography (DCM without gradient) yielded a yellowish amorphous solid (54 mg,
82%, Rf = 0.80 in 50% Hex/EtOAc).

TH NMR (500 MHz, DMSO-dg) 5 9.15 (dd, 1H, 3] = 4.4 Hz, *] = 1.4 Hz, H-C(7)), 8.99
(dd, 1H, 3] = 8.5 Hz, 4] = 1.4 Hz, H-C(9)), 8.24 (dd, 1H, 3] = 8.5, 4.4 Hz, H-C(8)), 7.58-7.72 (m,
5H, 5 x H-C(Ar)) ppm. *C NMR (125 MHz, DMSO-dg) § 173.8, 152.3, 150.5, 135.6, 133.7,
130.5, 130.3, 129.7, 128.4, 126.5, 125.0 ppm.

IR (KBr): 3085, 3064, 1592, 1542, 1533, 1506 cm 1.

HRMS calculated for [C13HgNgS + H*] = 281.0604, found 281.0630.

2-Azido-4-(phenylthio)pyrido[ 3,2-dJpyrimidine (3eA) and 5-(phenylthio)pyrido[2,3-e]tetrazolo[1,5-
alpyrimidine (3e): observed in CDClj solution as a tautomer mixture in 19:81 ratio.

Azide: "TH NMR (500 MHz, CDCl3) 5 8.87 (dd, 1H, 3] = 4.3 Hz, 4] = 1.6 Hz, H-C(6)), 8.11
(dd, 1H, 3] = 8.5 Hz, 4] = 1.6 Hz, H-C(8)), 7.76 (dd, 1H, 3] = 8.5, 4.3 Hz, H-C(7)), 7.45-7.70
(m, 5H, 5 x H-C(Ar)) ppm.

Tetrazole: "TH NMR (500 MHz, CDCl3) § 9.12 (dd, 1H, 3] = 4.4 Hz, #] = 1.5 Hz, H-C(7)),
8.88 (dd, 1H, 3] = 8.5 Hz, %] = 1.6 Hz, H-C(9)), 8.04 (dd, 1H, 3] = 8.5, 4.4 Hz, H-C(8)),
7.45-7.70 (m, 5H, 5 x H-C(Ar)) ppm.
5-(Cyclohexylthio)pyrido[2,3-e]tetrazolo[1,5-alpyrimidine (3f):

Prepared according to procedure A using 2,4-diazidopyrido[3,2-d]pyrimidine (2)
(50 mg, 0.235 mmol, 1 eq), cyclohexanethiol (33 mg, d = 0.95 g/mL, v = 35 uL, 0.282 mmol,
1.2 eq), and triethylamine (36 mg, d = 0.73 g/mL, v =49 puL, 0.353 mmol, 1.5 eq). Yellow
amorphous solid (56 mg, 84%). Crystallization from n-PrOH yielded yellowish crystals
(m.p. 156 °C). A single crystal for X-ray analysis was obtained by slow evaporation from
DCM/Hex.

TH NMR (500 MHz, DMSO-d;) § 9.04 (dd, 1H, 3] = 4.5 Hz, %] = 1.2 Hz, H-C(7)), 8.93
(dd, 1H, 3] = 8.5 Hz, 4] = 1.2 Hz, H-C(9)), 8.17 (dd, 1H, 3] = 8.5, 4.5 Hz, H-C(8)), 4.05-4.12
(m, 1H, H-C(1")), 2.11-2.19 (m, 2H, 2 x H-CH), 1.73-1.82 (m, 2H, 2 x H-CH), 1.32-1.68 (m,
6H, 6 x H-CH) ppm. *C NMR (125 MHz, DMSO-dg) § 173.7, 152.3, 150.2, 134.1, 130.2,
128.3,124.9,42.1, 31.8, 25.4, 25.2 ppm.

HRMS calculated for [C13H14NgS + H*] = 287.1073, found 287.1074.

5-(Cyclohexylthio)pyrido|2,3-e]tetrazolo[1,5-a]pyrimidine (3f) and 2-azido-4-(cyclohexylthio)
pyrido[3,2-d]pyrimidine (3fA): observed in CDClj3 solution as a tautomer mixture in 2:23 ratio.

Azide: "TH NMR (500 MHz, CDCl3) & 8.80 (dd, 1H, 3] = 4.2 Hz, 4] = 1.5 Hz, H-C(6)), 8.08
(dd, 1H, 3] = 8.5 Hz, 4] = 1.5 Hz, H-C(8)), 7.70 (dd, 1H, 3] = 8.5, 4.2 Hz, H-C(7)), 4.05-4.12
(m, 1H, H-C(1")), 1.34-2.26 (m, 10H, 5 x H,-C(c-Hex)) ppm.

Tetrazole: '"H NMR (500 MHz, CDCl3) § 9.04 (dd, 1H, 3] = 4.6 Hz, %] = 1.5 Hz, H-C(7)),
8.84 (dd, 1H, 3] = 8.5 Hz, %] = 1.5 Hz, H-C(9)), 7.98 (dd, 1H, 3] = 8.5, 4.6 Hz, H-C(8)), 4.29 (tt,
1H, 3] = 10.0, 3.9 Hz, H-C(1")), 1.34-2.26 (m, 10H, 5 x H,-C(c-Hex)) ppm.
N-(4-Methoxybenzyl)pyrido[ 2,3-e]tetrazolo[1,5-alpyrimidin-5-amine (4a):

Prepared according to procedure B using 2,4-diazidopyrido[3,2-d]pyrimidine (2) (50 mg,
0.235 mmol, 1 eq) and p-methoxybenzylamine (97 mg, d = 1.05 g/mL, v = 92 uL, 0.705 mmol,
1 eq). White amorphous solid (71 mg, 98%). Further crystallization from n-PrOH yielded
white crystals (m.p. 200 °C). A single crystal for X-ray analysis was obtained by slow
evaporation from DCM/Hex.

TH NMR (500 MHz, DMSO-dg) 6 9.58 (t, 1H, 3] = 6.4 Hz, H-N), 8.98 (dd, 1H, 3] = 4.5 Hz,
4] =14 Hz (H-C(7)), 8.78 (dd, 1H, 3] = 8.4 Hz, 4] = 1.4 Hz, H-C(9)), 8.07 (dd, 1H, 3] = 8.4,
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4.5 Hz, H-C(8)), 7.38 (d, 2H, 3] = 8.6 Hz, 2 x H-C(2')), 6.88 (d, 2H, 3] = 8.6 Hz, 2 x H-
C(3"),4.74 (d, 2H, 3] = 6.4 Hz, H,-C(1")), 3.71 (s, 3H, H3-C(4')) ppm. 1*C NMR (125 MHz,
DMSO-dg) 6 158.3, 157.0, 153.8, 149.2, 130.4, 129.3, 129.1 (2 x C), 129.0, 124.6, 113.7, 55.0,
43.2 ppm.

IR (KBr): 3235, 3080, 3004, 2930, 2832, 1615, 1538, 1517 cm ™.

HRMS calculated for [C15H13N7 + H*] = 308.1254, found 308.1224.

2-Azido-N-(4-methoxybenzyl)pyrido[3,2-dJpyrimidin-4-amine (4aA) and N-(4-methoxybenzyl)
pyrido[2,3-eltetrazolo[1,5-alpyrimidin-5-amine (4a): observed in CDCl3 solution as a tautomer
mixture in 1:19 ratio.

Azide: TH NMR (500 MHz, CDCl3) & 8.54 (dd, 1H, 3] = 4.3 Hz, 4] = 1.5 Hz, H-C(6)), 7.94
(dd, 1H, 3] = 8.4 Hz, ] = 1.5 Hz, H-C(8)), 7.77 (bs, 1H, H-N), 7.58 (dd, 1H, 3] = 8.4, 4.3 Hz,
H-C(7)), 7.34 (d, 2H, 3] = 8.6 Hz, 2 x H-C(2")), 6.91 (d, 2H, 3] = 8.6 Hz, 2 x H-C(3)), 4.76 (d,
2H, 3] = 5.8 Hz, H-C(1)), 3.8 (s, 3H, H3-C(4")) ppm.

Tetrazole: 'TH NMR (500 MHz, CDCl3) § 8.84 (dd, 1H, 3] = 4.5 Hz, 4] = 1.4 Hz, H-C(7)),
8.73 (dd, 1H, 3] = 8.4 Hz, 4] = 1.4 Hz, H-C(9)), 7.88 (dd, 1H, %] = 8.4, 4.5 Hz, H-C(8)), 7.77
(bs, TH, H-N), 7.39 (d, 2H, 3] = 8.6 Hz, 2 x H-C(2')), 6.91 (d, 2H, 3] = 8.6 Hz, 2 x H-C(3)),
4.89 (d, 2H, 3] = 5.8 Hz, H-C(1")), 3.81 (s, 3H, H3-C(4")) ppm.
N-Hexylpyrido[2,3-eltetrazolo[1,5-alpyrimidin-5-amine (4b):

Prepared according to procedure B using 2,4-diazidopyrido[3,2-d]pyrimidine (2) (50 mg,
0.235 mmol, 1 eq) and hexylamine (71 mg, d = 0.77 g/mL, v = 92 uL, 0.705 mmol, 1 eq).
White amorphous solid (64 mg, 98%). Further crystallization from n-PrOH yielded white
crystals (m.p. 132 °C).

Alternative preparation from 9: 2-Chloro-N-hexylpyrido[3,2-d]pyrimidin-4-amine (9)
(50 mg, 0.189 mmol, 1 eq) and NaNj3 (25 mg, 0.378 mmol, 2 eq) were weighed in a 10
mL vial. Acetone (1 mL) and water (0.1 mL) was added, and the mixture was stirred at
60 °C for 3 days. After the reaction completion (monitored by HPLC), the reaction mixture
was cooled to room temperature and the solvent was evaporated under reduced pressure.
Water (10 mL) was added to the mixture and extracted with dichloromethane (3 x 10 mL).
Combined organic phases were washed with saturated NaCl solution (2 x 5 mL) and dried
over anhydrous Na,SOy, filtered, and evaporated under reduced pressure. Product was
obtained as a white amorphous solid (49 mg, 96%).

TH NMR (500 MHz, DMSO-dg) 5 9.12 (t, 1H, 3] = 6.7 Hz, H-N), 8.96 (d, 1H, 3] = 4.3 Hz,
H-C(7)), 8.76 (d, 1H, ®] = 8.4 Hz, H-C(9)), 8.05 (dd, 1H, 3] = 8.4, 4.3 Hz, H-C(8)), 3.59 (q, 2H,
3] = 6.7 Hz, Hy-C(1")), 1.69 (quintet, 2H, 3] = 6.7 Hz, H,-C(2')), 1.24-1.42 (m, 6H, H,-C(3'),
H,-C(4'), Ho-C(5)), 0.82-0.92 (m, 3H, H3-C(6)) ppm. 3C NMR (125 MHz, DMSO-d) &
157.0,153.9, 149.1, 129.2, 129.1, 129.0, 124.6, 40.6, 31.0, 28.1, 26.2, 22.1, 13.9 ppm.

IR (KBr): 3388, 3068, 2967, 2936, 2854, 1613, 1576, 1539, 1525 cm ™.

HRMS calculated for [C13H17N7 + H*] = 272.1624, found 272.1635.
2-Azido-N-hexylpyrido[3,2-d]pyrimidin-4-amine (4bA) and N-hexylpyrido[2,3-e]tetrazolo[1,5-
alpyrimidin-5-amine (4b): observed in CDCl; solution as a tautomer mixture in 1:19 ratio.

Azide: "H NMR (500 MHz, CDCl3) § 8.56 (d, 1H, %] = 4.6 Hz, H-C(6)), 7.92 (d,
1H, 3] = 8.5 Hz, H-C(8)), 7.53-7.63 (m, 2H, H-N, H-C(7)), 3.61-3.67 (m, 2H, H,-C(1")),
1.70-1.82 (m, 2H, H»-C(2')), 1.28-1.50 (m, 6H, H-C(3'), H>-C(4), H,-C(5')), 0.85-0.96 (m,
3H, H3-C(6')) ppm.

Tetrazole: 'TH NMR (500 MHz, CDCl3) § 8.87 (d, 1H, 3] = 4.6 Hz, H-C(7)), 8.71 (d, 1H,
8] = 8.4 Hz, H-C(9)), 7.92 (dd, 1H, 3] = 8.4, 4.6 Hz, H-C(8)), 7.59 (bs, 1H, H-N), 3.77 (td, 2H,
3] = 7.5 Hz, 5.4 Hz, H,-C(1")), 1.78 (quintet, 2H, 3] = 7.5 Hz, H-C(2")) 1.28-1.51 (m, 6H,
H,-C(3"), Ho-C(4'), Hp-C(5')), 0.90 (t, 3H, 3] = 7.0 Hz, H-C(6')) ppm.
5-(Piperidin-1-yl)pyrido[2,3-e]tetrazolo[1,5-alpyrimidine (4c):

Prepared according to procedure B using 2,4-diazidopyrido[3,2-d]pyrimidine (2) (50 mg,
0.235 mmol, 1 eq) and piperidine (60 mg, d = 0.86 g/mL, v = 70 uL, 0.705 mmol, 1 eq).
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White amorphous solid (58 mg, 95%). Further crystallization from n-PrOH yielded white
crystals (m.p. 182 °C).

TH NMR (500 MHz, DMSO-d¢) 5 8.98 (dd, 1H, 3] = 4.4 Hz, *] = 1.6 Hz, H-C(7)), 8.79
(dd, 1H, 3] = 8.5 Hz, 4] = 1.6 Hz, H-C(9)), 8.03 (dd, 1H, 3] = 8.5, 4.4 Hz, H-C(8)), 4.10-4.60
(m, 4H, 4 x H-CH), 1.65-1.75 (m, 6H, 6 x H-CH) ppm. '3C NMR (125 MHz, DMSO-d) &
157.2,152.8,147.9,130.9, 130.6, 128.3, 124.7, 49.2, 26.0, 24.1 ppm.

IR (KBr): 3049, 2938, 2849, 1605, 1587, 1538 cm 1.

HRMS calculated for [C1,H13N7 + H*] = 256.1305, found 256.1314.
2-Azido-4-(piperidin-1-yl)pyrido[ 3,2-dJpyrimidine (4cA) and 5-(piperidin-1-yl)pyrido[2,3-e]
tetrazolo[1,5-alpyrimidine (4c): observed in CDCl; solution as a tautomer mixture in 7:43 ratio.

Azide: "TH NMR (500 MHz, CDCl3) & 8.58 (dd, 1H, 3] = 4.1 Hz, *] = 1.6 Hz, H-C(6)), 7.92
(dd, 1H, 3] = 8.5 Hz, 4] = 1.6 Hz, H-C(8)), 7.51 (dd, 1H, 3] = 8.5, 4.1 Hz, H-C(7)), 4.20-4.80
(m, 4H, 4 x H-CH) 1.74-1.83 (m, 6H, 6 x H-CH) ppm.

Tetrazole: 'TH NMR (500 MHz, CDCl3) § 8.91 (dd, 1H, 3] = 4.4 Hz, *] = 1.5 Hz, H-C(7)),
8.75 (dd, 1H, 3] = 8.4 Hz, %] = 1.5 Hz, H-C(9)), 7.82 (dd, 1H, 3] = 8.4, 4.4 Hz, H-C(8)),
4.20-4.80 (m, 4H, 4 x H-CH) 1.74-1.83 (m, 6H, 6 x H-CH) ppm.
4-(Pyrido[2,3-e]tetrazolo[1,5-a]pyrimidin-5-yl)morpholine (4d):

Prepared according to procedure B using diazide 2 (50 mg, 0.235 mmol, 1 eq) and
morpholine (61 mg, d =1.01 g/mL, v = 61 uL, 0.705 mmol, 1 eq). White amorphous solid
(57 mg, 94%). Further crystallization from n-PrOH yielded white crystals (m.p. 215 °C). A
single crystal for X-ray analysis was obtained by slow evaporation from DCM/Hex.

TH NMR (500 MHz, DMSO-dg) 6 8.98 (dd, 1H, 3] = 4.4 Hz, %] = 1.4 Hz, H-C(7)), 8.83
(dd, 1H, 3] = 8.5 Hz, 4] = 1.4 Hz, H-C(9)), 8.06 (dd, 1H, 3] = 8.5, 4.4 Hz, H-C(8)), 4.18-4.63
(m, 4H, 4 x H-C(1")), 3.78-3.84 (m, 4H, 4 x H-C(2')) ppm. *C NMR (125 MHz, DMSO-dg)
5157.4,152.6,148.0, 130.9, 130.6, 128.5, 124.8, 66.2, 48.6 ppm.

IR (KBr): 3045, 3007, 2904, 2858, 1604, 1589, 1550, 1523 cm 1.

HRMS calculated for [C11H11N7O + H*] = 258.1098, found 258.1099.

4-(2-Azidopyridol 3,2-dJpyrimidin-4-yl)morpholine (4dA) and 4-(pyrido[2,3-e]tetrazolo[1,5-a]
pyrimidin-5-yl)morpholine (4d): observed in CDCl; solution as a tautomer mixture in
1:4 ratio.

Azide: "TH NMR (500 MHz, CDCl3) & 8.59 (dd, 1H, 3] = 4.1 Hz, 4] = 1.6 Hz, H-C(7)), 7.96
(dd, 1H, 3] = 8.5 Hz, 4] = 1.6 Hz, H-C(9)), 7.55 (dd, 1H, 3] = 8.5, 4.1 Hz, H-C(8)), 4.34—4.81
(m, 4H, 4 x H-C(1")), 3.86-3.93 (m, 4H, 4 x H-C(2')) ppm.

Tetrazole: "TH NMR (500 MHz, CDCl3) § 8.91 (dd, 1H, 3] = 4.4 Hz, 4] = 1.5 Hz, H-C(7)),
8.79 (dd, 1H, 3] = 8.5 Hz, 4] = 1.5 Hz, H-C(9)), 7.88 (dd, 1H, 3] = 8.5, 4.4 Hz, H-C(8)), 4.34-4.81
(m, 4H, 4 x H-C(1")), 3.86-3.93 (m, 4H, 4 x H-C(2)) ppm.
Pyrido[2,3-e]tetrazolo[1,5-alpyrimidin-5-amine (4e):

Methanolic ammonia (100 uL, w = 25%) was added to a solution of 2,4-diazidopyrido|[3,2-
d]pyrimidine (2) (50 mg, 0.235 mmol, 1 eq) dissolved in DCM (1 mL) in a 10 mL glass
vial and reaction mixture was stirred overnight. After the reaction completion (HPLC
monitoring), crude mixture was evaporated under reduced pressure and crystallized from
pyridine to yield brown crystals (27 mg, 61%, m.p. 270 °C).

1H NMR (500 MHz, DMSO-d¢) & 8.98 (d, 1H, 3] = 4.5 Hz, H-C(7)), 8.77 (d, 1H,
37 =8.4 Hz, H-C(9)), 8.62 (bs, 1H, H-N), 8.47 (bs, 1H, H-N), 8.07 (dd, 1H, 3] = 8.4, 45
Hz, H-C(8)) ppm. '3C NMR (125 MHz, DMSO-dg) § 159.8, 153.7, 149.3, 129.5, 129.2, 128.8,
124.4 ppm.

IR (KBr): 3368, 3303, 3168, 3074, 2480, 1665, 1596, 1545, 1509 cm 1.

HRMS calculated for [C;H5N7 + H] = 188.0679, found 188.0684.

5-Hydrazinylpyrido[2,3-eltetrazolo[1,5-a]pyrimidine (4f):

Hydrazine hydrate (50 mg, 1g/mL, 50 pL, 1.560 mmol, 6.6 eq) was added to a solution
of 2,4-diazidopyrido[3,2-d]pyrimidine (2) (50 mg, 0.235 mmol, 1 eq) dissolved in DCM
(I mL) in a 10 mL glass vial and stirred for 15 min at ambient temperature. After the
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reaction completion (HPLC monitoring), the crude mixture was washed with distilled
water and MTBE to yield an orange amorphous solid (27 mg, 61%).

TH NMR (500 MHz, DMSO-dg) 5 10.49 (bs, 1H, H-N), 8.91 (d, 1H, 3] = 4.6 Hz, H-C(7)),
8.71 (d, 1H, 3] = 8.5 Hz, H-C(9)), 8.01 (dd, 1H, 3] = 8.5, 4.6 Hz, H-C(8)), 5.13 (bs, 2H, H,-N)
ppm. 13C NMR (125 MHz, DMSO-dg) & 154.5, 154.0, 149.1, 129.0, 128.8, 128.7, 124.4 ppm.

IR (KBr): 3324, 3234, 3059, 1615, 1596, 1573, 1538, 1517 cm 1.

HRMS calculated for [C;HgNg + H] = 203.0788, found 203.0806.
5-(4-Methylpiperazin-1-yl)pyrido[2,3-e]tetrazolo[1,5-a]pyrimidine (4g):

N-Methylpiperazine (70 mg, 0.90 g/mL, 78 pL, 0.705 mmol, 3 eq) was added to a
solution of 2,4-diazidopyrido[3,2-d]pyrimidine (2) (50 mg, 0.235 mmol, 1 eq) dissolved
in DCM (1 mL) in a 10 mL glass vial and stirred for 15 min at ambient temperature.
After the reaction completion (HPLC monitoring), the crude mixture was evaporated
under reduced pressure and purified by silica gel column chromatography (DCM/MeOH,
gradient 0—2—5%) to yield pale red crystals (48 mg, 77%, R¢ = 0.15 in DCM/MeOH 5%,
m.p. 185 °C).

TH NMR (500 MHz, DMSO-dg) 5 8.98 (dd, 1H, 3] = 4.4 Hz, *] = 1.5 Hz, H-C(7)), 8.81
(dd, 1H, 3] =8.5 Hz, #] = 1.5 Hz, H-C(9)), 8.05 (dd, 1H, 3] = 8.5, 4.4 Hz, H-C(8)), 4.05-4.75 (m,
4H, 2 x Hy-C(1")), 2.51-2.56 (m, 4H, 2 x H,-C(2')), 2.24 (s, 3H, H3-C(3')) ppm. 13C NMR
(125 MHz, DMSO-dg) 6 157.4,152.7, 148.0, 130.8, 130.6, 128.5, 124.8, 54.7, 47.8, 45.5 ppm.

IR (KBr): 3077, 3047, 3012, 2913, 2856, 2804, 2774, 1607, 1591, 1542, 1527 cm L.

HRMS calculated for [C1,H14Ng + H*] = 271.1414, found 271.1436.
2-Azido-4-(4-methylpiperazin-1-yl)pyridol 3,2-dpyrimidine (4gA) and 5-(4-methylpiperazin-1-
ylpyrido[2,3-e]tetrazolo[1,5-alpyrimidine (4g): observed in CDCl; solution as a tautomer
mixture in a 21:79 ratio.

Azide: "TH NMR (500 MHz, CDCl3) & 8.59 (dd, 1H, 3] = 4.1 Hz, 4] = 1.7 Hz, H-C(6)), 7.94
(dd, 1H, 3] = 8.5 Hz, 4] = 1.7 Hz, H-C(8)), 7.54 (dd, 1H, 3] = 8.5, 4.1 Hz, H-C(7)), 4.15-4.95
(m, 4H, 2 x H,-C(1")), 2.57-2.61 (m, 4H, 2 x H,-C(2)), 2.36 (s, 3H, H3-C(3')) ppm.

Tetrazole: '"H NMR (500 MHz, CDCl;) § 8.92 (dd, 1H, 3] = 4.4 Hz, %] = 1.6 Hz, H-C(7)),
8.78 (dd, 1H, 3] = 8.4 Hz, %] = 1.6 Hz, H-C(9)), 7.85 (dd, 1H, 3] = 8.4, 4.4 Hz, H-C(8)),
4.15-4.95 (m, 4H, 2 x Hy.C(1")), 2.61-2.65 (m, 4H, 2 x H,-C(2")), 2.37, (s, 3H, H3-C(3')) ppm.
5-(Cyclopentyloxy)pyrido[2,3-eltetrazolo[1,5-a]pyrimidine (5a):

Cyclopentanol (24 mg, 0.28 mmol, 1.2 eq) was added to 2 4-diazidopyrido[3,2-d]pyrimidine
(2) (50 mg, 0.23 mmol, 1 eq) and K,COj3 (39 mg, 0.28 mmol, 1.2 eq) solution in MeCN (1 mL)
under a N, atmosphere and the resulting reaction mixture was stirred at 80 °C for 3 days.
Water (10 mL) was added to the reaction mixture and extracted with DCM (3 x 5 mL). The
combined organic phase was washed with saturated aqueous NaCl solution (2 x 10 mL),
dried over anhydrous Na;SOy, filtered, and evaporated under reduced pressure. The crude
product was purified by silica gel column chromatography (DCM/MeOH, gradient 0—1%)
to yield a white amorphous solid (19 mg, 32%, R¢ = 0.50 in 5% DCM/MeOH).

TH NMR (500 MHz, DMSO-dg) § 9.09 (dd, 1H, 3] = 4.5 Hz, 4] = 1.5 Hz, H-C(7)), 8.91
(dd, 1H, %] = 8.5 Hz, %] = 1.5 Hz, H-C(9)), 8.14 (dd, 1H, 3] = 8.5, 4.5 Hz, H-C(8)), 5.78 (it,
1H, 3] = 6.1, 3.0 Hz, H-C(1")), 2.08-2.17 (m, 2H, 2 x H-CH), 1.94-2.02 (m, 2H, 2 x H-CH),
1.76-1.85 (m, 2H, 2 x H-CH), 1.65-1.74 (m, 2H, 2 x H-CH) ppm. 13C NMR (125 MHz,
DMSO-de) 6 163.5,152.3, 150.5, 130.9, 129.7, 129.6, 124.4, 81.7, 32.2, 23.6 ppm.

IR (KBr): 3065, 3041, 2975, 2945, 2874, 1605, 1542 cm ™.

HRMS calculated for [C1,H12NgO + H*] = 257.1145, found 257.1167.
2-Azido-4-(cyclopentyloxy)pyridol 3,2-d]pyrimidine (5aA) and 5-(cyclopentyloxy)pyrido[2,3-e]
tetrazolo[1,5-alpyrimidine (5a): observed in CDClj3 solution as a tautomer mixture in 7:93 ratio.

Azide: 'TH NMR (500 MHz, CDCl;) § 8.87 (dd, 1H, 3] = 4.1 Hz, 4] = 1.5 Hz, H-C(6)), 8.08
(dd, 1H, 3] = 8.5 Hz, 4] = 1.5 Hz, H-C(8)), 7.69 (dd, 1H, 3] = 8.5, 4.1 Hz, H-C(7)), 5.76 (tt,
1H, 3] = 6.6, 3.6 Hz, H-C(1")), 2.19-2.28 (m, 2H, 2 x H-CH), 2.04-2.13 (m, 2H, 2 x H-CH),
1.88-1.98 (m, 2H, 2 x H-CH), 1.68-1.77 (m, 2H, 2 x H-CH) ppm.
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Tetrazole: "H NMR (500 MHz, CDCl3) § 9.13 (dd, 1H, 3] = 4.6 Hz, ] = 1.5 Hz, H-C(7)),
8.85 (dd, 1H, 3] = 8.4 Hz, %] = 1.5 Hz, H-C(9)), 7.97 (dd, 1H, 3] = 8.4, 4.6 Hz, H-C(8)), 5.95 (tt,
1H, 3] = 6.5, 3.6 Hz, H-C(1")), 2.19-2.28 (m, 2H, 2 x H-CH), 2.04-2.13 (m, 2H, 2 x H-CH),
1.88-1.98 (m, 2H, 2 x H-CH), 1.68-1.77 (m, 2H, 2 x H-CH) ppm.
5-Propoxypyrido[2,3-e]tetrazolo[1,5-alpyrimidine (5b):

n-Propanol (17 mg, 0.28 mmol, 1.2 eq) was added to 2,4-diazidopyrido[3,2-d]pyrimidine
(2) (50 mg, 0.23 mmol, 1 eq) and K,COs3 (39 mg, 0.28 mmol, 1.2 eq) solution in MeCN (1 mL)
under a N, atmosphere and the resulting reaction mixture was stirred at 80 °C for 3 days.
Water (10 mL) was added to the reaction mixture and extracted with DCM (3 x 5 mL). The
combined organic phase was washed with a saturated aqueous NaCl solution (2 x 10 mL),
dried over anhydrous Na;SOy, filtered, and evaporated under reduced pressure. The crude
product was purified by silica gel column chromatography (DCM/MeOH, gradient 0—1%)
to yield a white amorphous solid (11 mg, 20%, R¢ = 0.65 in 5% DCM/MeOH).

TH NMR (500 MHz, DMSO-dq) § 9.09 (dd, 1H, 3] = 4.5 Hz, 4] = 1.5 Hz, H-C(7)), 8.91
(dd, 1H, 3] = 8.5 Hz, 4] = 1.5 Hz, H-C(9)), 8.15 (dd, 1H, 3] = 8.5, 4.5 Hz, H-C(8)), 4.63 (t, 2H,

3] = 6.7 Hz, H-C(1")), 1.93 (qt, 2H, 3] = 7.4, 6.7 Hz, H-C(2")), 1.07 (t, 3H, 3] = 7.4 Hz, H-C(3'))
ppm. 3C NMR (125 MHz, DMSO-dq) § 164.0, 152.3, 150.6, 131.0, 129.7, 129.5, 124.4, 70.3,
21.4,10.4 ppm.

IR (KBr): 3062, 2974, 2942, 2884, 1607, 1543 cm .

HRMS calculated for [C1oH19NgO + H*] = 231.0989, found 231.0991.
2-Azido-4-propoxypyrido[3,2-dJpyrimidine (5bA) and 5-propoxypyrido[2,3-e]tetrazolo[1,5-alpyrimidine
(5b): observed in CDClj3 solution as a tautomer mixture in a 2:23 ratio.

Azide: "TH NMR (500 MHz, CDCl3) & 8.87 (dd, 1H, 3] = 4.2 Hz, 4] = 1.5 Hz, H-C(6)), 8.08
(dd, 1H, 3] = 8.6 Hz, 4] = 1.5 Hz, H-C(8)), 7.70 (dd, 1H, 3] = 8.6, 4.2 Hz, H-C(7)), 4.63 (t, 2H,

3] = 7.0 Hz, H-C(1")), 2.01 (sextet, 2H, 3] = 7.2 Hz, H-C(2')), 1.08 (t, 3H, 3] = 7.5 Hz, H-C(3'))
ppm.
Tetrazole: "TH NMR (500 MHz, CDCl3) § 9.13 (dd, 1H, 3] = 4.5 Hz, 4] = 1.5 Hz, H-C(7)),
8.86 (dd, 1H, 3] = 8.5 Hz, 4] = 1.5 Hz, H-C(9)), 8.00 (dd, 1H, 3] = 8.5, 4.5 Hz, H-C(8)), 4.80
(t, 2H, 3] = 7.0 Hz, H-C(1")), 2.06 (sextet, 2H, 3] = 7.2 Hz, H-C(2')), 1.11 (t, 3H, 3] = 7.2 Hz,
H-C(3')) ppm.

N-(4-Methoxybenzyl)-2-(4-phenyl-1H-1,2,3-triazol-1-yl)pyrido[ 3,2-d lpyrimidin-4-amine (6a):

Prepared according to procedure C using N-(4-methoxybenzyl)pyrido[2,3-e]tetrazolo[1,5-
a]pyrimidin-5-amine (4a) (42 mg, 0.137 mmol, 1 eq), phenylacetylene (21 mg, d = 0.93 g/mL,
v =23 uL, 0.205 mmol, 1.5 eq), CuSO4-5H,0 (7 mg, 0.027 mmol, 0.2 eq), sodium ascorbate
(11 mg, 0.055 mmol, 0.4 eq), and triethylamine (28 mg, d = 0.73 g/mL, v = 38 uL, 0.273 mmol,
2 eq). Purified by silica gel column chromatography (DCM/MeOH, gradient 0—1%) to
yield white amorphous solid (46 mg, 82%, R¢ = 0.55 in 5% DCM/MeOH).

TH NMR (500 MHz, DMSO-dg) § 9.64 (t, 1H, 3] = 6.4 Hz, H-N), 9.36 (s, 1H, H-C(1")),
8.84 (dd, 1H, 3] = 4.3 Hz, *] = 1.5 Hz, H-C(6)), 8.22 (dd, 1H, 3] = 8.5 Hz, *] = 1.5 Hz, H-C(8)),
8.07 (d, 2H, 3] = 7.7 Hz, 2 x H-C(2")), 7.90 (dd, 1H, 3] = 8.5, 4.3 Hz, H-C(7)), 7.51 (t, 2H,
31 =7.7Hz, 2 x H-C(3")), 7.49 (d, 2H, 3] = 8.7 Hz, 2 x H-C(2)), 7.40 (t, 1H, 3] = 7.7 Hz,
H-C(4”)), 6.88 (d, 2H, 3] = 8.7 Hz, 2 x H-C(3)), 4.85 (d, 2H, 3] = 6.4 Hz, H»-C(1)), 3.69 (s,
3H, H3-CO) ppm. 3C NMR (125 MHz, DMSO-dg) § 160.6, 158.4, 150.8, 148.6, 146.5, 144.8,
135.4,131.2,130.8, 130.1, 129.5, 129.1, 129.0, 128.3, 125.6, 120.0, 113.7, 55.0, 43.3 ppm.

THNMR (500 MHz, CDCl3) 6 8.84 (s, 1H, H-C(1”)), 8.69 (dd, 1H, 3] =4.2 Hz, 4] = 1.4 Hz,
H-C(6)), 8.27 (dd, 1H, 3] = 8.5 Hz, %] = 1.4 Hz, H-C(8)), 7.99 (d, 2H, 3] = 7.8 Hz, 2x H-C(2")),
7.72 (dd, 1H, 3] = 8.5, 4.2 Hz, H-C(7)), 7.72 (s, 1H, H-N), 7.47 (t, 2H, 3] = 7.8 Hz, 2 x
H-C(3")),7.42 (d, 2H, 3] = 8.7 Hz, 2 x H-C(2)), 7.38 (t, 1H, 3] = 7.8 Hz, H-C(4")), 6.93 (d, 2H,
3] =8.7 Hz, 2 x H-C(3')), 4.91 (d, 2H, 3] = 5.8 Hz, H,-C(1")), 3.81 (s, 3H, H3-CO) ppm. 1*C
NMR (125 MHz, CDCl3) 6 161.1, 159.6, 151.4, 148.5, 147.7, 145.3, 136.2, 131.5, 130.5, 129.7,
129.3,129.0, 128.7, 128.5, 126.2, 119.0, 114.5, 55.5, 45.0 ppm.

IR (KBr): 2930, 1609, 1593, 1513 cm L.

HRMS calculated for [Co3H19N7O + H*] = 410.1724, found 410.1730.
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N-(4-Methoxybenzyl)-2-(4-(p-tolyl)-1H-1,2,3-triazol-1-yl)pyrido| 3,2-d Jpyrimidin-4-amine (6b):

Prepared according to procedure C using N-(4-methoxybenzyl)pyrido[2,3-¢]tetrazolo[1,5-
a]pyrimidin-5-amine (4a) (71 mg, 0.231 mmol, 1 eq), tolylacetylene (40 mg, d = 0.92 g/mL,
v =44 uL, 0.347 mmol, 1.5 eq), CuSO4-5H,0O (12 mg, 0.046 mmol, 0.2 eq), sodium ascorbate
(18 mg, 0.092 mmol, 0.4 eq), and triethylamine (47 mg, d = 0.73 g/mL, v = 64 uL, 0.462
mmol, 2 eq). Purified by silica gel column chromatography (DCM/MeOH, gradient 0—1%)
to yield a white amorphous solid (70 mg, 71%, R¢ = 0.60 in 5% DCM/MeOH).

TH NMR (500 MHz, DMSO-dg) 5 9.63 (t, 1H, 3] = 6.3 Hz, H-N), 9.29 (s, 1H, H-C(1")),
8.84 (dd, 1H, 3] = 4.3 Hz, %] = 1.5 Hz, H-C(6)), 8.22 (dd, 1H, 3] = 8.4 Hz, %] = 1.5 Hz, H-C(8)),
7.95 (d, 2H, 3] = 8.1 Hz, 2 x H-C(2")), 7.90 (dd, 1H, 3] = 8.4, 4.3 Hz, H-C(7)), 7.49 (d, 2H,
31 =8.7Hz, 2 x H-C(2)), 7.31 (d, 2H, 3] = 8.1 Hz, 2 x H-C(3")), 6.88 (d, 2H, 3] = 8.7 Hz,
2 x H-C(3')), 4.84 (d, 2H, 3] = 6.3 Hz, H,-C(1")), 3.69 (s, 3H, H3-CO), 2.36 (s, 3H, H3-C(4"))
ppm. 3C NMR (125 MHz, DMSO-d) § 160.6, 158.4, 150.8, 148.6, 146.5, 144.8, 137.7, 135.3,
131.2,130.8,129.5 (2 x C), 129.1, 127.3, 125.5, 119.5, 113.7, 55.0, 43.3, 20.9 ppm.

1H NMR (500 MHz, CDCl5) 5 8.80 (s, 1H, H-C(1”)), 8.68 (dd, 1H, 3] =4.3 Hz, 4] = 1.5 Hz,
H-C(6)), 8.26 (dd, 1H, 3] = 8.4 Hz, 4] = 1.5 Hz, H-C(8)), 7.87 (d, 2H, 3] = 8.0 Hz, 2 x H-C(2")),
7.71(dd, 1H, 3] = 8.4, 4.3 Hz, H-C(7)), 7.71 (s, 1H, H-N), 7.41 (d, 2H, 3] = 8.7 Hz, 2 x H-C(2')),
7.28 (d, 2H, 3] = 8.0 Hz, 2 x H-C(3")), 6.92 (d, 2H, ] = 8.7 Hz, 2 x H-C(3)), 4.91 (d, 2H,
3] = 5.8 Hz, H,-C(1")), 3.81 (s, 3H, H3-CO), 2.41 (s, 3H, H3-C(4”)) ppm. 3C NMR (125 MHz,
CDCl3) 5 161.1,159.6, 151.4, 148.4, 147.8, 145.3, 138.4, 136.2, 131.5, 129.7 (2 x C), 129.4, 128.7,
127.6,126.1, 118.6, 114.5, 55.5, 44.9, 21.5 ppm.

IR (KBr): 3163, 3058, 2921, 2834, 1609, 1594, 1563, 1511 cm ™.

HRMS calculated for [Co4Hp1N7O + H*] = 424.1880, found 424.1897.
4-(1-(4-((4-Methoxybenzyl)amino)pyridol 3,2-d Jpyrimidin-2-yl)-1H-1,2,3-triazol-4-yl)
benzonitrile (6c):

Prepared according to procedure C using N-(4-methoxybenzyl)pyrido[2,3-e]tetrazolo[1,5-
alpyrimidin-5-amine (4a) (50 mg, 0.162 mmol, 1 eq), p-cyanophenylacetylene (31 mg,
0.243 mmol, 1.5 eq), CuSO4-5H,0 (8 mg, 0.032 mmol, 0.2 eq), sodium ascorbate (13 mg,
0.065 mmol, 0.4 eq), and triethylamine (33 mg, d = 0.73 g/mL, v = 45 puL, 0.324 mmol, 2 eq).
Purified by silica gel column chromatography (DCM/MeOH, gradient 0—1%) to yield a
white amorphous solid (49 mg, 69%, R¢ = 0.70 in 5% DCM/MeOH). A single crystal for
X-ray analysis was obtained by slow evaporation from CHCl3/MeOH.

1H NMR (500 MHz, DMSO-dq) 5 9.67 (t, 1H, 3] = 6.3 Hz, H-N), 9.61 (s, 1H, H-C(1")),
8.85 (dd, 1H, 3] = 4.3 Hz, %] = 1.5 Hz, H-C(6)), 8.28 (d, 2H, 3] = 8.2 Hz, 2 x H-C(2")),
8.23 (dd, 1H, 3] = 8.5 Hz, 4] = 1.5 Hz, H-C(8)), 7.98 (d, 2H, 3] = 8.2 Hz, 2 x H-C(3")),
7.91 (dd, 1H, 3] = 8.5, 4.3 Hz, H-C(7)), 7.49 (d, 2H, 3] = 8.7 Hz, 2 x H-C(2')), 6.88 (d, 2H,
3] =8.7 Hz, 2 x H-C(3")), 4.86 (d, 2H, 3] = 6.3 Hz, H,-C(1")), 3.69 (s, 3H, H3-CO) ppm. 13C
NMR (125 MHz, DMSO-dg) 6 160.6, 158.4, 150.6, 148.8, 144.9, 144.7, 135.4, 134.6, 133.0, 131.3,
130.7,129.6,129.1, 126.2, 121.8, 118.8, 113.7, 110.6, 55.0, 43.3 ppm.

TH NMR (500 MHz, CDCl3) 5 8.93 (s, 1H, H-C(1”)), 8.71 (dd, 1H, 3] =4.3Hz, %] = 1.5 Hz,
H-C(6)), 8.26 (dd, 1H, 3] = 8.5 Hz, 4] = 1.5 Hz, H-C(8)), 8.10 (d, 2H, 3] = 8.4 Hz, 2 x H-C(2")),
7.76 (d, 2H, 3] = 8.4 Hz, 2 x H-C(3")), 7.75 (t, 1H, 3] = 5.8 Hz, H-N), 7.73 (dd, 1H, 3] = 8.5,
4.3 Hz, H-C(7)), 7.41 (d, 2H, 3] = 8.7 Hz, 2 x H-C(2)), 6.93 (d, 2H, 3] = 8.7 Hz, 2 x H-C(3')),
491 (d, 2H, 3] = 5.8 Hz, H,-C(1")), 3.82 (s, 3H, H3-CO) ppm. 3C NMR (125 MHz, CDCl3)
5161.1,159.6,151.2,148.7, 145.9, 145.2,136.2, 134.9, 132.9, 131.5, 129.6, 129.1, 128.8, 126.6,
120.2,118.9,114.5, 111.9, 55.5, 45.0 ppm.

IR (KBr): 3414, 2223, 1610, 1586, 1556, 1510 cm ™.

HRMS calculated for [Co4H1gNgO + H*] = 435.1676, found 435.1694.
2-(4-Hexyl-1H-1,2,3-triazol-1-yl)-N-(4-methoxybenzyl)pyrido[ 3,2-d Jpyrimidin-4-amine (6d):

Prepared according to procedure C using N-(4-methoxybenzyl)pyrido[2,3-e]tetrazolo[1,5-
a]pyrimidin-5-amine (4a) (71 mg, 0.231 mmol, 1 eq), 1-octyne (38 mg, d = 0.72 g/mL,
v =53 uL, 0.347 mmol, 1.5 eq), CuSO4-5H,0 (12 mg, 0.046 mmol, 0.2 eq), sodium ascorbate
(18 mg, 0.092 mmol, 0.4 eq), and triethylamine (47 mg, d = 0.73 g/mL, v = 64 uL, 0.462 mmol,
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2 eq). Purified by silica gel column chromatography (DCM/MeOH, gradient 0—1%) to
yield aa white amorphous solid (80 mg, 83%, R¢ = 0.55 in 5% DCM/MeOH).

TH NMR (500 MHz, DMSO-dq) 5 9.61 (t, 1H, 3] = 6.3 Hz, H-N), 8.82 (dd, 1H, 3] = 4.3 Hz,
4 =1.5Hz, H-C(6)), 8.60 (s, 1H, H-C(1")), 8.18 (dd, 1H, 3] = 8.4, %] = 1.5 Hz, H-C(8)), 7.88 (dd,
1H, 3] = 8.4, 4.3 Hz, H-C(7)), 7.45 (d, 2H, 3] = 8.7 Hz, 2 x H-C(2')), 6.86 (d, 2H, 3] = 8.7 Hz,
2 x H-C(3")), 4.77 (d, 2H, 3] = 6.3 Hz, H,-C(1")), 3.70 (s, 3H, H3-CO), 2.73 (t, 2H, °] = 7.4 Hz,
H-C(2)), 1.68 (quintet, 2H, 3] = 7.4 Hz), 1.25-1.40 (m, 6H, Hy-C(4”), H,-C(5”), Ho-C(6")),
0.87 (t, 3H, 3] = 7.0 Hz, H-C(7”)) ppm. 3C NMR (125 MHz, DMSO-dg) 5§ 160.6, 158.4, 150.8,
148.5, 147.4, 144.8, 135.3, 131.1, 130.7, 129.4, 129.0, 120.7, 113.7, 55.0, 43.3, 31.0, 28.7, 28.2,
24.8,22.0,13.9 ppm.

TH NMR (500 MHz, CDCl3) 5 8.67 (dd, 1H, 3] = 4.3 Hz, %] = 1.5 Hz, H-C(6)), 8.36 (s,
1H, H-C(1”)), 8.25 (dd, 1H, 3] = 8.5 Hz, %] = 1.5 Hz, H-C(8)), 7.69 (dd, 1H, 3] = 8.5, 4.3 Hz,
H-C(7)), 7.67 (t, 1H, 3] = 5.8 Hz, H-N), 7.39 (d, 2H, 3] = 8.7 Hz, 2 x H-C(2')), 6.92 (d, 2H,
31 =8.7 Hz, 2 x H-C(3')), 4.88 (d, 2H, %] = 5.8 Hz, H,-C(1")), 3.81 (s, 3H, H3-CO), 2.83 (t, 2H,
3] = 7.6 Hz, H-C(2")), 1.76 (quintet, 2H, 3] = 7.6 Hz, H-C(3")), 1.30-1.45 (m, 6H, H,-C(4”),
H,-C(5”), Ho-C(6”)), 0.89 (t, 3H, 3] = 7.0 Hz, H-C(7”) ppm. *C NMR (125 MHz, CDCl3) §
161.0,159.5, 151.5, 148.6, 148.3, 145.3, 136.2, 131.4, 129.6, 129.4, 128.6, 120.2, 114.5, 55.5, 44.9,
31.8,29.5,29.1,259,22.7,14.2 ppm.

IR (KBr): 3431, 3351, 3057, 2928, 2856, 1651, 1609, 1591, 1568, 1557, 1511 cm 1.

HRMS calculated for [Co3Hp7N7O + H*] = 418.2350, found 418.2362.

Methyl 1-(4-((4-methoxybenzyl)amino)pyridol3,2-dJpyrimidin-2-yl)-1H-1,2,3-triazole-4-carboxylate (6e):

Prepared according to procedure C using N-(4-methoxybenzyl)pyrido[2,3-e]tetrazolo[1,5-
a]pyrimidin-5-amine (4a) (52 mg, 0.169 mmol, 1 eq), methylpropionate (21 mg, d = 0.95 g/mL,
v =23 uL, 0.254 mmol, 1.5 eq), CuSO4-5H,0 (8 mg, 0.034 mmol, 0.2 eq), sodium ascor-
bate (13 mg, 0.068 mmol, 0.4 eq), and triethylamine (34 mg, d = 0.73 g/mL, v = 47 uL,
0.338 mmol, 2 eq). Purified by silica gel column chromatography (DCM/MeOH, gradient
0—1%) and crystallization from n-PrOH to yield white crystals (13 mg, 20%, R¢ = 0.50 in
5% DCM/MeOH, m.p. 154 °C).

TH NMR (500 MHz, CDCl3) 59.17 (s, 1H, H-C(1”)), 8.71 (dd, 1H, 3] =4.3Hz, %] = 1.5 Hz,
H-C(6)), 8.28 (dd, 1H, 3] = 8.5 Hz, ] = 1.5 Hz, H-C(8)), 7.76 (t, 1H, 3] = 5.8 Hz, H-N), 7.73 (dd,
1H, 3] = 8.5, 4.3 Hz, H-C(7)), 7.38 (d, 2H, 3] = 8.6 Hz, 2 x H-C(2')), 6.92 (d, 2H, 3] = 8.6 Hz,
2 x H-C(3")), 4.88 (d, 2H, 3] = 5.8 Hz, H,-C(1")), 4.02 (s, 3H, H3-C(2")), 3.81 (s, 3H, H3-C(4"))
ppm. 13C NMR (125 MHz, CDCl3) § 161.3, 161.1, 159.6, 150.9, 148.9, 145.1, 139.9, 136.3,
131.6,129.6,129.0, 128.9, 127.4, 114.5, 55.5, 52.5, 45.0 ppm.

IR (KBr): 3326, 3179, 3056, 2949, 1736, 1608, 1592, 1573, 1558, 1513 cm 1.

HRMS calculated for [C19H17N7O5 + H*] = 392.1466, found 392.1472.
2-(4-Phenyl-1H-1,2,3-triazol-1-yl)pyrido[ 3,2-dlpyrimidin-4-amine (7):

2,4-Diazidopyrido[3,2-d]pyrimidine (50 mg, 0.235 mmol, 1 eq), phenylacetylene (120 mg,
1.175 mmol, 5 eq), sodium ascorbate (19 mg, 0.094 mmol, 0.4 eq), CuSO4-5H,0 (12 mg,
0.047 mmol, 0.2 eq), and NEt;3 (47 mg, d = 0.73 g/mL, 65 pL, 0.469 mmol, 2 eq) were dis-
solved in THF (1 mL), H,O (0.1 mL) in a 10 mL glass vial and stirred at 70 °C overnight. Af-
ter the reaction completion (HPLC monitoring), the resulting mixture was filtered through
the silica gel/NaySOy plug and evaporated under reduced pressure. The crude product
was purified by silica gel column chromatography (DCM/MeOH, gradient 0—5—10%) to
yield a white amorphous solid (10 mg, 15%, R¢ = 0.20 in 5% DCM/MeOH).

TH NMR (500 MHz, DMSO-dg) & 9.24 (s, 1H, H-C(1’)), 8.85 (dd, 1H, 3] = 4.3 Hz,
4] = 1.5 Hz, H-C(7)), 8.71 (s, 1H, H-N), 8.60 (s, 1H, H-N), 8.21 (dd, 1H, 3] =8.5 Hz, %] = 1.5 Hz,
H-C(9)), 8.04 (d, 2H, 3] = 7.7 Hz, 2 x H-C(2')), 7.91 (dd, 1H, 3] = 8.5, 1.5 Hz, H-C(8)), 7.50 (t,
2H,3] = 7.7 Hz, 2 x H-C(3')), 7.39 (t, 1H, 3] = 7.7 Hz, H-C(4')) ppm. *C NMR (125 MHz,
DMSO-dg) § 163.7, 151.2, 148.7, 146.4, 145.1, 135.2, 130.9, 130.0, 129.3, 129.0, 128.3, 125.6,
119.7 ppm.

IR (KBr): 3461, 3282, 3164, 1647, 1578, 1556, 1513 cm L.

HRMS calculated for [C15H11N7 + HY] = 290.1149, found 290.1177.
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N-Hexyl-2-((triphenylphosphoronylidene)amino)pyridol 3,2-dJpyrimidin-4-amine (8):

Triphenylphosphine (116 mg, 0.442 mmol, 1.5 eq) and N-hexylpyrido[2,3-e]tetrazolo[1,5-
a]pyrimidin-5-amine (4b) (80 mg, 0.295mmol, 1 eq) were dissolved in DCM (1 mL) and
stirred for 3 days at room temperature. The reaction mixture was evaporated under
reduced pressure and the crude product was purified by silica gel column chromatogra-
phy (DCM/MeOH, gradient 0—1—2%) and precipitation from DCM/MTBE as a white
amorphous solid (48 mg, 32%, Ry = 0.20 in 5% DCM/MeOH). A crystalline sample of
the product was obtained for its HCl salt, ((4-(hexylamino)pyrido[3,2-d]pyrimidin-2-(1H)-
ylidene)amino)triphenylphosphonium chloride (8’), which was obtained by precipitation
from HCI containing the DCM/MTBE system. A single crystal for X-ray analysis was
obtained by slow evaporation from CHCl;.

'H NMR (500 MHz, DMSO-d) 8 12.60 (s, 1H, H-N), 9.39 (t, 1H, 3] = 6.2 Hz, H-N), 8.57
(dd, 1H, 3] = 43 Hz, %] = 1.5 Hz, H-C(6)), 7.85 (dd, 1H, 3] = 8.6 Hz, 4] = 1.5 Hz, H-C(8)), 7.82
(ddd, 6H, 3Jy.p = 12.6 Hz, 3] = 7.6 Hz, *] = 1.4 Hz, 6 x H-C(1”)), 7.80 (dd, 1H, 3] = 8.6, 4.3
Hz, H-C(7)), 7.74 (tdt, 3H, 3] = 7.6 Hz, °Jy.p = 1.7 Hz, *] = 1.4 Hz, 3 x H-C(3")), 7.64 (td, 6H,
3] =7.6 Hz, *Jip = 3.4 Hz, 6 x H-C(2")), 2.81 (td, 2H, 3] = 7.5, 6.2 Hz, H-C(1")), 0.86-1.19
(m, 8H, H-C(2'), Hp-C(3'), Hp-C(4'), Hp-C(5")), 0.82 (t, 3H, 3] = 7.4 Hz, H-C(6')) ppm.

TH NMR (500 MHz, CDCl3) & 14.08 (s, 1H, H-N), 8.89 (dd, 1H, 3] = 8.5 Hz, 4] = 1.4 Hz,
H-C(6)), 8.36 (dd, 1H, 3] = 4.4 Hz, %] = 1.4 Hz, H-C(8)), 7.80-7.86 (m, 6H, 6 x H-C(1")),
7.57-7.63 (m, 3H, 3 x H-C(3”)), 7.53 (dd, 1H, *] = 8.5, 4.4 Hz, H-C(7)), 7.48-7.54 (m, 6H,
6 x H-C(2")),7.37 (t, 1H, 3] = 6.1 Hz, H-N), 2.93 (td, 2H, 3] = 7.2, 6.1 Hz, H,-C(1")), 1.11-1.37
(m, 8H, H,-C(2'), Hp-C(3'), Hp-C(4'), H,-C(5)), 0.89 (t, 3H, 3] = 7.2 Hz, H-C(6)) ppm. 13C
NMR (125 MHz, CDCl3) & 159.2, 156.9, 145.3, 137.8 (d, 2Jc.p = 4.4 Hz), 133.3 (d, *Jcp = 10.3
Hz), 132.9 (d, ¥Jc.p = 2.8 Hz), 129.1, 129.1 (d, ?Jc.p = 12.8 Hz), 127.3,127.2 (d, }Jc.p = 103.3
Hz), 126.3, 41.0, 31.5,29.0, 26.7, 22.7, 14.2 ppm. 3!P NMR (202 MHz, CDCl3) § 19.6 ppm.

IR (KBr): 3255, 3048, 2952, 2927, 2855, 2694, 1624, 1609, 1586, 1547, 1516 cm 1.

HRMS calculated for [C31H3,NsP + H*] = 506.2468, found 506.2468.
2-Chloro-N-hexylpyrido[3,2-d]pyrimidin-4-amine (9):

n-Hexylamine (75 mg, 97 uL, 0.75 mmol, 3 eq) was added to 2,4-dichloropyrido[3,2-
d]pyrimidine (1) (50 mg, 0.25 mmol, 1 eq) solution in DCM (1 mL) and stirred for 15 min.
After the reaction completion (HPLC monitoring), an additional DCM (5 mL) was added
and the mixture was washed with 0.5 M HCl,q, solution (2 x 5 mL), followed by a
saturated NaCl(,q) wash (2 x 5 mL). The organic phase was dried over anhydrous NaySOy,
filtered, and evaporated under reduced pressure. The crude product was purified by silica
gel column chromatography (DCM/MeOH, gradient 0—1%) to yield a colorless oil (59 mg,
89%, R¢ = 0.70 in 5% DCM/MeOH).

TH NMR (500 MHz, CDCl3) 6§ 8.66 (d, 1H, 3] = 4.5 Hz, H-C(6)), 8.01 (d, 1H, 3] = 8.4 Hz,
H-C(8)), 7.64 (dd, 1H, 3] = 8.4, 4.5 Hz, H-C(7)), 7.33 (bs, 1H, H-N), 3.66 (q, 2H, 3] = 6.8 Hz,
H,-C(1")), 1.69-1.77 (m, 2H, H,-C(2")), 1.45 (m, 2H, H,-C(3")), 1.29-1.39 (m, 4H, H,-C(4'),
H,-C(5)), 0.90 (t, 3H, 3] = 6.8 Hz, H3-C(6')) ppm. 3C NMR (125 MHz, CDCl3) 5 161.0,
158.7,148.3, 145.6, 135.2, 130.9, 128.4, 41.2, 31.6, 29.3,26.7,22.7, 14.2 ppm.

HRMS calculated for [C13H17CINy + H*] = 265.1215, found 265.1194.

4. Conclusions

In conclusion, we found simple and effective reaction conditions for SNAr reactions of
2,4-diazidopyridol[3,2-d]pyrimidine with N-, O-, S- nucleophiles and obtained 5-substituted
tetrazolo[1,5-a]pyrido[2,3-e[pyrimidines in high yields. The developed synthesis route via
diazide is more rapid and convenient than the conventional route by stepwise substitu-
tion of the corresponding 2,4-dichloropyrido[3,2-d]pyrimidine. 2,4-Diazidopyrido[3,2-
d]pyrimidine and the obtained tetrazolo[1,5-a]pyrido[2,3-e]pyrimidines exist in azide-
tetrazole equilibrium in solutions favoring the tetrazole tautomer. The equilibrium is
susceptible to solvent polarity, temperature, and substituents in the fused ring system.
The calculated thermodynamic values of tautomerization (AGggg = —3.33 to —7.52 k] /mol)
assert a higher tetrazole stability compared to azido tautomers. Substituents with stronger
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electron-donating properties direct equilibrium toward the tetrazole tautomer. The ob-
tained tetrazolo[1,5-a]pyrido[2,3-e]pyrimidines can be transformed into 1,2,3-triazoles via
the CuAAC reaction using the CuSO,/ascorbate catalytic system. Finally, the single crystal
X-ray analysis of tetrazolo[1,5-a]pyrido[2,3-e]pyrimidines depicts the tetrazole tautomer as
the most stable form in the solid phase.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27227675/s1, Gibbs and Van't plots, complete ta-
ble of thermodynamic values calculated and IH, 13C and 3P NMR spectra are available in the
supporting information.
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Quadruple azidation of 2,4,6,8-tetrachloropyrimido[5,4-d]
pyrimidine gave tetraazidopyrimido[5,4-d]pyrimidine (C¢N1e) with
86% yield. The title compound undergoes azide-tetrazole
in neutral organic solvents, but exists as a
protonated C,-symmetric tetraazide dication in trifluoroacetic
acid. On the other hand, in the solid state it occurs as a
monotetrazole tautomer as revealed by its single crystal X-ray
analysis. The newly obtained binary compound Cg¢N;e is very
sensitive towards both impact (<1 J) and friction (1 N). A
detonation velocity of 7477 m s™* with a 20.8 GPa detonation
pressure was calculated using the EXPLO5 code (version
V7.01.01).

tautomerism

In the last few decades, heterocycles have marched in the
field of energetic materials as promising building blocks for
designing novel explosives."” Nitrogen-rich frameworks, such
as polyazido-tetrazoles, triazoles, furazans, triazines, and
tetrazines, yield highly energetic materials with high heats of
formation due to their intrinsic high energy N-N and C-N
bonds.> Moreover, the main combustion product of such
nitrogen-rich compounds is non-toxic nitrogen gas. Hence,
nitrogen-rich compounds are currently the most promising
candidates for next-generation “green” explosives." The
environmental concerns justify the replacement of
conventionally used toxic heavy metal salt primary explosives
(lead azide, lead styphnate) with eco-friendly substitutes.”®
Binary C,N, organic compounds are of great interest in
materials science for synthesizing carbon nitride
nanotubes for semiconductor, optoelectronic, and energy
harvesting applications.”® Common starting materials are
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3866 | CrysttngComm, 2023, 25, 3866-3869

Thomas M. Klapotke @ ¢ and Maris Turks @ *2

binary polyazidoazines:  1,3,5-triazidotriazine  (TAT),”""
4,4'6,6-tetraazido(azo)-1,3,5-triazine (TAAT)" and
triazidoheptazine (TAH)'” (Fig. 1). As a result of their high
nitrogen content, these materials are also impact sensitive
and with explosive properties.

With the extension of the nitrogen content even up to
90%: 2,5-diazidotetrazine (DIAT),"® 3,6-bis-(2-(4,6-diazido-
1,3,5-triazin-2-yl)-diazenyl)-1,2,4,5-tetrazine (BDTDT),**
1-diazidocarbamoyl-5-azidotetrazole (DiACAT)"” and 2,2
azobis(5-azidotetrazole) (ABAT),'® are demonstrating the
sheer extreme of impact and friction sensitivities.

Recently, our group has developed several novel synthetic
methodologies for functionalization of fused pyrimidines,
exploring the synthetic utility of azide as a functional group
and azide-tetrazole tautomeric equilibrium thereof.'” >
While studying diazidopyridopyrimidines,®"** we ought to
design a similar heterocyclic azide with explosive properties.

Materials Science
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, |
I s et
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Fig. 1 Energetic binary C,N, compounds.
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We realized that the pyrimido[5,4-d|pyrimidine backbone,
which has been frequently used by medicinal chemists and
has produced the marketed drug dipyridamole***” - an
antiplatelet drug for stroke prevention, has never been
applied in the synthesis of highly energetic compounds. Yet,
it has all the structural features to become an energetic
C¢Nys binary compound, if all four carbon atoms are
substituted with azido groups.

Herein, we present here the synthesis of a novel, highly
energetic, and very sensitive binary organic compound -
2,4,6,8-tetraazidopyrimido[5,4-d|pyrimidine (C6Ny6,
abbreviated as TAPP) and its physical properties. The
abbreviation TAPP comprises both azide and tetrazole
tautomers of compound 2, as the ratio/distribution of the
latter are dependent on aggregate state and solvent
properties. The target compound TAPP was obtained in 86%
yield from the commercially available perchloropyrimido[5,4-
d]pyrimidine (1) by the addition of sodium azide in aqueous
MeCN at ambient temperature (Scheme 1).; The quadruple
nucleophilic aromatic substitution reaction with the azide
nucleophile is very efficient likewise to substitutions in other
fused pyrimidine series, for which the first substitution can
provide the tetrazole tautomer at equilibrium concentration.
The electron withdrawing properties of the intermediate
fused tetrazolo-heterocycle accelerate the SyAr reactions with
the remaining incoming azide nucleophiles.*

Due to both poor solubility in conventional (neutral) organic
solvents and the presence of the azide-tetrazole equilibrium
(2A — 2T, Scheme 1), the NMR spectral data of TAPP were
obtained in TFA-d;. The latter provides dication [D,2A]*" in situ
and thus shifts the tautomeric equilibrium exclusively to the
C,-symmetric tetraazido-form,'® which reveals only three *C
signals in the "C-NMR spectrum (Scheme 1). N NMR
spectrum of dication [D,2A]*" reveals two sets of azido groups
for which nitrogen atoms N, Ng and N, appear at —253/-260
ppm, —151/-152 ppm and -125/-131 ppm, respectively (Fig. 2).
Additionally, reaction of 1 + 4 Na'’NN, provided a mixture of
partially "*N-labeled analog of TAPP, which was sufficient to
determine the chemical shifts of N,, and N, of the azido groups

NaN;
MeCN, H,0
r.t., 30 min

2A == 2T tautomerism in solutions

monotetrazole 2T in solid state Na

R [D,2A%* [TFAT,

Scheme 1 Synthesis of
abbreviated as TAPP).

tetraazidopyrimido[5,4-dlpyrimidine (2,

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 N NMR (51 MHz) spectrum of TAPP in its di-deuteronated
[D,2A12*[TFA ], form in TFA-dy.

(ESIT). Nitrogen atoms of the heterocyclic backbone N-1 and
N-3 reveal the chemical shifts of -136 ppm and -205 ppm,
respectively. The latter is characteristic for protonated/
deuteronated N-3 nitrogen, which in its unprotonated form
would provide a signal by approximately 70 ppm downfield.*®

The X-ray quality single crystals of compound TAPP were
obtained by slow evaporation of MeCN solution. The ORTEP
representation of TAPP in its 2T form is shown in Fig. 3, and
the crystal data are depicted in Table 1. A search of the
Cambridge Structural Database (CSD, version 5.43,
November, 2021) for a previously obtained fused tricyclic
pyrimido-tetrazolo-pyrimidine heterocyclic system did not
reveal any hits, giving us the opportunity to describe the solid
state structure of such an annulated tricyclic binary
compound for the first time. The molecules of tautomer 2T
in the crystal are essentially planar. Atomic deviations from
the least squares mean plane of the heterocyclic system do
not exceed 0.036(2) A. The largest deviation from the mean
plane is 0.205(2) A for the N22 atom. The azide groups are
not strictly linear; the valence angles N14-N15-N16, N17-
N18-N19 and N20-N21-N22 are equal to 171.4(3)°, 173.1(4)°,
170.7(3)°, respectively. Bond lengths in the tautomer 2T are
in good agreement with their standard values as has been
observed for other azido-pyrimidines and tetrazolo-
pyrimidines.?® In the crystal, the molecules are assembled in
the layers stabilized by n---n stacking interactions and spaced
by 3.019(3) A. The calculated packing index, or percent filled
space, is 70.3.

Physical and energetic properties of TAPP are tested for the
solid material, which represents the 2T tautomer (Table 2);
compound TAPP is extremely sensitive towards both impact
and friction. The impact sensitivity was measured to be below
1 J, and the friction sensitivity was 1 N. Differential thermal

Fig. 3 ORTEP view (50% probability ellipsoids) of TAPP in its 2T form;
CCDC deposition number 2257695.
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Table 1 Crystal data for TAPP in its 2T form®

Chemical formula CeNyg

M, (g mol )
Crystal system, space group
Crystal size (mm)

296.22
Orthorhombic, Pca2,
0.40 x 0.06 x 0.03

Temperature (K) 150

a(A) 12.0754(3)
b (A) 10.5591(3)
c(A) 8.8651(3)
Vv (A%) 1130.35(6)
z 4

4 (mm™) 1.17
Calculated density (mg mm™>) 1.74

“ For refinement details see Table S1 (ESIT); details of crystal packing
are depicted in Fig. S1 (ESIT).

analysis did not show a melting point, but only a sharp
exothermic decomposition at 155 °C (Fig. 4). The compound
is light-sensitive and turns yellow after exposure to daylight or
a UV lamp (254 nm). The density of the compound TAPP was
calculated to be 1.703 g cm™* using low temperature density
data from single crystal X-ray diffraction of tetrazolo-tautomer
2T. The density is very close to that of TAT (1.707 g ecm™).
Next, other tests typical for characterization of energetic
materials carried out. Thus, compound TAPP
deflagrated upon subjecting to a hot plate test, and a clear
detonation was observed in the hot needle test (Fig. 5). A heat
of formation of 5095 kJ kg™ was calculated using the
atomization method based on CBS-4M electronic enthalpies
(ESIt). The detonation pressure and velocity of TAPP were
calculated to be 20.8 GPa and 7477 m s ', respectively. The
detonation velocity of TAPP is comparable to other binary
explosives and greater than that of lead azide. On the other
hand, the calculated detonation pressure for the TAPP is
comparable to that of TAT and is around two thirds to that of
BDTDT and lead azide. The detonation energy parameters of
TAPP were found to be slightly larger than those of TNT as

were

CrystEngComm
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Fig. 4 DTA analysis of solid TAPP in its 2T form.

Fig. 5 a) Hot plate test: the moment of deflagration; b) hot needle
test: the moment of detonation.

the heat of detonation (Qge¢) for TAPP is 1.04 TNT equivalents
and E° is 1.12 TNT equivalents. Finally, even if two runs of
pentaerythritol tetranitrate (PETN) initiation tests with the
newly obtained TAPP were negative, this molecular scaffold
opens possibilities for structural design of novel fused azido-
pyrimidine energetic materials.

In summary, 2,4,6,8-tetraazidopyrimido[5,4-d]pyrimidine
was obtained by simple azidation of the commercially
available 2,4,6,8-tetrachloropyrimido[5,4-d|pyrimidine
derivative under mild and wuser friendly conditions.
Compound TAPP exhibits azide-tetrazole tautomerism in
solutions of neutral organic solvents and crystallizes in the
solid state as a monotetrazole tautomer. This new energetic
binary compound CgN,¢ is sensitive towards impact and
friction and reveals other physical parameters that uncovers
the pyridopyrimidine scaffold as a useful structural entity for
design of other energetic materials in the future.

Table 2 Physical and energetic properties of solid TAPP in its 2T form and their comparison with other energetic compounds

Measured values TAPP (2T) TAT? BDTDT’ Pb(N;),"
Impact sensitivity (J) <1 1.5 5 2.5-4
Friction sensitivity (N) 1 <5 29 0.1-1
Electrostatic discharge (m]) 13 360 174 <5
p(gem™) 1.703% 1.707 1.763 4.8

N balance (%) 75.7 82.4 79.13 28.9
@ (%) -64.8 -47.0 -55.7 -11.0
Tielting (°C) Decomp. 94 Decomp. 190
Taecomposition (°C) 155 187 189 315
Calculated values

AHgormation (K] kg™ 5095 5159 6130 1546
Taetonation (K 3787 35365 4740 3401
P (GPa) 20.8 22.6% 29.4 33.8
Vier (m s7Y) 7477 7866 (TMD) 8602 5920

¢ From X-ray diffraction analysis recalculated to 298 K using pyeg = pr/(1 + (298 — T)) equation, where a, = 0.00015 and T = crystal analysis
temperature. ” Oxygen balance with respect to CO, (Qco, = (nO - 2xC - yH/2)(1600/FW)). © Detonation pressure at the Chapman-Jouguet point.

4 Ref. 11. ¢ Ref. 14.7 Ref. 30. ¢ Ref. 31.
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Notes and references

i Caution! The title compound is a powerful energetic material with high
sensitivities towards shock and friction. Therefore, proper security precautions
(safety glass, face shield, earthed equipment and shoes, Kevlar gloves and ear
plugs) must be applied while synthesizing and handling the described
compound. Synthesis procedure: 2,4,6,8-tetrachloropyrimido[5,4-d|pyrimidine (1)
(200 mg, 0.741 mmol, 1 equiv.) was suspended in MeCN (3 mL) in a round
bottom flask (10 mL) and a solution of NaN; (289 mg, 4.446 mmol, 6 equiv.) in
water (1 mL) was added. The resulting suspension was stirred at ambient
temperature for 30 min. After reaction completion (monitored by HPLC), water
(10 mL) was added to the reaction mixture. The formed precipitate was filtered
and washed with additional amount of distilled water (5 mL) and cold ethanol
(5 mL). TAPP was obtained as slightly yellow amorphous solid, R¢ = 0.85 (50%
Hex/EtOAc). Yield: 188 mg, 86%. "°C NMR (101 MHz, CDCl,), data for the major
C,-symmetric tetra-azido tautomer: § 163.1 (C2, C6), 157.3 (C4, C8), 135.7 (C5,
C6) ppm. *C NMR (126 MHz, CF;COOD) ¢ 165.3 (C2, C6), 160.1 (C4, C8), 131.2
(C5, C6). "N NMR (51 MHz, CF;COOD) & -124.9, -130.9 (2 x N,), ~136.2 (N1),
-150.8, -152.3 (2 x Np), —204.9 (N3), -253.1, -260.3 (2 x N,) ppm. HRMS
calculated for [C¢N,¢ + H'] = 297.0565, found 297.0556. IR (Nujol) 2214, 2161,
2111, 1617, 1583, 1538, 1506, 1456, 1313, 1275, 1223, 1168, 968, 775, 756, 722,
665 cm ™.

1 H. Gao and ]J. M. Shreeve, Chem. Rev., 2011, 111, 7377-7436.

2 P. F. Pagoria, G. S. Lee, A. R. Mitchell and R. D. Schmidt,
Thermochim. Acta, 2002, 384, 187-204.

3 H. Xue, Y. Gao, B. Twamley and J. M. Shreeve, Chem. Mater.,
2005, 17, 191-198.

4 D. Herweyer, J. L. Brusso and M. Murugesu, New J. Chem.,
2021, 45, 10150-10159.

5 M. H. V. Huynh, M. A. Hiskey, T. J. Meyer and M. Wetzler,
Proc. Natl. Acad. Sci., 2006, 103, 5409-5412.

6 Q. N. Tariq, S. Manzoor, M. N. Tariq, W. L. Cao, W. S. Dong,
F. Arshad and ]. G. Zhang, ChemistrySelect, 2022, 7,
€202200017.

7 P. Kumar, E. Vahidzadeh, U. K. Thakur, P. Kar, K. M. Alam,
A. Goswami, N. Mahdi, K. Cui, G. M. Bernard, V. K.
Michaelis and K. Shankar, J. Am. Chem. Soc., 2019, 141,
5415-5436.

This journal is © The Royal Society of Chemistry 2023

o

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

Communication

Y. Zhu, Y. Feng, S. Chen, M. Ding and J. Yao, J. Mater. Chem.
A, 2020, 8, 25626-25648.

E. Ott and E. Ohse, Ber. Dtsch. Chem. Ges., 1921, 54, 179-186.
E. Kefenich, T. M. Klapotke, J. Knizek, H. N6th and A.
Schulz, Eur. J. Inorg. Chem., 1998, 2013-2016.

M. H. V. Huynh, M. A. Hiskey, E. L. Hartline, D. P. Montoya
and R. Gilardi, Angew. Chem., Int. Ed., 2004, 43, 4924-4928.
D. R. Miller, D. C. Swenson and E. G. Gillan, J. Am. Chem.
Soc., 2004, 126, 5372-5373.

M. H. V. Huynh, M. A. Hiskey, D. E. Chavez, D. L. Naud and
R. D. Gilardi, J. Am. Chem. Soc., 2005, 127, 12537-12543.

D. Chen, H. Yang, Z. Yi, H. Xiong, L. Zhang, S. Zhu and G.
Cheng, Angew. Chem., Int. Ed., 2018, 57, 2081-2084.

T. M. Klapotke, F. A. Martin and ]. Stierstorfer, Angew.
Chem., Int. Ed., 2011, 50, 4227-4229.

M. Benz, T. M. Klapoétke, J. Stierstorfer and M. Voggenreiter,
J. Am. Chem. Soc., 2022, 144, 6143-6147.

A. Sebris, 1. Novosjolova, K. Traskovskis, V. Kokars, N.
Tetervenoka, A. Vembris and M. Turks, ACS Omega, 2022, 7,
5242-5253.

A. Sebris, K. Traskovskis, I. Novosjolova and M. Turks,
Chem. Heterocycl. Compd., 2021, 57, 560-567.

A. Jeminejs, 1. Novosjolova, E. Bizdéna and M. Turks, Org.
Biomol. Chem., 2021, 19, 7706-7723.

A. Jeminejs, S. Goliskina, I. Novosjolova, D. Stepanovs, E.
Bizdéna and M. Turks, Synthesis, 2021, 53, 1543-1556.

D. Cirule, I. Novosjolova, A. Spuris, A. Mishnev, E. Bizdéna
and M. Turks, Chem. Heterocycl. Compd., 2021, 57, 292-297.
J. M. Zakis, K. Ozols, 1. Novosjolova, R. Vil§kersts, A.
Mishnev and M. Turks, J. Org. Chem., 2020, 85, 4753-4771.
A. Sigulins, J. Bucevi¢ius, Y.T. Tseng, I. Novosjolova, K.
Traskovskis, E. Bizdéna, H.-T. Chang, S. Tumkevi¢ius and M.
Turks, Beilstein J. Org. Chem., 2019, 15, 474-489.

K. Leskovskis, A. Mishnev, I. Novosjolova and M. Turks,
J. Mol. Struct., 2022, 1269, 133784.

K. Leskovskis, A. Mishnev, I. Novosjolova and M. Turks,
Molecules, 2022, 27, 7675.

D. Royston, in Pharmacology and Physiology for Anesthesia,
Elsevier, 2019, pp. 870-894.

R. C. Harmon, in xPharm: The Comprehensive Pharmacology
Reference, Elsevier, 2007, pp. 1-7.

D. T. Major, A. Laxer and B. Fischer, J. Org. Chem., 2002, 67,
790-802.

F. H. Allen, D. G. Watson, L. Brammer, A. G. Orpen and R.
Taylor, in International Tables for  Crystallography,
International Union of Crystallography, Chester, England,
2006, pp. 790-811.

D. Fischer, T. M. Klapotke and J. Stierstorfer, Angew. Chem.,
Int. Ed., 2014, 53, 8172-8175.

Energetic Materials Encyclopedia, ed. T. M. Klapotke and D.
Gruyter, Berlin/Boston, 2nd edn, 2021, vol. 1-3.

CrystEngComm, 2023, 25, 3866-3869 | 3869



6. Pielikums

Appendix 6

Leskovskis, K.; Klapotke, T. M.; Novosjolova, I.; Turks M.

Annelétu diazidopirimidinu drosibas profils
Safety Profile of Fused Diazidopyrimidines

Nepublicetie rezultati / Unpublished results



Organiskie azidi ar augstu slapekla saturu ir aréja trieciena un termiski jutigi potenciali
spragstosi savienojumi. Slapekla saturo$i heterocikli ar azida funkcionalajam grupam
a-pozicija cikla slapeklim dod azidoazometina struktiras fragmentu, kam raksturigs
azida-tetrazola tautomerais lidzsvars un augstaka trieciena un termiska stabilitate salidzinot ar
vienkarS$iem aromatiskiem azidiem. Tomér savienojumi, kuru slapekla saturs parsniedz 50%
robezu ka annelétie diazidopirimidini 1-6, p&c visparigam droSas laboratorijas praksém
uzskatami par potenciali bistamiem (1. attels).

N3 N3 N3
SeTRse IR ee:
SRS S W
n-C4Hg
1 2 3
N3 N3 N3
NN N— >N N—=>N
\ < f\\ ¢ \
SN \N)\N3 N \N)\Ng, N \N)\Ng
n-CsHyy
4 5 6

1. attels. Annel&tie diazidopirimidini

Miisu pétniecibas grupa biezi lietotajiem azidoheterocikliem noteicam to energétisko
profilu sadarbiba ar profesora Tomasa Klapetkes (Thomas M. Klapétke) grupu no Minhenes
Ludviga Maksimiliana universitates, lai giitu parliecibu par droSuma limeni darba ar tiem
(1. tabula).

1. tabula
Annel@to diazidopirimidinu noteiktie fizikalie parametri
Savienojums N (%)* BIP(N) TJ(J) El(mJ)!  kp.(°C)  Tsd®

1 53 288 2 >480 126 172
2 63 80 <1 >480 sadalas 168
3 49 >360 20 >480 &5 155
4 59 40 2 >480 171 175
5 69 120 <l >480 sadalas 166
6 51 >360 20 >480 58 159

a — Slapekla bilance; b — berzes jutiba; ¢ — trieciena jutiba; d — elektrostatiskas izlades jutiba; e — sadaliSanas sakuma
temperatura.

Eksperimentala dala

Savienojumi 1', 2%, 33, 4%, 5° and 6° sintezéti pec literatiiras metodém. Diferenciala
termala analize sadaliSanas temperatiiras noteikSanai veikta ar OZM Research DTA 552-Ex
instrumentu ar sildiSanas atrumu 5 °C min ™. Triecienjutibas testi veikti saskana ar STANAG
44897 standartu lietojot BAM amuru pielietojot 1 no 6 metodi. Berzes jutibas testi veikti
saskana ar STANAG 448710 standartu lietojot BAM berzes instrumentu pielietojot 1 no 6
metodi. Elektrostatiskas izlades jutiba noteikta ar Electric Spark Tester ESD 2010 EN no OZM.



Organic azides with high nitrogen content are impact-sensitive and thermally unstable
with potentially explosive properties. Nitrogen heterocycles with azide functionality in
a-position relative to nitrogen present azidoazomethine structural fragment with its
characteristic azide-tetrazole equilibrium and better impact and thermal stability as compared
to simple aromatic azides. Nevertheless, compounds exceeding 50% nitrogen content, such as
fused diazidopyrimidines 1-6, are considered potentially explosive in accordance with general
laboratory safety guidelines (Figure 1).
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Figure 1. Fused diazidopyrimidines

Hence, in cooperation with Professor Thomas M. Klapétke's group at Ludwig
Maximilian University of Munich, we established the safety profile of fused
diazidopyrimidines frequently used within our research group to ensure the safety level of work
with the aforementioned compounds (Table 1).

Table 1. Physical data and sensitivities of fused diazidopyrimidines

Compound N (%)* FS*(N) IS°(J) ESD (mJ)* ‘(ncp) Taee
1 53 288 2 >480 126 172
2 63 80 <1 >480  decomp. 168
3 49 >360 20 480 85 155
4 59 40 2 >480 171 175
5 69 120 <1 >480 decomp. 166
6 51 >360 20 480 58 159

a — Nitrogen content. b - Friction sensitivity. ¢ — Impact sensitivity. d — Electrostatic discharge. e - Temperature of the onset
of decomposition.

Experimental

Compounds 1!, 22, 33, 4%, 5% and 6° were prepared according to literature methods.
Differential thermal analysis (DTA) measurements were performed at a heating rate of 5 °C
min—1 with an OZM Research DTA 552-Ex instrument to determine the decomposition. The
impact sensitivity tests were carried out according to STANAG 44897’ using BAM
drophammer applying the 1 out of 6 method. The friction sensitivity tests were carried out
according to STANAG 448710% using BAM friction tester applying the 1 out of 6 method.



Sensitivity towards electrical discharge using an Electric Spark Tester ESD 2010 EN from
OZM.

Atsauces / References

(D) Kalnina, A.; Bizdena, E.; Kiselovs, G.; Mishnev, A.; Turks, M. Chem. Heterocycl.
Comp. 2014, 49, 1667-1673.

2) Bucevidius, J.; Tumkeviéius, S. Chemija 2015, 26, 126-131.

3) Bucevicius, J.; Turks, M.; Tumkevicius, S. Synlett 2018, 29, 525-529.

4) Leskovskis, K.; Mishnev, A.; Novosjolova, I.; Turks, M. J. Mol. Struct. 2022, 1269,
133784.

&) Sebris, A.; Traskovskis, K.; Novosjolova, I.; Turks, M. Chem. Heterocycl. Comp.
2021, 57, 560-567.

(6) Siéulins, A.; Bucevicius, J.; Tseng, Y.-T.; Novosjolova, I.; Traskovskis, K.; Bizdéna,
E.; Chang, H.-T.; Tumkevicius, S.; Turks, M. Beilstein J. Org. Chem. 2019, 15, 474—
489.

@) NATO Standardization Agreement (STANAG) on Explosives, Impact Sensitivity
Tests, No. 4489, 1st Edn., September 17, 1999.

®) NATO Standardization Agreement (STANAG) on Explosives, Friction Sensitivity
Tests, No. 4487, 1st Edn., August 22, 2002.



7. Pielikums

Appendix 7

Leskovskis, K.; Novosjolova, I.; Turks M.

2,4,6,8-Tetraazidopirido|5,4-d|pirimidina solvatu sinteze
Synthesis of 2,4,6,8-tetraazidopyrido|5,4-d|pyrimidine solvates

Nepublicetie rezultati / Unpublished results



Balstoties uz tetraazida augsto $kidibu deitero trifluoretikskab€, nolémam izméginat
tetraazida salu sintézi ar stipri oksid€josam skabém. Literatra ir zinams, ka heterocikliskiem
saliem piemit augstaka izturiba pret fizisko ietekmi un labaka termiska stabilitate pateicoties
starpmolekularajam @idenraza saiSu tiklam, zemaks parcialais spiediens un augstaks vielas
blivums neka vienkarSiem bazu analogiem. Pie tam oksidgjosas skabes anjona klatbiitne
palielina skabekla bilanci, kas uzlabo deton&sanas veiktspgju.?

Augstakmingtaja noluka parbaudijam tetraazida 1 bazes reakcijas ar koncentrétam
skab&m, ieglitos maisijumus ietvaic€jot gaisa plisma (1. shema). Iegiito produktu stehiometrija
noteikta pec masas bilances pieauguma.

N3 N3
N3\r/N SN HNOj (100%) (5 ekv.) \( x 2HNOs
N/)\N DCM N/ N
3 i.t., 15 min 3
Ns 1 Ns 2, kvant.
N, N3
NN o
e ‘ SN HCIO, (70%) (2 ekv.) \r % 2HCIO,
N N/)\N MeOH )\
3 attece, 20 min
Ns 4 N3 3 vant

1. shéma. Tetraazida solvatu 2 un 3 sintéze

Slapeklskabes aduktam 2 TFA-di $kiduma SN KMR spektra novérojam signalu
pie -37 ppm, kas atrodas nitrata anjonam raksturigaja regiona.

Lai pieraditu produktu struktiiras, mé&ginajam sagatavot monokristala paraugu
rentgenstruktiiranalizei, tomer Siem savienojumi izradijas parak sikkristaliski un iegtti tikai
tetraazida bazes 1 un trifluoretikskabes addukta monokristali.

Ar rentgenstaru difraktometriju (2. attels) un FT-IR (3. attéls) spektroskopiju noteicam,
ka iegutie produkti strukturali atSkiras no baziskas struktiiras. FT-IR spektroskopijas aina
produktiem ir vienkarSaka salidzinot ar tetraazidu, kas apstiprina bazes 1 pastavéSanu
monotetraazola forma cieta fazé un skabju adukti ka proton&ti sali vai solvati ar idenraza saiSu
pastav simetriska tetraazida forma.

Ar Ramana spektroskopiju vélgjamies novérot nitrata (1050 cm™) un perhlorata
(940 cm™) saliem raksturigos signilus, kuriem parasti ir augsta intensitate, tomér produktiem
2 un 3 3adus signalus nenovérojam (4. attéls). Sis rezultats parada, ka produkti 2 un 3
visticamak pastav solvatu forma, un pilniga heterocikla protong$ana nav notikusi.

L T. M. Klapétke; C. M. Sabaté Eur. J. Inorg. Chem. 2008, 2008, 5350-5366.
2Y. Gao; H. Gao; C. Piekarski; J. M. Shreeve Eur: J. Inorg. Chem. 2007, 2007, 4965-4972.
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1. att@ls. Tetraazida 1 un ta slapeklskabes adukta 2 "N KMR spektri (51 MHz, CF;COOD)
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2. attels. Tetraazida bazes formas 1 un tetraazida solvatu 2 un 3 pulvera rentgendifrakcijas
analize.
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3. attels. Tetraazida bazes formas 1 un tetraazida solvatu 2 un 3 FT-IR spektri.
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4. attels. Tetraazida bazes formas 1 un tetraazida solvatu 2 un 3 Raman spektri.

Visbeidzot, trieciena un berzes testos ieglitie HNO3 solvata 2 (2 J triecienjutiba; 40 N
berzes jutiba) un HCIO4 solvata 3 (1] triecienjutiba; 40 N berzes jutiba) uzradija augstaku
izturibu pret fizisko ietekmi salidzinot ar tetraazida bazi 1 (1 J trieciena jutiba; 1 N berzes
jutiba). Karstas virsmas testa tetraazida solvati sadalijas ar uzliesmojumu un karstas adatas
testa perhlorats detongjas. Tomér veicot sekundaras spragstvielas iniciacijas testus, izmantojot
tetraazida perhlorata (1) detonatoru, detonacija pagaidam nenotika.



Eksperimentala dala

2.4.6,8-Tetraazidopirimido[5.4-

Tetrazida 1 (100 mg, 0,338 mmol, 1 ekv.) suspensijai metilénhlorida (1 mL) pievieno HNO3
(100%) (70 pL, d = 1,52 mg/mL, 106 mg, 1,688 mmol, 5 ekv.). Reakciju maisa 20 min. istabas
temperatiira. Reakcijas maisijumu ietvaicé ar gaisa plismu un Zavé pazeminata spiediena.
Tegiist dzeltenu cietu vielu 142 mg (kvant.). *C KMR (126 MHz, CFsCOOD) § 165,4, 160,2,
130,9. N KMR (51 MHz, CF3COOD) 5 -36,6, -123,7, -129,7, -136,1, -150,5, -152,0, -207,4,
-251,6, -259,1.

2.4,6,8-Tetraazidopirimido[ 5.4-d]pirimidina perhlorskabes solvats (3):

Tetrazida 1 (80 mg, 0,270 mmol, 1 ekv.) suspensijai metanola (1 mL) pievieno HCIO4 (70%)
adens $kidumu (46 pL, d = 1,67 mg/mL, 54 mg, 0,540 mmol, 2 ekv.). Reakciju silda 20 min.
Skidinataja virSanas temperatiira. Reakcijas maisijumu ietvaic€ ar gaisa plismu un Zave
pazeminata spiediena. Iegast dzeltenu cietu vielu 134 mg (kvant.).




Noting the high solubility of tetraazide in CF3COOD, we envisioned the synthesis of
tetraazide salts or solvates with strongly oxidizing acids. It is well known that heterocycle salts
are more durable to physical impact and more thermally stable due to the formed intermolecular
hydrogen bonding network; their vapor pressure is lower, and density is higher than neutral
heterocycle precursors. Furthermore, improved oxygen balance due to the presence of
oxidizing acid anions increases detonation performance.’-2

The syntheses of acid adducts 2 and 3 were performed by the addition of concentrated
acids to the tetraazide 1 base, followed by solvent evaporation under airflow (Scheme 1). The

stoichiometry of the solvates were calculated based on the increment of the obtained product

mass.
N3 N3
N3\r/N SN HNO5 (100%) (5 q.) N3\(/N SN x 2HNOs
_NOs (100%) G eq.)
PY DCM Nx z
N N rt., 15 min N N
Ny Ns "
, quant.
N, N3
N3 N o,
e ‘ SN HCIO, (70%) (2 eq.) Y x 2HCIO,
L, weon - o
3 reflux, 20 min
N3 4 N 3, quant.

Scheme 1. Synthesis of tetraazide solvates 2 and 3

In the >N NMR spectrum of nitric acid adduct 2 in TFA-d; solution we observed an
additional signal at -37 ppm corresponding to nitrate anion (Figure 1).

Numerous attempts of sample preparation for single crystal X-ray analysis of adducts
2 and 3 were made. However, these samples apperad to be as crystalline powder. So far we
were able to obtain suitable monocrystals only for the tetraazide base 1 and for CF;COOH
adduct.

Nevertheless, we performed powder XRD (Figure 2) and FT-IR (Figure 3) analysis to
confirm the structures and observed distinct spectra for each compound. The FT-IR spectra of
aducts 2 and 3 were simpler in comparison with the tetraazide base 1. This can be attributed to
the fact that tetraazide base 1 exists as a monotetrazole tautomer in the solid phase. In contrast,
the acid adducts are either protonated or coordinated with hydrogen bond network and exist as
a symmetric tetraazide tautomer.

Further, with the help of Raman spectroscopy, we searched to observe high-intensity
signals at 1050 and 940 cm™' characteristic for nitrate and perchlorate anions, respectively.
Intriguingly, such signals were observed in the Raman spectra of adducts 2 and 3. This result
shows that products 2 and 3 most likely exist as solvates and complete protonation of the
heterocycle has not occurred.

L T. M. Klapétke; C. M. Sabaté Eur. J. Inorg. Chem. 2008, 2008, 5350-5366.
2Y. Gao; H. Gao; C. Piekarski; J. M. Shreeve Eur: J. Inorg. Chem. 2007, 2007, 4965-4972.
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Figure 1. "N NMR spectra of tetraazide 1 and nitric acid adduct 2 (51 MHz, CF;COOD)
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Figure 2. XRD of tetraazide 1 and tetraazide adducts 2 and 3
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Figure 3. FT-IR spectra of tetraazide 1 and tetraazide adducts 2 and 3
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Figure 4. Raman spectra of tetraazide 1 and tetraazide adducts 2 and 3

Finally, the acid adducts showed impact sensitivity of 2 J for nitric acid adduct 2 and
1J for the perchloric acid adduct 3 and friction sensitivities of 40 N, thus outperforming the
tetraazide base 1 in terms of safety (1 J impact sensitivity and 1 N friction sensitivity for 1).
The salts deflagrated in a hot plate test, and the perchloric acid adduct 3 successfully detonated
in a hot needle test. Despite the detonation, an explosion was not achieved when a secondary
explosive (PETN) initiation test with the perchloric acid adduct 3 detonator was performed.



Synthesis procedure

2.4,6,8-Tetraazidopyrimido[5,4-d]pyrimidine nitric acid adduct (2):

To a suspension of tetrazide 1 (100 mg, 0.338 mmol, 1 eq.) in DCM (1 mL) was added HNOs
(100%) (70 pL, d = 1.52 mg/mL, 106 mg, 1.688 mmol, 5 eq.). After 20 minutes, the reaction
mixture was evaporated under airflow and further dried under reduced pressure. Product 2 was
obtained as a yellow solid 142 mg (quant.). **C NMR (126 MHz, CF3COOD) & 165.4, 160.2,
130.9. 5N NMR (51 MHz, CF3COOD) § -36.6, -123.7, -129.7, -136.1, -150.5, -152.0, -207.4,
-251.6, -259.1.

2.4.,6,8-Tetraazidopyrimido[5,4-d]pyrimidine perchloric acid adduct (3):

To a suspension of tetrazide 1 (80 mg, 0.270 mmol, 1 eq.) in methanol (1 mL) was added
aqueaous solution of HCIO4 (70%) (46 pL, d = 1.67 mg/mL, 54 mg, 0.540 mmol, 2 eq.). The
reaction was refluxed for 20 minutes, and the solvent evaporated under airflow and dried under
reduced pressure. Product 3 was obtained as a yellowish solid 134 mg (quant.).
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