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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Temas aktualitate

Anneléti pirimidini ir medicinas kimija priviligétas heterocikliskas struktiiras ar
daudzveidigu biologisko aktivitaSu profilu atkariba no pamatcikla uzbiives un aizvietotdju
rakstura. Tas saistits ar annel€to pirimidinu strukturalo lidzibu gan dzivo organismu $tinu
genctiskas informacijas nesgjiem, gan signalmolekulam, gan arT koenzimiem. Purina
heterocikls ir dzivajos organismos visplasak parstavetais annel&to pirimidinu parstavis, jo
ietilpst nukleinskabju sastava. Turklat adenozina trifosfats ir §linu energiju neso$a molekula, un
citi adenozina atvasinajumi darbojas ka kardiovaskularas sistémas signalmolekulas. Tadel
annel&to pirimidinu fragmenti ar labiem rezultatiem tiek izmantoti pretvirusu, pretvéza, ka ari
sirds un citu slimibu zalvielu izstradé (1. a shéma).!: 2 Biomimétisku struktfiru modificg$ana 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
annel€tajiem pirimidiniem, ieskaitot purinu atvasinajumus, ir novérojama luminescence, kas
paver to lietojuma iesp&jas bioorganiskaja un analitiskaja kimija ka sensoriem un
materialzinatné ka OLED (organiskds gaismu emit&josas diodes) materidliem.*® AT Saja
lietojuma sféra jaunu sintézes metozu attistiba dod iesp&ju uzlabot nepiecieSamas vielu fizikalas
Tpasibas.

Heterociklisko savienojumu aizvietotaju modificgSana doming tadas metodes ka nukleofilas
(hetero)aromatiskas aizvietoSanas reakcijas (SnAr), ka arT parejas metalu katalizéti C-C un
C-heteroatoms saiSu veidosanas procesi, lietojot Sk&rssametindSanas”® un C-H saiSu
aktiveSanas®°® reakcijas. Daudzos kimiskas modifikacijas procesos tiek izmantotas
tradicionalas haloggnu aizejosas grupas, ka art aktivéti O- un S-aizvietotaji, piem&ram, TfO-,
TsO-, RS-, RSO»-.!% Krietni retak aprakstitas N-centrétas aizejo$as grupas, kas ietver imidus,
amidus, imidazolus un 1,2,4-triazolus, ka ari promocijas darba autora zinatniskas grupas
ieteiktos 1,2,3-triazolus.!'""3 Saja konteksta azidogrupas heterocikliskajos savienojumos ir
raksturojamas ka N-centréti pseidohalogenidu tipa aizvietotaji — tas var piedalities SnAr
reakcijas, dodot azidjonu (pseidohalogenids) ka aizejoSo grupu, kas ir zinamas, tom&r maz
pétitas, reakcijas.!? %15 Svarigi, ka azidogrupas novietoSana blakus heterocikliska slapekla
atomam (a-pozicija) dod azidoazometina struktiiras fragmentu, kam ir raksturigs azida-
tetrazola tautom@rais lidzsvars (1. b shema).'*""° Tika izteikta hipotéze, ka, lictojot azidogrupas
ka aizejo$as grupas heterociklu SnAr reakcijas, ar azida-tetrazola Iidzsvaru iespgjams modulét
reakcijas sp&ju heterociklos. Reakcijas sp&jas modulacija paver iesp&ju dizainét jaunas reakcijas
un ietekm& zinamu parvertibu regioselektivitati, jo T1pasi, ja molekula ir wvairaki
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 §T vielu klase ir krietni mazak petita, salidzinot ar citiem annel&tajiem
pirimidiniem.
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1. shéma. Izvéletas annelétu pirimidinu zalvielas un azidu Tpasibas.

Turklat, veicot pétijjumus ar vielam, kam ir augsts slapekla saturs, radas logiska
nepieciesamiba noteikt savienojumu energétisko profilu (1. ¢ shéma). Azidogrupas ievadiSana
organiskajos savienojumos palielina sisteémas termadinamisko energiju par ~ 355 kJ/mol, tadél
savienojumi ar vairakam azidogrupam veido materialus ar augstu energijas blivumu.?® 2! Azidi
ir jutigi pret argju triecienu un siltumu, un sadaloties veido N> gazi un izdala lielu siltuma
daudzumu. Tadel organiskie azidi ir potenciali spragstosi savienojumi un azidoaizvietotaju ka
eksplozoforu funkcionalo grupu biezi izmanto augsta blivuma energgtisko savienojumu
kimija.?* Ipasi energgtiski piesatinati ir smago metilu azidi un mazmolekularie organiskie azidi
ar augstu slapekla masas bilanci (> 50 %). Augstas triecienjutibas dé] mazmolekularos azidus
izmanto primaro spragstvielu dizaina. Energétiska profila noteikS8ana promocijas darba
apskatitajiem azidoheterocikliem lauj pamatot izstradato sint€tisko metozu droSu lietojumu.
legiitas zinaSanas palidzEja attistit jauna binara energétiska savienojuma dizaing$anu,
mérktiecigi lietojot annelétu pirimidinu molekularo skeletu un taja ievadot maksimalo
azidogrupu skaitu. Seit jauzsver, ka binaru energétisko CxNy savienojumu dizains un sintéze
patlaban piedzivo renesansi,”> "’ kas saistta ar vidi nepiesarnojosu detonatoru izstradi, apzinati
izvairoties no smago metalu savienojumu lietojuma.?®%’

Apvienojot interesi par annelétu pirimidinu reagétspgjas izpéti un azida-tetrazola lidzsvara
ietekmi uz reakciju gaitu, ir izstradatas vairakas jaunas preparativas metodes purinu un
piridopirimidinu kimija, ka arT noteikti azida-tetrazola ITidzsvara fizikalktmiskie raksturlielumi
$ajas vielu klas@s. Pétitajiem azidoheterocikliem ir noteikts to energetiskais profils, lai giitu
parliecibu par sintétisko metozu dro§umu. leghitas zinasanas lava izstradat jaunu energgtisko
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savienojumu, apzinati parkapjot robezu starp tradicionalo sint€tisko organisko kimiju un
spragstvielu kimiju.

Petijjuma mérkis un uzdevumi

Promocijas darba mérkis ir jaunu sintétisko metodologiju izstrade annel&tu azidopirimidinu
funkcionaliz&$anai, izmantojot azida-tetrazola lidzsvaru regioselektivitates induc€$anai un
azida funkcionalas grupas daudzpusigas kimiskas ipasibas. Nemot véra iesp&jamas energétiskas
Ipasibas vielam ar augstu slapekla saturu, otrs darba mérkis ir eksperimentali noteikt $o vielu
energétisko 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 sint€zes metozu izstrade SNAr aizvieto$anai annelétajos diazidopirimidinos;

e sint€zes metozu izstrade 2,6-diazidopurinu pirimidina gredzena atverSanai;

e reagftspSjas parbaude selektivi aizvietoto anneléto azidopirimidinu talakai
azidogrupas funkcionaliz&$anai,

e cnerggtiska profila fizikalo raditdgju noteikSana darba pétitajiem annelétajiem
azidopirimidiniem un vismaz viena jauna tipa savienojuma dizaingSana $aja grupa,
kas atbilstu binarajai CxNy energgtisko 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 struktiras, kam izpétita reakcijas sp€ja;
» purini, kam atklatas jauna tipa cikla atvérSanas reakcijas, kas dod
tetrazolilimidazolus ar aizvietotu sanu k&dji;
» pirimidopirimidins, uz ka bazes dizainéts binarais energgtiskais savienojums CsNis
un annel@ti diazidopirimidini, kam noteikts to energgtiskais 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 iegliSana un to azida-tetrazola lidzsvari. Atklats, ka Sie
savienojumi $kidumos raksturojas ar sarezgitu lidzsvaru, kurd iesp&amas lidz pat Cetram
tautomerajam formam 2,4-diazidopirido[2,3-d|pirimidina un lidz pat septinam tautome&rajam
formam 2,4-diazidopirido[3,2-d|pirimidina. Vienigais S$kidinatajs, kura polara daba un
fidenraza saiSu tikls nodroSina tautomeéra 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 struktiras:
pirido[3,2-e]tetrazolo[ 1,5-a]pirimidins un pirido[2,3-e]tetrazolo[ 1,5-a]pirimidins.

Abas heterocikliskajas sisttmas nukleofilas aromatiskas aizvietoSanas 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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dévét ari par aizvietotiem tetrazolo[ 1,5-a]pirido[3,2- e un 2,3-¢]pirimidiniem. Sie savienojumi
$kidumos pastav galvenokart tetrazola forma, tomer sist€émas ir noverojams azida-tetrazola
lidzsvars. C(5)-Aizvietotu pirido[2,3-e]tetrazolo[1,5-a]pirimidinu  gadijuma tautoméra
lidzsvara AGaog vertibas ir robezas no —3,33 klJ/mol Iidz -7,52 klJ/mol, bet
pirido[3,2-e]tetrazolo[1,5-a]pirimidinu gadfjuma AGaes ir —3,02 lidz kJ/mol —5,70 kJ/mol.
Iegiitie annelétie tetrazola atvasinajumi ir funkcionaliz€jami vara katalizéta azida-alkina
1,3-dipolara ciklopievienosanas (CuAAC) reakcijas par attiecigajiem triazoliem, pateicoties
azida-tetrazola Iidzsvaram §ajas sistémas. Lidzsvara peétfjumos tika noverots, ka: 1) sisteémas ar
elektronu donoriem aizvietotajiem Iidzsvars ir stiprak novirzits uz tetrazola pusi; 2) palielinot
$kidinataja polaritati, tetrazola tautoméra koncentracija palielinas; 3) skidumus sildot, palielinas
azida tautoméera koncentracija. Sie novérojumi jaunajas heterocikliskajas sistémas labi korelg
ar literatiira aprakstitam azida-tetrazola lidzsvara procesa Ipasibam.

Izstradata sint€zes metode, kurd ka izejvielas lieto 2,4-dihlorpiridopirimidinus, tos
parvérSot par diazidiem, péc tam selektivi aizvietojot ar N-, O- un S-nukleofiliem, darbojas
efektivak neka sakotngja 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 vispargjo SnAr reakcijas
speju tetrazola elektronus atvelkoSo ipasibu dél. Savukart klasiskaja pieeja, sakotngji ievadot
heteronukleofilu, kas klist par elektrondonoru aizvietotaju, tas apgriitina nakamo SnAr
reakcijas soli.

2,6-Diazidopurinu pirimidina gredzena atvérsana

Aromatisko nukleofilo aizvietosanu N(9)-aizvietotos 2,6-diazidopurinos iesp&jams veikt
regioselektivi C(2) vai C(6) pozicija, izveloties piemérotu $kidinataju un reagentu sistému. Tika
atklats, ka purina atvasindjumiem, kam raksturiga annel@ta tetrazola veidoSanas pie C(6),
iesp&jams pievienot papildus nukleofilu pie C(2). Ta rezultata rodas Maizenhaimera komplekss,
kas sabriik ar pirimidina cikla atvérSanos, jo tetrazols izradas labaka aizejo$a grupa neka
ienakosais N-, O- vai S-nukleofils. ArT Saja gadijuma azida-tetrazola lidzsvars ne vien inducg
regioselektivitati, bet ari aktivé purina heterociklisko sistému nukleofila uzbrukumam.
Izmantojot So  divpakapju sint€zes metodi, ieglstami augsti funkcionaliz&ti
iminoimidazoliltetrazoli, kas aizvietoti ar dazadiem heteronukleofiliem. Tika paradits, ka
imidazoliltetrazolu alkil€Sanas-ciklizacijas reakcija ieglistami tetrazolodiazepini, kas ir formala
tetrazolopurina homolog@Sana, paplasinot ta heterociklisko sistému par vienu oglekla atomu.

Energétiskais profils un jauns binarais savienojums

Visiem darba pétitajiem azidoheterocikliem to energgétiskais profils ir noteikts sadarbiba ar
profesora Tomasa Klapetkes (Thomas M. Klapdtke) grupu no Minhenes Ludviga Maksimiliana
universitates. Dizainéts un ieglts jauns energétisks bindrais Ce¢Nis savienojums —
2,4,6,8-tetraazidopirimido[5,4-d]pirimidins. Sis tetraazids $kidumos pastav azida-tetrazola
lidzsvara un cietaja fazg kristaliz&jas ka monotetrazola tautomers. Pateicoties augstajai slapekla
bilancei (75 %), $im savienojumam piemit primaro spragstvielu IpaSibas un tas detongjas
vieglas berzes vai trieciena iedarbiba. Sis atklagjums paver iesp&ju Latvija uzsakt un attistit
plasakus primaro spragstvielu (detonatoru materialu) p&tijumus.



Darba struktiira un apjoms

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

pétijumus par azidogrupas izmanto$anu sintétiskaja metodologija — regioselektivitates un

reagétsp€jas inducéSanai annelétos pirimidinos un materialzinatné — jaunu primaro spragstvielu

izstrad€. Promocijas darba apkopotas Cetras publikacijas SCI Zurnalos un viens raksta

manuskripts.

Darba aprobacija un publikacijas

Promocijas darba galvenie rezultati publicéti tris zinatniskajos originalrakstos, ka ari

sagatavots viens originalpétijuma raksta manuskripts. Promocijas darba izstrades laika

sagatavots viens apskatraksts. Petfjumu rezultati prezentéti devinas zinatniskajas konferences.
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9. LeSkovskis, K. SNAr Regioselectivity and Azide-Tetrazole Equilibrium Study in
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Darba drosibas informacija

UZMANIBU! Heteroaromatiskie azidosavienojumi ar slapekla saturu > 50 % var biit
specigi energétiskie materiali ar augstu jutibu pret triecieniem un berzi. Sintezgjot un stradajot
ar vairakiem no aprakstitajiem azidoheterocikliem, ir jaievero atbilstosi droSibas pasakumi, kas
ietver, bet neaprobezojas ar: droSibas brillem; sejas aizsargu; ausu aizbazniem; Keviar
cimdiem; droSibas aizslietni; iezemétu laboratorijas aprikojumu un apaviem.
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PROMOCIJAS DARBA GALVENIE REZULTATI

1. Azida-tetrazola Iidzsvars un ta lietojums sintétiskaja metodologija

Heterocikli ar azidoazometina struktiiru ir unikali ar iesp&jamo azida-tetrazola lidzsvaru
$kidumos.?®?  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.3%>2

Izolets tetrazola gredzens ir par ~ 40 kJ/mol stabilaks neka azida tautomérs, pateicoties
6 m-elektronu aromdtiskajai sistémai,* tade] tautomérais lidzsvars izoléta tetrazola sistéma
parasti nav novérojams. Tapéc azida funkcionalas grupas transformacijas $adam sisttmam nav
iespgjamas. Piem@ram, 5-feniltetrazola (1T) reducéSana ar H> uz platina katalizatora notiek ar
selektivu benzola aromatiska gredzena reducéSanu un tetrazola funkcionala grupa paliek

neskarta (2. shéma).*
77777777777777777777777777777777777 N N
NH N N
2 Ns N‘ N | N‘ N
o~ NH Hy, PtO, NH ” 1 Hy PO, N
[\ I TAOH o © AcOH
3 1A T 2

2. shéma. Feniltetrazola reducésana.

Savukart anneletas azidoazometina sist€mas pastav dinamisks azida-tetrazola Iidzsvars, ko
iespgjams noverot ari ar dazadam spektroskopiskajam metodém (IS, UV, KMR). Reakcijas
§adas sisteémas var notikt gan ar tetrazola formu — reagé anneléta sistema vai kada cita tai
piesaistita funkcionala grupa, gan ar azida formu — reduc@Sana, ciklopievienoSana vai nitrénu
reakcijas.  Piem@ram, 2-azidopiridinu 4A  iespgams  selektivi reducét Iidz
tetrahidropiridotetrazolam (5) vai 2-aminopiridinam (6), mainot $kidinataju un vides pH
(3. shéma).

‘ N2 H2 Pd/C N3 _N _ HpPdC /N\N
_N “TNH; HO : TAcOH, EtOH NN
6 5

3. shéma. 2-Azidopiridina reducésana.

Pateicoties elektronus atvelko$as grupas ipasibam, annelétas tetrazola sistémas ir
reagétspéjigakas nukleofilu pievieno$ana, salidzinot ar to azidoanalogiem. Piemé&ram,
4-azidopirimidina 7 sistéma tautomerizgjoties reagg ar tideni jau normalos apstaklos bez skabes
vai bazes piedevam, veidojot hemiaminalu 8. To iespgjams viegli reducét ar H» Pd/C
katalizatora klatieng, ieglistot annel&tas sist€mas reducésanas produktu 9 ar saglabatu tetrazola
funkcionalo grupu (4.ashéma).?® Tetrazolo[1,5-a]pirimidinu 10T baziskos apstaklos
iespejams atvért, veidojot tetrazola sali 11 (4. b shéma).?’
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4. shéma. Azidopirimidinu funkcionaliz&$ana.

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

N-N N3 : Pz
[N B o
| N’ SN
—_ ‘ !
N7 Me \N)\Me CuAAC
12T 12A
[Q]
Y
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, N’
N-N N, j N
I N ; .///

‘ N’ Z >N ' Z >N
©) = @ | . @ |
N/)\Me \N)\Me : CuAAC \N)\Me
o o : o

o o | o

13T 13A | 14

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

Heterocikliskajas sisttmas ar divam azidoazometina grupam paveras iesp&ja veikt
regioselektivas transformacijas, veicot apzinatu $kidinataja izvéli un temperatiiras kontroli
(1. aatt.). Nukleofilu pievienosana pirimidinos ar divam identiskam aizejoSajam grupam
parasti noris aktivakaja C(4) vieta (1. att., 15). Savukart, mainoties lidzsvaram, pievienoSanas
var: 1) paatrinaties (1. att., 16), pateicoties tetrazola elektronus atvelkoSajam 1pasibam, kas
stabilizé Maizenhaimera (Meisenheimer) kompleksa intermediatus vai 2) notikt ar mainitu
regioselektivitati (1. att., 17), sistéma veidojoties tetrazolam, kas nevar staties SnAr reakcija,
vai 3) nenotikt vispar (1. att., 18).

Anneletu  2,4-diazidopirimidinu sériji ir zinams, ka 2,6-diazidopurinos 19* un
2,6-diazidodeazapurinos 20*° aizvietosanas noris C(2) pozicija ar mainitu regioselektivitati, ko
sekmg@ annel@tais tetrazola fragments, savukart ar 2,4-diazidohinazolinu 21'* regioselektivitates
maina nenotiek un reagétspgjigaka ir C(4) pozicija.
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[ Diazidopirimidinu reagétspém

a

N —N
N, 3 N-N 'f N
y N [QN /NjN E(N,
LA vw o La Ay
N~ “N; N=N N"="N3 N=n

15 16 17 18
: palielinata mainita -
parasti reagétspéja  regioselektivitate nereage

( Regioselektivitate annelétos 2,4/2,6-diazidopirimidil —

b N-N N-N N,
N AN I °N
2o iss illew
N N/’éNs N NAN‘,, N/KN
L e 5

21 N=N

Q-reagétspéjiga vieta

1. att. Azida-tetrazola lidzsvars un reagétspgja annelétos 2,4/2,6-diazidopirimidinos.

Literattira ir labi zinams, ka aizvietotajiem heterocikliskaja sistéma ir vitala loma uz
azida-tetrazola tautomé&ro Iidzsvaru (2. att.). Elektronu donorie aizvietotaji virza lidzsvaru uz
tetrazola formas pusi, stabilizgjot tetrazola tautoméru, kamér elektronu akceptorie aizvietotaji —
azida formu.*?4%4? Galvenie lidzsvaru ietekmgjosie argjie faktori ir: $kidinataja polaritate
(polaraki skidinataji stabiliz€ tetrazola sist€mas dipola momentu); temperatira (augstakas
temperaturas veidojas termodinamiski izdevigaka — azida forma); heterocikliskas sisteémas
proton&$ana (elektroniem nabadziga sistéma veidojas azida tautomérs).?® Biezak izmantotie
$kidinataji tautomerizacijas procesa pétijumiem ir DMSO, TFA un CHCls. Sajos $kidinatajos
parasti iesp&jams noverot azida-tetrazola sistemas lidzsvara gal&jibas: DMSO — tetrazols
(augstas polaritates del); TFA — azids (sist€ma tiek protonéta vai veidots izteikts iidenraza saiSu
tikls); CHCI; — tautoméru maistjums.3% 434

Azida-tetrazola tautomérismu 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 iesp&jams analizét slapekla atomus, lai
ar magn@tiski aktiva '’N kodola dabiga koncentracija savienojumos ir ~ 0,36 % un '*N kodola
Ziromagn@tiska jutiba ir ievérojami zemaka ka citiem kodoliem. So iemeslu dél >N KMR
petijumi substratiem ar dabigo slapekla izotopu sadaltjumu ir apgriitinati. Tome@r azida-tetrazola
lidzsvars savienojumos ar azida-tetrazola fragmentam netalu esoSiem protoniem ir loti labi
novérojams un viegli kvantificgjams ar '"H KMR. Pé&c signalu integré$anas iegiist tautoméro
formu attiecibu, kas raksturojama ar Iidzsvara konstanti Kpdzsv.’”** 47 Uznemot 'H KMR
spektrus dazadas temperatiiras, iesp&jams raksturot lidzsvara procesu ar termodinamiskajiem
parametriem (Gibsa briva energija, entalpija un entropija).3! 45 4°
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2. att. Azida-tetrazola lidzsvaru ietekmégjosie faktori.

Jebkur$ dinamiska Iidzsvara process kimija tiek raksturots ar Iidzsvara konstanti Kidzsv.),
kas ir apgriezeniskas kimiskas parvertibas atruma koeficientu attieciba sist€émai, kura iestajies
kimiskais Iidzsvars. Tatad lidzsvara konstanti (1.1.vienadojums) var izteikt ka divu
komponen3u koncentraciju attiecibu lidzsvara stavokli, ko iespgjams viegli noteikt ar 'H KMR
spektroskopiju p&c signalu integralas attiecibas.

[T
Klezsv =1 T (11)

[4]

T — tetrazola tautoméra koncentracijas integrala vertiba;

kur Kidzsv — I1dzsvara 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&amibu. Savukart
entalpija raksturo absoliito sistemas stabilitati neatkarigi no argjiem apstakliem (augstaka
vertiba — stabilaka sist€ma). Izmantojot Gibsa-Helmholca (Gibbs-Helmholtz) vienadojumu
(1.2. vienadojums), iesp&jams aprékinat Gibsa brivo energiju tautomerizacijas procesam.

AG =—-RT In Ky, (1.2)
kur AG — Gibsa briva energija tautomerizacijai, J/mol;
R — universala gazu konstante, J/(mol-K);
T — temperatiira, K;
Krdzsy — 11dzsvara 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 vertiba absoliitas nulles temperatiira (0 K) ir sistémas entalpija,
taisnes slipums — sisteémas 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

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

Dinamiska lidzsvara procesa, lai gan iestajies lidzsvars, visu laiku pastav apgriezeniska

reakcija A 2 B, kas raksturojama ka divas reakcijas A I?; Bun B 13 A ar atruma konstanteém (ka
un kg), kas ir savstarp&ji proporcionalas un izsaka lidzsvara konstanti (1.4. vienadojums).
Kingtiskas konstantes lauj aprékinat Iidzsvara iestdSanas atrumu, ko raksturo ar reakcijas
puslaiku Ty /5.

kg

= (1.4)

K lidzsv =

kur Kidzsy — lidzsvara konstante;
ks — tie$as reakcijas atruma konstante (s ');
k4 — apgrieztas reakcijas atruma konstante (s ).

Dinamiska procesa atruma mérisanai ar KMR izmanto kimiskas apmainas spektroskopijas
eksperimentu (EXSY), kura méra magnetizacijas parnesi protonam tautomerizgjoties no vienas
formas otra.® Azida-tetrazola lidzsvara kingtisko konstan3u noteikSana ir svariga lidzsvara
raksturosanai. Piem&ram, I€nas tautomerizacijas gadijuma Iidzsvara pétijumu veikSanai
nepiecieSams ilgstoss laika periods Iidzsvara stavokla sasniegSanai sistema.*?>! Kingtiskas
konstantes nosaka reagétspgjas atrumu reakcijas, kad reagg viens izvel&ts tautomérs.
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1.1. Azida-tetrazola lidzsvars purina sistéma un pirimidina cikla atvérS§ana

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 Iidzibas principa.

Purins ir stabila heterocikliska sistéma, pateicoties tas konjugétas m-elektronu sistémas
aromatiskumam. Tomer 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
aizvietoSanu tandéma pirimidina cikla atvérSanas un saslégSanas reakcija péc SN\(ANRORC)
mehanisma (6. a shéma). Savukart sarma pievienoSana $adam sisttmam parasti rezultgjas ar
C(2) oglekla fragmenta izskelanu bez pirimidina ciklizacijas (6. b shéma).>? Sada purina cikla
atvérSana ir vienkarsa sintetiska stratégija augsti funkcionaliz&tu imidazolu un pirimidinu, kas
ir biezi izmantoti farmakofori medicinas kimija, pateicoties to lidzibai ar biologiskajas sistémas

sastopamajiem nukleozidiem, iegii$anai.>* 34
a Sn(ANRORC)
X ‘NH
N _EAG
B M </ LNH — ¢, ¢ )
2
R ot HN-EAG ,4 24
( Purina cikla atvérsana
b
X X
N N/EAG ] AG
< )r\ - < ’p ®OH > <
NH
R‘
25 26

6. shéma. Purina pirimidina cikla atvérSana.

Pastav Cetri iespgjamie purina sistémas aktivéSanas mehanismi (7. shéma). Pirmkart,
hipoksantini ir reagétspgjigaki, pateicoties esoSajai karbonilgrupai, un elektronus atvelkosas
grupas ievadiSana N(1) pozicija lauj atvert hipoksantinus ar dazadiem nukleofiliem jau istabas
temperattira. Otrkart, annel€tos purinos N(1) pozicija ir dala no atseviskas konjuggtas sistémas,
kas to padara par aizejoSo grupu. Treskart, elektronus atvelkos$as grupas ievadiSana N(1)
pozicija purtnos un adeninos padara to par izcilu aizejoSo grupu. Aktivéta adenina sisteéma
parasti notiek Dimrota (Dimroth) pargrupésanas.> -8 Visbeidzot, elektronu akceptoras grupas
ievadisana N(7) pozicija destabilizé imidazola ciklu un ta atvérSana notiek gandriz jebkados
apstak]os.
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7. shéma. Purina cikla aktivéSanas mehanismi.

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

Balstoties ieprieks€jos pétijumos 9-aizvietotu 2,6-diazidopurinu kimija, ir zinams, ka,
pateicoties azida-tetrazola lidzsvaram, nukleofila aromatiska aizvietoSanas $adas sisteémas
notieck C(2) pozicija (8. shéma).>3%3>% Sada C(6) pozicijas aizsargasana nukleofila
uzbrukumu veicina arT SnAr procesu atlikuSaja heterocikliskaja sisteéma, pateicoties tas
elektronu atvelkoSajam ipasibam. Kristera Ozola magistra darba aprakstitajos pétijumos,
izméginot 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 NN N
</N ‘ AN Polars &kid. /NfN:N f @ (Nru’
N N/)iNs W <N | N/)\N3 SNAr /k ®  vaze N |
- 35A ~ st 37 S/k ®

8. shéma. K. Ozola novérta SNAr aizvietodana 2,6-diazidopurinos un cikla atvérana.®'

Analizgjot literatiiras datus par pirimidinu atvérSanu, tika noskaidrots, ka S$ada
tetrazolopirimidina cikla atv@rSana ir veikta divos pieméros. Pirmkart, pievienojot stipru bazi,
demonstr&jis Montgomerijs (Montgomery).** Otrkart, ciklu atvérianu ar oglekla nukleofiliem,
tiem saglabajoties produkta struktiira, veicis Tislers (7isler)®>% (9. shéma). Tadél 3aja
promocijas darba tika izstradata metode purina cikla atvérSanai ar dazadiem nukleofiliem,
apvienojot regioselektivu 2,6-diazidopurina aizvietoSanu ar tandému pirimidina cikla

atversanu.
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9. shéma. Tetrazolopirimidinu cikla atverSana.

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

Cikla atv@rSana ar tioliem tika secinats: 1) nepolaros $kidinatajos (toluols) aizvietoSana
notiek C(2) un C(6) pozicijas, jo pastav diazida forma, tad€] atverSanai nepiecieSams polars
$kidinatajs DMF; 2) cikla atvér§anai nepiecie$ama stipra nenukleofila baze NaH, jo, izmantojot
vajakas bazes (DBU (1,8-diazabiciklo[5.4.0Jundec-7-ens), K2CO3), notiek aizvietoSana C(2) un
C(6) pozicijas; 3) pazeminata temperatiira mazina blakusproduktu veidoSanos, jo palielinas
tetrazola koncentracija un stabiliz€jas Maizenhaimera komplekss.

Optimizgjot purina cikla atverSanas reakcijas apstaklus ar spirtiem, tika novérotas atskirigas
tendences, salidzinot ar tioliem. Piem@&rotakais $kidinatajs bija toluols, kas deva augstako
selektivitati cikla atvéranas reakcijai. Sis novérojums ir pretéjs purinu atvérianas apstakliem
ar tiola nukleofiliem un visparigajam konceptam, ka polari $kidinataji stabilizé veidojoSos
Maizenhaimera intermediatu. Piemé&rotaka baze ari $aja gadijuma izradijas NaH, tomér
interesanti, ka 11dzigi rezultati tika ieglti, izmantojot DBU, kas tiolu gadijuma nebija sp&jigs
veikt cikla atv@rSanu. ArT temperatliras pazeminasana Ipasi neietekmgja reakcijas iznakumu, lai
gan temperatlras palielina$ana pat nedaudz uzlaboja cikla atverSanas reakcijas iznakumu un
selektivitati.
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1.1. tabula

Reakcijas apstaklu optimizacija purina 42 cikla atverSanai ar tiolu
N

N-"3,
N SH | N
3 N N s

ST ——

é N

N + ~N

S USRI s e

O ss N—SNZ>g
42 © 43a d 44

(galvenais blakusprodukts)

Nr.  Skidinatijs  Baze (ekviv) T (°C) IZ““T"(‘;O“)‘S 43a Izej(v(,}:;f 42
1 DMF NaH (1,5) it 55 12
2 DMF KOrBu (1,5) it 62 4
3 DMF DBU (1,5) it 0 55
4 toluols NaH (1,5) it 5 76
5 toluols KOrBu (1,5) it 4 68
6 MeCN NaH (1,5) it 8 76
7 MeCN KO7Bu (1,5) it 50 20
8 THF NaH (1,5) it 43 40
9 THF KOrBu (1,5) it 36 30
10 i-PrOH KOrBu (1,5) it 34 24
11 DMSO KOrBu (1,5) it 64 2
12 NMP NaH (1,5) it 39 21
13 DMF NaH (0,9) it 44 32
14 DMF KOrBu (2,5) it 54 7
15 DMF NaH (1,5) 0 68 5
16 DMF KO7Bu (1,5) 0 64 8
a — iznakums noteikts ar kvantitativo 'H KMR metodi reakcijas maistjuma, izmantojot

1,2,3-trimetoksibenzolu ka iek$gjo standartu.

So atikirigo tendenci iesp&jams 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 procesd bez
Maizenhaimera kompleksa veido$anas.®*® Sads mehanisms izskaidrotu reakcijas norisi
nepolara $kidinataja un relativi vajakas bazes DBU spgju veikt cikla atv@rSanu.
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1.2. tabula

Reakcijas apstaklu optimizacija purina 45a cikla atverSanai ar spirtu

N-N
N
N, N | N o
«Nf"‘ n-PrOH </N ‘ H <NfN
o N * 4
N N/)\NS apstakli n_CSHﬁJ\ N N//ko/\/
n-CgH,, 0N n-CyH,,

45a - 46a 47

Nr.  Skidinatajs  Baze (ekviv.)® 7(C) Iznakums46a Iznakums 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 K2COs (3) it 0 0
10 toluols KotBu (3) it 5 45
11 toluols KOH (3) it 13 2
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 maisTjuma, izmantojot

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

Izmantojot optimiz&tos reakciju apstaklus, sadarbojoties ar laboratorijas kolggiem
(sk. raksta autoru sarakstu), izpétits substratu klasts diazidopurinu cikla atvérSanai ar tioliem
(10. shéma). Purina N(9) pozicijas aizvietotajs praktiski neietekm@ja reakciju iznakumus,
iznemot ribozilatvasinajumiem dal€jas acetata aizsarggrupu SkelSanas del. Reakcijas noritgja
veiksmigi gan ar pirm&jiem, gan otr&jiem tioliem. Jaatzim€, 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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N ‘N/)\N 1) K2CO3, DMF, 45°C RO
®  2)NaH, DMF, 0°C - it. A @

- 0,
45 43-71 % ‘ 43
R = alkil-, aril-, glikozil- . = alkil-

10. shéma. Diazidopurina 45 atv@rSana ar tioliem.

Izmantojot piemekl&tos reakcijas apstaklus O-nukleofilu gadijuma (NaH/toluols), tika

demonstréts substratu klasts purina cikla atvérSanai ar dazadiem spirtiem (11. shéma). Jauzsver,

ka izdevas iegit ciklisko pievienoSanas produktu 46b, izmantojot etilénglikolu ka nukleofTlu.

A1 §aja gadijuma purina cikla atver§ana ar aromatiskiem (fenols) un steriski lieliem (#-BuOH,

adamantanols) spirtu nukleofiliem nav iesp&jama.

N LN
3 Nf\u’
N OH %
¢ SN —>. <N ‘

\ , N
N N/)\NS NaH, toluols, i.t. B J\ /.
R o”>No

36-88 %

R = alkil-, aril- . = alkil-

)\ v ’
\) ’ & 46b, 36 % ///) *

11. shéma. Diazidopurina 45 cikla atvérSana ar spirtiem.

Purina cikla atverSana ar aminu nukleofiliem izradijas neiesp&jama. Tomér, paklaujot

purinus 48 ar aminoaizvietotajiem C(2) pozicija cikla atvérSanas apstakliem ar pirmgjiem un

otrgjiem spirtiem, tika iegtiti karbamimidati 49 (12. shéma). Aromatisku (fenols) un steriski

lielu (+-BuOH) spirtu pievienosana nebija efektiva. Saja gadijuma — reakcija ar fenolu, tika

iegtts hidrolizes produkts ar 62 % iznakumu, kas arT bija galvenais blakusprodukts $T tipa
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N,N

| ,N
OH :(\\
‘ H
)\ @ NaH, DMF, i.t. NC5H1<1N

5H11 36-75 % Q. /k ¥ )
48 @0 - o'ki- ‘ 49

49a, 58 %

12. shéma. Tetrazoloaminopurinu 48 cikla atv@rSana ar spirtiem.

Lidzigi tika iegiiti arT alkoksiaizvietotu tetrazolopurinu 50 cikla atverSanas produkti 51 ar
pirméjo un otrjo spirtu vai tiolu pievienosanu (13. shéma). Produktu stereoselektivitati nebija
iespgjams noteikt ar KMR spektroskopiju, tacu izdevas iegiit savienojuma 51a monokristalu,
kas paradija Z-dubultsaites geometriju produkta.

<Nf)\ @ " NeHOWF it g\lf\

n-C sH1q
n-CgHy, 60-78 % o/kx/.
50 @0 - alki- ‘ 51
N-N

13. shéma. Tetrazoloalkoksipurtnu 50 atvérSana ar alkoksidiem un tioliem.

Izstradatas metodes funkcionalitates demonstréSanai iegtitie cikla atver§anas produkti 52
tika alkileti un talak baziskos apstaklos ciklizéti par diazepina atvasinajumiem 54 (14. shema),
tadgjadi veicot formalu purina pirimidina cikla paplasinasanu par vienu oglekla atomu.
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N X N-
N Ay \/. NN n L
¢ H Baze ¢ Baze N N
N-y DMF, 60 °C N-y ‘e DMF Nl {.

~L 42-78 % ~L 60-69 % L N=

53a,72 % 54a, 60 %

14. sh€ma. Annelétu tetrazolodiazepinu 54 sintéze.

Sis nodalas pétijumi plasak aprakstiti originalpublikacijas manuskripta 2. pielikuma.

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

Si pétijuma dala tika sakta ar galvenas izejvielas — 2,4-diazidopirido[2,3-d]pirimidina 56
(diazids) — sint€zi no dihlorida 55 SnAr reakcija ar NaN3 (15. shéma). Ar nosaukumu diazids
promocijas darba ir apzimétas formalas diazida struktiiras, jo §1s sist€mas eksisté ka vairaku
azida-tetrazola tautom&ru maisijums. Stabilakais tautomérs 2,4-diazidopirimidinu sistémas
parasti ir tetrazolo[ 1,5-a]pirimidina forma.'* %+ 768 Ar rentgenstruktiiranalizi tika noskaidrots,
ka ar 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 tautoméras formas SNAr reakcijas
rezultétos ar nukleofilu pievienoSanu C(4) pozicija, kas ir sagaidams pirimidina sistémam ar
diviem identiskiem C(2) un C(4) pozicijas aizvietotajiem.

N;
4
XN NaNg =z | SN
acetons, H,0 2 N
)\C' 50°C, 1h SN N/)\Ns
56, 98 %

15. shéma. Diazida 56 sintéze.

Talak tika izpétits azida-tetrazola Iidzsvars, lai noteiktu iesp&jamo C(2) vai C(4)
regioselektivitati SxAr reakcijas ar diazidu 56. S~Ar reakciju pétijumi tika sakti ar
cikloheksantiola pievienosanu diazidam 56 dazadas polaritates skidinatajos: CHCl3, THF,
DMF un DMSO. Visos gadijumos pievienoSanas norit€ja C(4) pozicija, kas liecinaja par
tautoméras formas 56AT parakumu un augstaku reagétsp&ju neatkarigi no $kidinataja
polaritates (16. shema). Aromatisko tiolu pievienoSana nebija veiksmiga, un reakcija tika atgtita
izejviela.
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56 56AT 58, 52 % (BM%@)
59 % (DMF)
10 % (THF)

16. she€ma. Diazida 56 SnAr reakcija ar cikloheksantiolu.

Ka kontroles eksperiments tika veikta cikloheksantiola un secigu natrija azida pievienoSana
dihloridam 55 (17. shéma). Ari $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 sint&zes cels (16. sheéma) ir vienkarsaks ar vieglaku produktu attirisanu un
augstaku kop&jo iznakumu. Pievienojot aromatisko tiolu (tiofenolu) dihloridam 55,
monoaizvietoSanas produktus 59b un 59c¢ praktiski nebija iesp&jams izdalit no reakcijas

maisijuma, jo reakcijas maistjuma strauji veidojas diaizvietotie produkti 60b un 60c.

' 0 Q i Q

= | N @ sH = N NaNg = N NaH
o KO, T S ayPg  DVF nAy L DV )\ y
N N7 ol KeCOs Cl oroe .
DMF 50°C,1h 50°C, 16 h
55 n 59a,72% 70 % 58 N N 60a: R = CyHex, 75 %
59b, 5 % 60b: R = Ph, 63 %
59¢, 0 % 60c: R = p-CIC,H,, 47 %

strauja otra efyjvale jeyienosanas
59b by 590"33&?/5){{5

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

Talak tika veiktas SnyAr reakcijas ar O-nukleofiliem, kuras tika iegiiti produkti ar zemiem
iznakumiem hidroksida pievienoSanas (hidrolizes) un citu blakusproduktu veido$anas del
(18. sheéma). Jaatzime, ka Saja gadijuma ieglits aromatiska nukleofila — fenola, pievienoSanas
produkts 61b.

N; @ o+

N PY DMF
NTONTNs it 16 h SN N/KN
N=N

56 i’ 61a, 30 % 61b, 13 %

18. shéma. Diazida 56 SxAr aizvieto$ana ar O-nukleofiliem.

N-nukleofilu pievienoSana diazidam 56 norit€ja salidzinos§i atri, un aminu SNAT
aizvietosanas produkti 62 tika iegiiti ar labiem iznakumiem (19. sh@ma). Hidrazina,
hidroksilamina un anilina pievienoSanas gadijumos tika novérota neidentificgjamu produktu
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maisjjumu veidoSanas. legttie pirido[2,3-d[pirimidina aminoatvasinajumi 62 uzradija zemu
$kidibu lielakaja dala organisko skidinataju.

N, i@
SN | N/)\NS . bMso SN | N/KN
56 I‘t§51-57;n :; 62 N=N

o @ - olki-

(o)
()
= “ ‘ SN
SN N/gN
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 reagétsp&ja tika parbaudita CuAAC reakcija. Izmantojot katalitisko sistému
CuSO4-5H2O/natrija askorbats/Nets, tika iegiiti triazoli 63 (20. shema). Nemot véra tetrazola
tautoméra parakumu savienojumiem 62 Skidumos un cietaja fazg, azida tautomeru
funkcionaliz&$ana liecina par Iidzsvara esamibu, kas patstavigi atjauno zemakas koncentracijas
reaggjosa tautomera — azida, daudzumu sistema.

.//

CuS0,-5H,0, NEt3

=z | SN Natrija askorbats = ‘ \J“\
- THF, F,0 N P
N N/KN 60°C, 16 h NTON 'f/'\}’.
N=N 40-75 % N=
58,62 @=N.s- @ = aki-, aril- €3
NG

63a, 40 %

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

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 iegiitajiem tetrazolo[1,5-a]pirido[3,2-e]pirimidina atvasinajumiem lidzsvars CDCl;
Skidumos tika novérots merkaptoatvasinajumam 58 un alkoksiatvasinajumiem 61a un 61b.
Aminogrupa ka elektrondonorais aizvietotajs sp&ja pilnigi nobidit Iidzsvaru tetrazola formas
virziena. Ari polaraja DMSO-ds Skiduma lidzsvars tika nobidits galgji tetrazola formas virziena
un azida forma nebija noverojama, arT palielinot $kiduma temperatiiru.

Tautomerizacijas procesa termodinamisko parametru vertibas dotas 1.3. tabula. Iegiitas
lidzsvara procesa entalpijas produktiem 6la, 58 un 61b ir attiecigi —23,19 kJ/mol,
—21,30 kJ/mol un —17,02 kJ/mol. Ta ka entalpija raksturo tetrazola sistémas stabilitati*' un
elektrondonorie aizvietotaji stabilize tetrazola formu, eksperimentali iegiitas entalpiju vertibas
seciba Oi-Pr 61a > Sc-Hex 58 > Oph 61b labi korel€ ar literatiira zinamo teoriju.

1.3. tabula

Lidzsvara konstantes un tautomerizacijas termodinamiskas vértibas aizvietotiem
tetrazolo[ 1,5-a]pirido[3,2-e]pirimidiniem 58, 61a un 61b CDCIl3 skiduma?*

R R
at N ke a0 N
SN N/)\N3 Kn SN N/KN
A N=N
T
Savienojums R T(K) Kuas® AGs (kJ/mol) AH (kJ/mol) AS (J/mol-K)
298 5,21
58 313 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 4,85
298 3,39
61b 0 313 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 — Ky = [T)/[A], izteikts ka 'H KMR signala integralu attieciba.

Diazida tautomérais lidzsvars izradijas parak sarezgits termodinamisko parametru
noteikSanai, jo sistéma vienlaikus pastav Cetras tautoméras formas. Diazidam 56 ir piecas
teorétiski iesp&jamas tautomeras struktiiras: diazids S6AA, bis-tetrazols 56TT, linears
azidotetrazols S6AT’ un divi azidotetrazoli S6AT un 56TA (22. shema). P&tot Iidzsvaru ar
'"HKMR spektroskopiju, gandriz visos organiskajos $kidinatdjos tika novérotas Getras
tautomeras formas un D2SO4 §kiduma — viena forma. Provizoriskajos diazida tautoméro formu
DFT apréekinos tika atklats, ka linearajai tetrazola formai 56 AT’ ir par 60—75 kJ/mol augstaka
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raSanas energija, salidzinot ar pargjam struktiiram. Balstoties uz aprékinato augsto energgtisko
barjeru, tika postuléts, ka 'H KMR pétijumos linearo formu 56AT’ nenovéro. Polarakos
skidinatajos — DMSO-ds, MeCN, MeNO; un MeOD-ds — vajakos laukos esoSie signali
(tetrazola tautomera forma) tika noveroti parakuma, bet mazak polarajos (CDCls, MTBE, CsDs)
— stiprakos laukos esoSo signalu (azida tautoméra forma) intensitates pieaug. Paaugstinot
$kidumu temperatiiru, tika novérota stiprakos laukos esos$o signalu (azida forma) intensitates
palielinaganas. Sie signalu intensitates mainas novérojumi polaritates un temperatiiras ietekmé
atbilst literatliras datiem — tetrazola forma ir parakuma zemas temperatiras un polaros
skidinatajos, bet paaugstinata temperatira 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 Iidzsvara eksistenci
$aja sistema.

N -N Ns Na
7 N A N:N Q@ SN 7 \i AN ON-
N N7XN = N ‘ N/)\N = SN N” i N NN X N )QN/
=N N=N
56TT 56TA 56AA 56AT 56AT

22. shéma. Diazida 56 tautoméras struktiiras.

Sis apak$nodalas pétijumi pladak aprakstiti originalpublikacija 3. pielikuma.

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

Vispirms dihlorida 65 SnAr reakcija ar NaNj tika iegiits 2,4-diazidopirido[3,2-d|pirimidins
66 (23. shéma). Ar  rentgenstruktiranalizi  tika  noskaidrots, ka arl
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 N,
4
/N ‘ N NaNj /N ‘ XN
I N p —

S /)\ acetons /H,0 . 2

N">cl 50°C, 1h N*Ns :

65 66, 95 % 66AT

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

Vispirms pirido[3,2-d]pirimidina SxAr aizvietoSanai tika izm&ginata K2CO3/DMF reagentu
sisttma (24. shéma). Arl $aja gadijuma tika iegiti C(4) regioselektivitates aizvietoSanas
produkti 67. Mainot reagentu sistému uz mazak polaru $kidinataju — metilénhloridu — un bazi
uz trietilaminu (apstakli b), tika iegits tas paSas C(4) regioselektivitates produkts 67.
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24. shéma. 2,4-Diazidopirido[3,2-d]pirimidina (66) SnAr aizvieto$ana ar tioliem.

Talak tika izm&ginata SnAr reakcija ar N-nukleofiliem (25. shéma). DMSO vidé
p-metoksibenzilamina pievienoSanas reakcija tika ieglits produkts 68a ar 49 % iznakumu bez
papildu bazes pievienosanas. Tika nolemts veikt $kidinataja polaritates ietekmes izpéti uz
regioselektivitati ar meérki iegiit C(2) aizvietoSanas produktu. Veicot reakciju dazadas
polaritates §kidinatajos — benzols, toluols, DCM, CHCI3, MeCN un EtOH, vienmer tika iegfits
C(4) aizvietoSanas produkts 68a. Tas norada, ka 5-azidotetrazolo[1,5-a]pirido[2,3-e]pirimidina
(66AT) tautomérs ir reagétspejigakais tautomers ar lielako koncentraciju $kiduma neatkarigi
$kiduma, tadel tas tika izmantots arT turpmakajos petijumos. Reakcijas ar pirmgjiem un otr&jiem
aminiem tika iegtti produkti ar labiem iznakumiem, un veiksmigas bija arl amonjaka un
hidrazina pievienoSanas reakcijas. Aizvietosana ar aromatisku aminu — anizidinu — nebija
veiksmiga, un reakcija tika atgiita izejviela.

N, N, HN/.
5
/N ‘ NN /N‘ NN ‘NHZ /N‘ NN
NN, X N/QQN DCM, it,, 15 min X N/KN
_ [
66 66AT N=N 61-98 % 68 N=N
@ = @kl H,N-
Xx d
HN/\©\ Y N]
NN OMe : N
A, [ L= (I 1
A ¥
. . N: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 nov@rota blakusproduktu veidosanas, un
spirtu adukti 69 tika ieglti ar zemiem iznakumiem (26. shéma). Lidzigi ka N-nukleofilu
gadijuma, ar aril-O-nukleofili neuzradija reakcijas sp&ju.
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N, @ oH
—_—  »
MeCN
X N/)\Ns 80°C, 16 h = N/gN
66 20-32 % 6o N=N
@ -aki-

26. shéma. 2,4-Diazidopirido[3,2-d]pirimidina (66) SxAr aizvietoSana ar alkoksidiem.

Iegtito produktu talakais lietojums veiksmigi tika paradits CuAAC reakcija (27. shéma).
Nemot vera tetrazola tautomeéra parakumu produktu 67—69 skidumu sisteémas (1.4. tab.) un
cietaja faze€, azida tautoméru funkcionaliz€Sana liecina par Iidzsvaru, kas patstavigi atjauno
reaggéjosa tautoméra — azida — daudzumu sist€ma.

.//
HN HN
z SN OMe Natrija askorbats = N OMe

\ TRF7H,0 \

N 2 NS /)\

N/gN 70°C, 16 h N7 SN
68a N=N 20-83 % 70 Ns

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 maisjjuma bija dal&ji reducétais CuAAC
reakcijas produkts 71 (28. shéma). Literatura ir zinams, ka CuSQO4-5H>O/natrija askorbata
sisttma var reducgt azidoheterociklus Iidz konkr€tajam aminam, kas arl noverots $aja

gadijuma.®’
N, NH,
N =~ CuS0,-5H,0 (20 mol %) N
= NN Na askorbats (40 mol %), NEt; (2 ekv. =z NN
| ot THF7H,0 2 : | B

. = 2 . /
N7N, 70°C, 16 h N N’}f@
66 (5 ekviv.) 71,15 % N=

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

legito produktu 68c izdevas funkcionalizét ari Staudingera reakcija ar trifenilfosfinu
(29. shéma). legtitais iminofosforans uzradija baziskas Ipasibas un viegli proton&jas 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.’® 7!
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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 struktira tika pieradita rentgenstruktiranalizg.
Sis reakcijas regioselektivitate vél nav izskaidrota, un pétijumi turpinas. Tomér apgrieztas
regioselektivitates produkts pierada azida-tetrazola lidzsvara virzitas selektivas transformacijas
iesp&jamibu pirido[3,2-d]pirimidina sisteéma.

>®
N3 N-N
N Ph o N AN
= ~N 3 o = N’
A ‘ /)\ toluols - X ‘ /)\
NN, NN
®ph,
66 73,26 %

30. sheéma. Apgrieztas regioselektivitates Staudingera reakcija.

Tika veikti kontroleksperimenti, mainot reagentu pievienoSanas secibu, lai parliecinatos par
C(4) augstaku reag@tsp&ju (salidzinot ar C(2)) pirido[3,2-d]pirimidina heterocikla sisteéma
(31. shéma). Vispirms pievienojot aminu un tad natrija azidu, tika iegits identisks produkts 68c
ka diazida 66 SxAr reakcija ar aminu. Tomer janorada, ka azida pievienoSanas C(2) pozicija
noritgja tris dienas paaugstinata temperatiira, lidz tika sasniegta pilniga izejvielas konversija.
Lidziga literatiiras pieméra hlora aizvietoSana 4-amino-2-hlorpirido[3,2-d|pirimidina ar natrija
azidu nebija iespgama arT veicinoSos apstaklos, reakciju veicot pie EtOH virSanas
temperatiiras.”> Lai arf produkta 74 veidoSanas notiek selektivi bez 2,4-diaminoprodukta
veido$anas, aminogrupas elektrondonorais efekts savienojuma 74 samazina vai pat aptur talaku
SNAr reakciju norisi sist€éma.

n-C_H
y _NCeHqs
cl o CeHis HN

N
&N H-CBH13NH2 (3 ekv,) /N N NaN3 - ‘ \/’1
A N/)\CI DCM ~ | /)\ acefons 7 H,0 A Ny
N~ >ClI N=N

i.t., 15 min 60 °C, 3 dienas

65 74,89 % 68c, 96 %

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

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

cl N,
| /
/N | N NaN; /N | Lr NaN3
A )\Cl )\Cl /)\ A
65 75A 66TA 66AT N N

32. shéma. Hipotétiskais diazida 66 veidoSanas reakcijas mehanisms.

Talaka darba gaita tika veikta Iidzsvara pétisana ar '"H KMR metodi tetrazoliem 67—69
dazados sSkidumos wun temperatiirds. Aprekinatas azida-tetrazola tautomerizacijas
termodinamisko parametru — Gibsa briva energija, entalpija un entropija — vertibas apkopotas
1.4. tabula. Visiem iegﬁtajiem savienojumiem lidzsvars DMSO-d(, §deume'1 ir pilnigi novirzits
tautoméers un azida-tetrazola lldzsvars. Palielinot slglduma temperatiiru, I1dzsvars tika novirzits
uz azida tautomera veidoSanos. Entalpijas veértibas tetrazola formai, kas aprékinatas, izmantojot
Gibsa brivas energijas vienadojumu (1.3. vienadojums), apstiprina tetrazolu ka energétiski
izdevigako tautoméro formu dotajos eksperimentalajos apstaklos. Tetrazola tautomera parsvaru
normalos apstaklos (25 °C) tautomerizacijas procesam Skidumos kvantitativi raksturo
aprékinatas Gibsa brivas energijas negativas vertibas. p-Metoksibenzilamino- un
heksilaminoaizvietoto produktu Gibsa brivas energijas bija vislielakas (1.4. tab., 68a un 68c),
tadgjadi lidzsvars tika vairak novirzits tetrazola virziena. Spirtu aizvietoto produktu
tautomerizacijas Gibsa brivas energijas vértibas (1.4. tab., 69a un 69b) ir augstakas neka tiolu
67 analogiem. Zemakas tautomerizacijas Gibsa brivas energijas vértibas aprékinatas otr&jo
aminu aizvietotiem produktiem. Nemot v&ra Sos datus (1.4.tab.), var secinat, ka
elektrondonorie aizvietotaji — N-nukleofili > O-nukleofili > S-nukleofili — virza lidzsvaru uz
tetrazola veidoSanas pusi un otr&jo aminu telpiskie traucgjumi nivele tetrazola veidoSanas
procesu (4. att.).

2 O 0 5

AG,gq (Ik.l/mol)
2
%
"
y
O

78 79 80 81 82 83 84 8 B 87 8 & 90 91 92 93 94 95 96 97

Tetrazola daudzums (%)
4. att. Tautomerizacijas Gibsa brivas energijas salidzindjums tetrazoliem 67—69.

Pétijuma tika apskatits ari diazida 66 tautomérais lidzsvars ar '"H KMR spektroskopiju
dazados Skidinatajos (5. att.). 2,4-Diazidopirido[3,2-d]pirimidina augstakas kartas tautomerais
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lidzsvars bija parak sarezgits, lai precizi identificétu tautoméru formam raksturigos signalus.
Atkariba no $kidinataja butiski mainijas tautoméru signalu attieciba un tautoméro formu skaits
Skiduma. Palielinoties $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 tautomeérisma ipasibam. Vairuma gadijumu
novérotas tris 1idz Cetras tautoméras formas. Trifluoretikskabes $kiduma novérota viena
tautomera forma, D>SO4 Skiduma — divas tautomeéras formas. Loti iesp&jams, ka skabaja vide
pirimidina heterocikls tiek protonéts un pirimidinija sistéma lidzsvars tiek pilniba novirzits
azida formas virziena. Visinteresantaka aina tika novérota AcOD-ds $kiduma, kur pastaveja
septinas tautoméras formas, kas liecina par kadas no betaina formas esamibu $kiduma (6. att.).

l
Iy |

| |

) \_ﬁ‘k_\,\_J“‘M \MJLWLLJ itusm,,wLJLif,,i —

| ]
NV i W -~
13,0 o8 o6 ol4 o2 olo sls 86 8l sl slo 78 76 74 68 66 64

5. att. Diazida 66 "H KMR spektri dazados $kidinatajos (iekavas noradits noveéroto
tautomeéru skaits).

6. att. Diazida 66 iesp&jamas betaina tautoméru struktiras.

Sis apaksnodalas pétijumi plagak 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 CDCl; skiduma?

R
kr /N SN
3 T > ‘ N/gN
T N=N
Savienojums R T (K) Krazsv®  AGros (kJ/mol) AHzs (kJ/mol) AS29s (J/mol-K)
298 8,44
67a wl:\/\ 313 432 —529+0,11 —32,11+£1,94 —90,14+6,24
323 3,11
298 6,26
67b N@ 313 3,92 —454+0,02 —23,63+0,38 —64,08+ 1,21
L 323 2,99
298 12,39
67¢ /©/ 313 6,37 —624+£002 —30,53+£034 -81,69+1,11
o 323 4,81
J\ 298 6,53
67d 313 4,49 —4,65+0,03 —20,14+0,61 —51,96+1,95
e 323 3,47
298 4,19
67e /© 313 2,57 -3,55+028 —31,75+490 -94,33+15,74
L 323 1,53
298 15,08
67f /O 313 4,96 —6,11£0,12 —42,05+£2,13 —120,72 + 6,83
ol 323 3,30
. 298 20,83
68a MLWA@ 313 1505  -7,52+022 -21,91+391 -48,05+12,53
OMe 393 10,39
o 298 3,89
68b [N] 313 2,53 —3,36+£0,02 —22,65+0,32 —64,71+1,03
L 323 1,91
298 19,20
68¢c T_/\/\/\ 313 12,77 -732+0,03 -2035+0,56 —43,74+1,78
323 10,19
298 5,92
68d @ 313 3,81 —440£007 —2452+131 —67,42+4,20
- 323 2,74
4 298 3,83
68e [ j 313 2,59 -333+0,01 -1992+025 —55,69+0,79
MTW 323 2,06
298 8,59
69a O/Q 313 3,36 -5,33+0,17 —48,02+2,95 —143,27+9,49
- 323 1,92
298 11,84
69b j:\/ 313 6,00 —6,12+£0,16  —31,55+2,75 —85,50 % 8,83
323 4,45

a— A: azida forma, T: tetrazola forma; b — Kiwazsy = [T)/[4], izteikts ka 'H KMR signila integralu attieciba.
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2. Poliazidopirimidinu sintéze un fizikalo 1pasibu 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 sintéze tas ir nevélams blakusefekts, energétisko
materialu (spragstvielu) izpété detonacijas sp&ja un jutiba pret ar&o impulsu ir svarigas
fizikalas 1pasibas.

Spragstvielas tiek izmantotas gan militaraja sfera, gan civilaja inzenierija — ierocu municija,
kalnriipnieciba, celu buive, €ku nojauksana, gaisa spilveni u.c. Spragstvielas péc to jutibas un
spragstvielas. Primaras spragstvielas biezi vien ir poliazidosavienojumi, kas ir jutigi un
detongjas pie nelielas argjas energijas pievades — berzes, trieciena, siltuma vai elektriska ladina
izlades forma. Primaras spragstvielas parasti nav brizantas un paredz€tas izmantoS$anai
detonatoros sekundaro spragstvielu iniciéSanai. Sekundaras spragstvielas ir daudz spécigakas
un stabilakas par primarajam. To detongSanai nepiecieSams detonacijas vilnis, ko panak ar
detonatoriem. Sekundaras spragstvielas biezi vien ir bazetas uz polinitroorganiskajiem
savienojumiem  un augsto energiju ieglst eksotermiska, iek§molekulara
oksidésanas-reducésanas procesa, kura izdalas liels daudzums gazveida produktu — CO2, CO
un N, 37

Misdieniga tendence energétisko materialu dizaina ir heterociklu funkcionalizé$ana ar
eksplozoforam grupam. Slapekla heterocikliskie savienojumi — tetrazols, triazols, furazans,
triazins un tetrazins — ir pieméroti bivbloki energétisko materialu dizainam, pateicoties to lielai
raSands entalpijai no energétiski bagatajim N-N un C-N saitém’> un to augstajai termalajai
stabilitatei.”® N-N saites organiskajos savienojumos ir energgtiski bagatas, jo to 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 rasanas 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, AH>293 =-200 (kJ/mol) (2.1.)
H,C=CH> — HC=CH + H> AH>93 =175 (kJ/mol) 2.2)

Binarie CiNy savienojumi ar augstu slapekla bilanci ir relativi jauna energétisko
savienojumu klase. To dizains balstas uz slapekli bagatiem heterocikliem, kas savstarp€ji
saistiti ar azo- vai diazotiltiniem un satur vairakas azidogrupas. Binaro energgtisko savienojumu
energija nerodas oksidéSanas-reducé$anas procesa, bet no neparasti augstas rasanas entalpijas,
kas skaidrojama ar lielo C-N un N=N sai$u daudzumu un energ@tiskajam azido grupam.?2* 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 N
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 risina$ana ir svarigs uzdevums ilgtspgjigai nakotnei. Tadeél modernaja
industrijas un zinatnes attistiba liecla 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 apkart€jo vidi, tapéc jaunu
spragstvielu izstradé aizvien nozimigaks kliist vides nekaitiguma faktors.?% %’

Lidz $im jaunatklato bindro energétisko savienojumu klasta (7. att.) nav materialu, kas
atbilstu noteiktajiem misdienigu spragstvielu parametriem — augsta veiktsp&ja, zema
triecienjutiba, termala un kimiska stabilitate, zema toksicitate un mérogojama sintéze no 1étam
izejvielam.” 33 Nereti binarajiem energétiskajiem savienojumiem ir zema sublimacijas
temperattra (76, 77), parlicku augsta jutiba (78, 79) vai sarezgita sint€ze un nepietickama
termala stabilitate (80, 81).2>24 7881

N, N; N
N, N_ _ 3 _N
NASN SN NN NN N MNs
X ‘ Ny ‘ N:N/ ) N3 N:N/ N*N/ =
Ny NN, NN, s =N
76 77 78 79
N, N,
NAN N&N
| I
Ny N/)\NcN\rN\\rNa Na)\N/)\N’/N\rN\‘N
I\J/N 1\1 N N N
80 g1 N”°N \'J( e
N, *N
N,

7. att. Literatura zinamie slapekla bagati binarie energgtiskie 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&ams panakt. Pirimidini bez alkilaizvietotajiem uzradija
paaugstinatu trieciena un berzes jutibu, un, pieliekot lielaku speku, iesp&ams panakt to
sadalisanos. Toties 2,6-diazidopurina (83) (120 N un 1 J), 2,6-diazidodeazapurina (84) (80 N
un 1 J) 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

Annel&tu diazidopirimidinu fizikalie un energgtiskie parametri

N3 N3 N,
(Nf\N NAON N
N \NJ\N3 SN \NJ\N3 \NJ\N
n-CgH, s
* 1" 354 56 82
N3 Ny N3
N_ >N Z>N Z>N
¢ f\\ 4 \ 4 \
N \N)\N3 N \N)\N3 N \N)\N3
n-C H,
83 84 479 85
. . . Berzes Trieciena b
Savienojums N bilance (%) ., _ e ESI*(mJ) k.p.(°C)  Taa
jutiba (N)  jutiba (J)
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 — sadaliSanas temperatira.

Talak tika attistita ideja par vairaku azida funkcionalo grupu ievadiSanu pirimidina, lai tam
pieskirtu detonacijas 1paSibas. Darba gaitd autora zinatniska grupa iedomajas par anneléta
dipirimidina — pirimido[5,4-d]pirimidina poliazidéSanu, kura, ievadot Cetras azida funkcionalas
grupas, iegitu binaro savienojumu CeNis. Sis iegitais produkts lidzinatos
1,3,5-triazidotriazinam, bet bitu ar augstaku sublimacijas siltumietilpibu un labaku termisko
stabilitati, kas ir triazidotriazina iztriiksto§as Tpasibas.?

No komerciali pieejama 2,4,6,8-tetrahlorpirimido[5,4-d]pirimidina SxAr reakcija ar NaN3
izdevas iegit tetraazidu 87 (33. shéma). Monokristala rentgendifrakcijas analizg tika ieguta
kristala struktiira ar vienu tetrazola fragmentu, kas liecina par §1 tautomera preferenci cieta faze.

N,
s NN
~
\Nr\ ‘ N/)\Ns

N3

87,86 %

33. shéma. 2,4,6,8-Tetraazidopirimido[5,4-d|pirimidina 87 sinteze.

Sadarbiba ar profesora Klapetkes grupu ir noteiktas vielas fizikalas Tpasibas un aprékinati
detonacijas veiktspgjas parametri Sim 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 Iidzvertigi parametriem, ko uzrada komerciala primara spragstviela Pb(N3).. Diferenciali
termiskaja analizé netika noverots vielas kuSanas punkts, bet gan tikai strauja eksotermiska
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sadaliSanas pie 155 °C. Karstas virsmas testa tetraazids 87 sadalijas ar uzliesmojumu, un karstas
adatas testa notika detonacija. Detonacija $aja testa ir pozitivs rezultats un norada, ka §im
savienojumam ir potencials kliit par primaro spragstvielu. Tomér, veicot divus sekundaras
spragstvielas PETN inici€Sanas testus ar tetraazidu 87, sekundaras spragstvielas detonacija
nenotika.

Izmantojot EXPLOS5 programmatiiru, tika aprékinats tetraazida 87 detonacijas frontes
spiediens — 20,8 GPa un detonacijas atrums — 7477 m/s. Tetraazida 87 detonacijas parametri ir
salidzinami ar citu binaro 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  1pasibam
(2.2. tab.). Tomér, salidzinot ar Pb(N3),, tetraazidam 87 ir zemaks detonacijas spiediens, kas
izskaidro pagaidam nepietickamo veiktsp&ju sekundaras spragstvielas inici€Sanas testa.

2.2. tabula

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

Meéritie parametri 87 TAT’® BDTDT? Pb(N3)2
Trieciena jutiba (J) <1 1,5 5 2,5-4
Berzes jutiba (N) 1 <5 29 0,1-1
Elektrostatisl((is])izlédesjuﬁba 13 360 174 <5
p (g/cm’) 1,703? 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
Tius. (°C) sadalas 94 sadalas 190
Tsadatssanas (°C) 155 187 189 315
Apréekinatie parametri?
AH\cigosanas (kJ/kg) 5095 5159 6130 1546
Tgetonacijas (K) 3787 3536 4740 3401
Pc; (GPa)® 20,8 22,6 29,4 33,8
Vdetonacijas (10/5) 7477 7866 8602 5920

a — rentgenstaru difrakcijas analiz€ iegitais teorétiskais blivums, kas parrékinats uz 298 K, izmantojot
p20s=p1/(1 + (298 — 7)) vienadojumu, kur a, = 0,00015 un 7' — monokristala analizes temperatiira; b — skabekla
bilance aprékinata pret CO» (Qco = (2O — 2xC — yH/2)(1600/molmasa)); ¢ — detonacijas spiediens Capmana-Zugg
(Chapman-Jouguet) punkta; d — aprekini veikti, izmantojot Gaussian16 un EXPLOS (V7.01.01) programmatiiru.

P&tljumu turpinajuma tika veikta arT tetraazida salu sintéze, izmantojot oksid€josas skabes
(34. shema). Ir zinams, ka salu veidoSana ieverojami uzlabo savienojumu fizikalo un termisko
stabilitati, turklat oksidgjoso skabju izmantoSana palielina skabekla bilanci un detonacijas
veiktspgju.”* - 88 Sintezatie nitrata 88 un perhlorata 89 sali fiziskas stabilitates testos uzradija
ievérojami 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 sintéze.

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

8. att. Rentgenstruktiiranalize iegiita tetraazida 87 trifluoretikskabes un @idens solvata
molekulara strukttira.

Sis apak$nodalas pétijumi plasak aprakstiti originalpublikacija 5. pielikuma un
nepublic€tajos rezultatos 6. un 7. pielikuma.
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1.

3.

SECINAJUMI

Nukleofilo aromatisko aizvietosanos 2,6-diazidopurinos, pateicoties azida-tetrazola
lidzsvaram, iesp&jams veikt ar C(2) selektivitati. Nakama nukleofila pievienoSana $Tm
sisttmam atkartoti notiek C(2) pozicija, veidojot Maizenhaimera kompleksa intermediatu,
kam seko purina cikla atvérSana. ST jauna sintétiska metode dod pieeju
tetrazolilimidazoliem ar augsti funkcionaliz&tu sanu kedi.
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Reciklizgjot tetrazolilimidazolus, kas iegiiti purina cikla atv@rSanas rezultata, var iegit
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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Nukleofila aromatiska aizvietoSanas 2,4-diazidopiridopirimidinos noris C(4) pozicija.

Izstradatas sintStiskas metodes C-5 aizvietotu tetrazolopiridopirimidinu iegliSanai ir
efektivakas par konvencionalajam sintézes strat€gijam.
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legiitie C-5 aizvietotie tetrazolopiridopirimidini $kidumos pastav galvenokart tetrazola
forma, tomér ir funkcionaliz§jami azidiem raksturigajas reakcijas, pateicoties
azida-tetrazola tautome@rajam lidzsvaram.

=
=z
T \: ./ BANFENY

[/ ‘ SN . [/ | SN N=
X N/gN X N/)\N

N=N Ph, KN
777777777777777777777777777777777777777777 [\X ‘N/ N~ Ph3

40



5. Tetrazola funkcionalas grupas elektronus atvelko$as IpasSibas veicina SyAr reakciju norisi
annel€tu pirimidinu sistémas, un tajas aizvietoSanas reakcijas noris atrak neka alternativi
aizvietotos annel€tos pirimidinos.

N-N N-N aQ aQ
[/XIQN,N Nukleofils EXI(N,N 5> ExfsN Nukleofils ExfsN
Sy N/)\ LG Sy N/)\ Nu Sy N/)\ LG Sy N/)\ Nu

6. 2,4,6,8-Tetraazidopirimido[5,4-d]pirimidins (C¢Nis) ir jauns binarais energétiskais

savienojums. Tas ir jutigs pret berzi un triecienu un sadalas ar detonaciju. Sim struktiras
dizainam ir liels nakotnes potencials energétisko materialu izp&t€ un attistiba, pateicoties
augstajam slapekla saturam, labam funkcionaliz€$anas iesp&jam un vieglai pieejamibai.

1N 20,8 kPa
<1J 7477 mi/s
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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)."" 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”-8 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 RSO;-.!° 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.'? '* '3
Importantly, the placement of the azido group adjacent to the heterocyclic nitrogen atom (in the
o-position) gives the azidoazomethine structural fragment which can undergo characteristic
azide-tetrazole tautomeric equilibrium (Scheme 1, b).!*'° 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 drug‘
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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). 22!
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 N 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

23-25

CxNy compounds is currently undergoing a renaissance associated with the search for

environmentally friendly detonators, deliberately avoiding the use of heavy metal

compounds.? 2’
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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;

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

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

e 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 CsNis 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 (AGaog) 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. Klapdtke 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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1. Zakis, J. M.; Leskovskis, K.; Ozols, K.; Kapilinskis, Z.; Kumar, D.; Mishnev, A.;
Zalubovskis, R.; Supuran, C. T.; Abdoli, M.; Bonardi, A.; Novosjolova, I.; Turks,
M. Diazidopurine Ring Opening — Synthesis of Tetrazolylimidazole Derivatives.
Manuscript is submitted in the Journal of Organic Chemistry.

2. LeSkovskis, K.; Misnovs, A.; Novosjolova, I.; Krumm, B.; Klapotke, 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

3. 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

4. Leskovskis, K.; Misnovs, A.; Novosjolova, 1.; Turks, M. SxAr 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

5. LeSkovskis, K.; Zakis, J.; Novosjolova, 1.; 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/¢joc.202100755

48



The results of the Thesis have been presented at the following conferences

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. In: /3th Paul
Walden Symposium: Program and abstracts, Riga, Latvia, September 14—15, 2023.
Riga: 2023, p. 48.

Leskovskis, K.; Novosjolova, I.; Turks, M. Azide-Tetrazole Equilibrium Driven
Reactions of Fused Diazido Pyrimidines and Characterization of Tautomerism
Therein. In: International Symposium on Synthesis and Catalysis 2023: Book of
Abstracts, Evora, Portugal, September 5-8, 2023. Evora: 2023, p. 211.
Leskovskis, K.; Novosjolova, 1.; Turks, M. Azide-Tetrazole Equilibrium in
Pyrido[3,2-d]pyrimidines. In: 82nd International Scientific Conference of the
University of Latvia: Section of Organic Chemistry Book of Abstracts, Riga, Latvia,
March 7, 2023. Riga: 2023, p. 5.

Leskovskis, K., Novosjolova, 1., Turks, M. Azidoazomethine-Tetrazole
Tautomerism in Pyrimidines. In: Balticum Organicum Syntheticum 2022: Program
and Abstract Book, Vilnius, Lithuania, July 3—6, 2022. Vilnius: 2022, p. 109.
Leskovskis, K.; Novosjolova, I.; Turks, M. Synthesis of Tetrazole Fused Pyrido-
Pyrimidines. In: 2nd Drug Discovery Conference: Abstract Book, Riga, Latvia,
September 22-24, 2022. Riga: 2022, p. 61.

Leskovskis, K.; Turks, M.; Novosjolova, 1. Azido-Azomethine — Tetrazole
Tautomerism in Pyridopyrimidines. In: ORCHEM?22: Abstract Book, Munster,
Germany, September 5-7, 2022. Munster: 2022, p. 115.

Leskovskis, K. Aromatic Substitution of Azido-Pyridopyrimidines and Study of
Their Azide Tetrazole Equilibrium. In: The 27th Croatian Meeting of Chemists and
Chemical Engineers: Book of Abstracts, Veli LoSinj, Croatia, October 5-8, 2021.
Veli Losinj: 2021, p. 123.

Leskovskis, K. Azide-Tetrazole Equilibrium Study in
2,4-Diazidopyrido[2,3-d]pyrimidine. In: Riga Technical University 62nd
International Scientific Conference “Material Science and Applied Chemistry”:
Program and Abstracts, Riga, Latvia, October 22, 2021. Riga: 2021, p. 32.
Leskovskis, K. SnAr Regioselectivity and Azide-Tetrazole Equilibrium Study in
Pyrido[2,3-d]pyrimidine. In: /2th Paul Walden Symposium on Organic Chemistry:
Program and Abstract Book, Riga, Latvia, October 28-29, 2021. Riga: 2021, p. 34.

Safety Statement

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

and shoes.

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, Keviar gloves, lab safety shield, earthed laboratory equipment
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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.3*-32

An isolated tetrazole ring is ~ 40 kJ/mol more stable than the azide tautomer due to the
6 m-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).3*
77777777777777777777777777777777777 N N
NH N N-N -
2 3 | ‘N | | N
A~ “NH H,, PtO, NH N PO N
[\v]/ AcOH i AcOH
1A T 2

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).%

H,, PAIC | _ HPAC /N\N
NH3, H.0 | ‘ : TAcOH, EtOH N_

4A 5

NH,

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).3°
Tetrazolo[ 1,5-a]pyrimidine 10T can be opened under basic conditions to form tetrazolate salt
11 (Scheme 4 b).3’
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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).3®
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13T 13A ' 14

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-diazidoquinazolines 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.’> 4> %> 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).?® The most commonly used solvents for studies of the
tautomerization process are DMSO, TFA, and CHCIs. 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 CHCl3.3¢ 444

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.’”> *® 47 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.®! #4
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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.

Kieq)= [T1/[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 = —RTIn(Kc), (1.2)

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

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 }E B and B ’3 A
with rate constants (ka un k). 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, /5.

K(eq.): kB/kA > (1-4)
where

Keq — equilibrium constant;
ks — reaction rate constant (s );
ka — reverse reaction rate constant (s !).

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.*>>! 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
).52

re-cyclization (Scheme 6 b).”* 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.3 >
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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.’>® 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).% 3% 3% %0 Such 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.

N3 N-N

: 6 I N ‘

f </N ‘ SN polar solvent (NfN’ f &SH f _@-sH <Nf
f N N/)&N3 non-polar solvent N N/)\ Ny ‘ /K /. " base ‘
L g ~b gsr 1 37 s

Scheme 8. SNAr substitution and ring-opening in 2,6-diazidopurines observed by K. Ozols.®!

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 263 (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), KoCOs) 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
N-N
N; St N A N\’N /O
NN O/ v H s
</Nfr\|\/)\s/© conditions <N JN\ Q ’ (NfN /O
! Sie e
42 © 43a @ 44

(main by-product)

starting material

No. solvent base (eq.) T (°C) yield 43a (%)* 42 (%)
1 DMF NaH (1.5) rt. 55 12
2 DMF KorBu (1.5) rt 62 4
3 DMF DBU (1.5) rt 0 55
4 toluene NaH (1.5) r.t 5 76
5 toluene KorBu (1.5) r.t. 4 68
6 MeCN NaH (1.5) rt 8 76
7 MeCN KorBu (1.5) r.t 50 20
8 THF NaH (1.5) rt 43 40
9 THF KoBu (1.5) r.t. 36 30
10 i-PrOH KorBu (1.5) rt 34 24
11 DMSO KotBu (1.5) r.t 64 2
12 NMP NaH (1.5) rt 39 21
13 DMF NaH (0.9) r.t 44 32
14 DMF KorBu (2.5) rt. 54 7
15 DMF NaH (1.5) 0 68 5
16 DMF KozBu (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.® ¢ 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 %%

NN
N, N \ N
</Nf§N n—Pr-C.)H (Nf\H f\
N N/)\N3 conditions nC Hﬂ)N\ /ko/\/
n-CgHy, o CiHyq
452 v 46a 47
No. Solvent base (eq.)" T (°C) yield 46a (%)* 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) rt. 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>CO3 (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)¢ r.t. 66 11
17 DMF NaH (3)¢ r.t. 21 42
18 DMF DBU (3)¢ r.t. 36 1

19 toluene DBU (3)¢ r.t. 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 (--BuOH,
adamantanol) alcohols is not possible.
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N | N
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R
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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 (--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 S1 of alkoxy-substituted tetrazolopurines S0 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.
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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
NaNj3 (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.!* 4 67- 8 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 (S6AT). 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.

H,\
N NaN3 =
)\ acefone, H,O ~ /é\
Cl 50°C,1h N
56, 98 % 56AT ﬁﬁ

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: CHCIz, THF, DMF,
and DMSO. In all cases, the nucleophile addition occurred at the C(4) position, indicating the
higher reactivity of the tautomeric form S6AT 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.
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to 59b 59¢ A

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
K,CO
a \J“\ ;MF3 AN
/
NTONT N g6 SN 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
SnAr 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, in-®
(fN @ \H = SN
S Y DMSO N
N7 N7 N, r.t., 15 min N ’L/gN
56 35-71% 62 N=N Py

(J

— 7 | SN
SN N/KN
N=N

>

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 CuSO4-5H20/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,-5H,0, NEt3
=z | N sodium ascorbate = ‘ SN
“ A THF, H,0 N N/)\N
|
N

N 60°C, 16 h }‘.
=N 40-75 % =
58,62 @<= NS @ =alkyl-, aryl- &3
NG
= - 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
CDClI; 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 CDCI3 Solution®

R R
a SN ke @& SN
SN N/)\N;, ki SN N/KN
A N=N
T
Compound R T (K) Kb AG2es (kJ/mol) AH (kJ/mol) AS (J/mol-K)
/O 298 5.21
58 313 3.48 —4.08+0.15 —21.30+£0.78 =57.71£2.10
ki 323 2.68
J\ 298 9.99
6la o] 313 6.30 -5.70+0.27 —23.19+1.09 —58.70+2.76
e 323 485
O 298 3.39
61b 0 313 2.48 -3.02+£0.65 -17.02+3.69 —46.93+10.16
o 323 1.99

a — A: azide tautomer; T: tetrazole tautomer; b — Keq = [T]/[4], 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 S6AA, bis-tetrazole S6TT, linear
azidotetrazole 56AT’, and two angular azidotetrazoles 56AT and 56TA (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 D2SO4 solution.
In preliminary DFT calculations of diazide tautomeric forms, it was found that the linear
tetrazole form S6AT’ 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-d4, and the intensities of
signals at stronger fields (azide tautomeric form) increased in less polar solvents (CDCls,
MTBE, CsDs). 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.

r‘/l"‘\‘N -N N, No N3
Z ‘ N . /N,N NN z ‘ \i AN N-N
sy T L T Gy, = v = (s
=N 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 S~xAr 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).

/
Cl N,
4
Lf g [ L
acetone O 2 =
XN /)\ 2 X //k
N= =~Cl 50°C, 1h N” Ny .
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 KoCO3/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.

" @
) @-sH
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N
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= | s 4 = /N SN
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N=N

67a, 64 % 67b, 84 %

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

Next, the SyAr 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 FEtOH. 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.

N, N, i@
5
/N ‘ ~N /N‘ ~N ‘NHZ /N‘ ~N
— 3 —_—
NN, X N/gaN DCM, r.t., 15 min X N/RN
_0R o
66 66AT N=N 61-98 % 68 N=N
.=alkyl H,N

‘ ] — = ~N
\ N/gN = " X ‘ N/gN
N=N . NN

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 /\©\ NEt,, CuSO,-5H,0 " /\©\
Z ‘ NN OMe sodium ascorbate z ‘ N OMe
THF 7H,0
X /K 2 N /)\
N7SN 70°C, 16 h N"N

N
68a N=N 20-83 % 70 N:?/.

. = alkyl-, aryl-, MeO,C-

T
/N ‘ SN OMe
A N/)\N/>/©/CN

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 CuSO4-5H>O/sodium ascorbate system can

reduce azido heterocycles to amines, which was also observed in this case.®’
N, o NH,
N = CuS0,4-5H,0 (20 mol %) N
ErN ©/ Na ascorbate (40 mol %), NEt3 (2 eq.) z ‘ SN
* THF7H,0 B

X /)\ 2 A =z
N"N, 70°C, 16 h N N’},O
66 (5eq) 71,159 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.’® 7!
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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 Ph3

@
—_—
X N/)\ N, toluene

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 SxAr reactions in the system, and the formation of
product 74 occurs selectively without the 2,4-diamino product.

n-C_H
cl -CeHig HN- O
s HN N
eq.
N SN T L. N N NaN, “ \/’1
. I DCM | acetone / H,0 N
NTSCL i 15 min SAWa 8o °C, 3 days N\NN
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 N— - N,

] |

ENfN _NaN; /N SN Lr _NaN; Lr
N )\Cl )\Cl /)\ A
65 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 CDCls 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
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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 D»SO4 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-d4 solution,
where 7 tautomeric forms were observed, indicating the presence of one betaine form in the
solution (Fig. 6).

— ;"\J‘L‘

'ﬂd J\ﬂ ,J,‘M,,,LMLJ,M e

T ol -
T 9% 94 92 90 8’8 86 84 82 80 78 7% 74 68 66 64
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 CDCIl3 Solution®

R
Kt /N ~N
‘E NS | N/KN
T N=N
Compound R T (K) Ko AGazos (kJ/mol) AH2es (kJ/mol) AS29s (J/mol-K)
298 8.44
67a ,l:\/\ 313 4.32 -5.29+0.11 —=32.11+1.94 -90.14+6.24
323 3.11
298 6.26
67b A/© 313 3.92 —4.54 +0.02 —23.63+0.38 —64.08 +1.21
b 323 2.99
298 12.39
67¢c /©/ 313 6.37 —6.24 +0.02 —-30.53+0.34 —-81.69+1.11
o 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+£028 -31.75+£490 -9433+15.74
323 1.53

67e

s
e
298 15.08
67f /O 313 4.96 —6.11+0.12 —42.05+2.13 -120.72+6.83
-
)

323 3.30
N 298 20.83

68a L 313 1505  —7.52+022 —21.91+391 —48.05+12.53
OMe 393 1039
298 3.89

68b N 313 253 -336+002 —22.65+032 —64.71+1.03
L. 323 1.91
298 19.20

68¢ t'i‘:\/\/\ 313 1277 7324003 —2035+0.56 —43.74+1.78
323 10.19
298 5.92

68d (Nj 313 381 —440+0.07 —24.52+131 —67.42+4.20
- 323 2.74
4 298 3.83

68e [ j 313 239 3334001 -19.92£025 —55.69=0.79
WTM 323 2.06
298 8.59

692 O/Q 313 336 533017 —48.02+2.95 —143.27+9.49
. 323 1.92
298 11.84

69b o 313 600  —6.12+£0.16 -31.55£275 —85.50+8.83
323 4.45

a— A: azide tautomer; T: tetrazole tautomer; b — Keq = [T]/[4], 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 — CO», CO, and N> are released.” ™

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 + H> AH19s =-200 (kJ/mol) 2.1
H>C=CH; —» HC=CH + H2 AH>93 = 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* 783! 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 N
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.26 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).”* 33 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 7881

N N3
° N, N N N
NN r JN\ E/ N-N G NN N N
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NAN N&N
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Ny N/)\N”N\JN\ N N3)\N/)\N"N\’JN\‘N
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80 Y g1 NN \'J( Y
N, *N
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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 J and 60 N), which is the benchmark for the sensitivity threshold of
primary explosives.3* 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

N; N; N,
GrX, QLY OO
n—C?H“\N N, SNSNON, \N)\N3
5 56 82
N3 N3 N3
N_>N Z Z>N
</N \NJ\N /N \NJ\N:, ({ﬂfm\)\ Ny
83 84 "CiHy g5
Compound  Nbalance (%) | nietion fmpact  — poprmd)  mp.CC)  Tue
sensitivity (N)  sensitivity (J)
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 C¢N1s 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 NaNj, 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.

N3
N —
N | Y
SONTN,

N3
87,86 %

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

In collaboration with Professor Klapotke’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(N3),. 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 EXPLOS 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(N3)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(N3)2

Measured values 87 TAT’® BDTDT? Pb(N3)2
Impact sensitivity (J) <1 1.5 5 2.5-4
Friction sensitivity (N) 1 <5 29 0.1-1
Elecsterr(;ssitgsict;‘(ﬁ;“ge 13 360 174 <5
p (g/cm?) 1.7032 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
Tmetiing (°C) decomposes 94 decomposes 190
Taecomposition (°C) 155 187 189 315
Calculated values®
AHiormation (kJ/kg) 5095 5159 6130 1546
Tetonation (K) 3787 3536 4740 3401
Pc; (GPa)* 20.8 22.6 29.4 33.8
Vetonation (10V/8) 7477 7866 8602 5920

a — from X-ray diffraction analysis recalculated to 298 K using p298 = p7/(1 + av(298 — 7)) 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 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.

N3
N XN Nucleophlle
¢ Ay, <
N N7 Nucleophlle
.

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.

NN N-N
[ |
ol e
%Z N base i =

o

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

® @ i@
[n CrL oy
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.

/
‘ CuAAC conditions [ /?’.

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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2,4,6,8-Tetraazidopyrimido[5,4-d]pyrimidine (C¢Ni6) 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.

N3

\( 1N 20.8kPa
)\ <1J 7477 mis
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Annelēti pirimidīni ir medicīnas ķīmijā priviliģētas heterocikliskās struktūras ar daudzveidīgu bioloģisko aktivitāšu profilu atkarībā no pamatcikla uzbūves un aizvietotāju rakstura. Tas saistīts ar annelēto pirimidīnu strukturālo līdzību gan dzīvo organismu šūnu ģenētiskās informācijas nesējiem, gan signālmolekulām, gan arī koenzīmiem. Purīna heterocikls ir dzīvajos organismos visplašāk pārstāvētais annelēto pirimidīnu pārstāvis, jo ietilpst nukleīnskābju sastāvā. Turklāt adenozīna trifosfāts ir šūnu enerģiju nesošā molekula, un citi adenozīna atvasinājumi darbojas kā kardiovaskulārās sistēmas signālmolekulas. Tādēļ annelēto pirimidīnu fragmenti ar labiem rezultātiem tiek izmantoti pretvīrusu, pretvēža, kā arī sirds un citu slimību zāļvielu izstrādē (1. a shēma).1, 2 Biomimētisku struktūru modificēšana un pilnveidošana medicīnas ķīmijā ir labi zināma stratēģija zāļvielu izveidē. Tādēļ jaunu3 sintēzes metožu izstrāde, kas dod iespēju radīt gan jaunus molekulāros skeletus, gan modificēt esošos strukturālos būvblokus, ir nozīmīga inovāciju komponente medicīnas ķīmijā.3 Daudziem no annelētajiem pirimidīniem, ieskaitot purīnu atvasinājumus, ir novērojama luminescence, kas paver to lietojuma iespējas bioorganiskajā un analītiskajā ķīmijā kā sensoriem un materiālzinātnē kā OLED (organiskās gaismu emitējošās diodes) materiāliem.4–6 Arī šajā lietojuma sfērā jaunu sintēzes metožu attīstība dod iespēju uzlabot nepieciešamās vielu fizikālās īpašības.

Heterociklisko savienojumu aizvietotāju modificēšanā dominē tādas metodes kā nukleofīlās (hetero)aromātiskās aizvietošanas reakcijas (SNAr), kā arī pārejas metālu katalizēti C-C un C‑heteroatoms saišu veidošanas procesi, lietojot šķērssametināšanas7, 8 un C-H saišu aktivēšanas8, 9 reakcijas. Daudzos ķīmiskās modifikācijas procesos tiek izmantotas tradicionālās halogēnu aizejošās grupas, kā arī aktivēti O- un S-aizvietotāji, piemēram, TfO-, TsO-, RS-, RSO2-.10 Krietni retāk aprakstītas N-centrētas aizejošās grupas, kas ietver imīdus, amīdus, imidazolus un 1,2,4-triazolus, kā arī promocijas darba autora zinātniskās grupas ieteiktos 1,2,3‑triazolus.11–13 Šajā kontekstā azidogrupas heterocikliskajos savienojumos ir raksturojamas kā N-centrēti pseidohalogenīdu tipa aizvietotāji – tās var piedalīties SNAr reakcijās, dodot azīdjonu (pseidohalogenīds) kā aizejošo grupu, kas ir zināmas, tomēr maz pētītas, reakcijas.12, 14, 15 Svarīgi, ka azidogrupas novietošana blakus heterocikliskā slāpekļa atomam (α-pozīcijā) dod azidoazometīna struktūras fragmentu, kam ir raksturīgs azīda-tetrazola tautomērais līdzsvars (1. b shēma).16–19 Tika izteikta hipotēze, ka, lietojot azidogrupas kā aizejošās grupas heterociklu SNAr reakcijās, ar azīda‑tetrazola līdzsvaru iespējams modulēt reakcijas spēju heterociklos. Reakcijas spējas modulācija paver iespēju dizainēt jaunas reakcijas un ietekmēt zināmu pārvērtību reģioselektivitāti, jo īpaši, ja molekulā ir vairāki azidoaizvietotāji.

Promocijas darbā autors un zinātniskā grupa fokusējās uz azidoheterociklu preparatīvo sintētisko metožu izstrādi divos virzienos: 1) purīnu ķīmisko transformāciju attīstība ar mērķi radīt jaunas reakcijas labi zināmā un ļoti plaši lietotā vielu klasē; 2) piridopirimidīnu funkcionalizēšana, jo šī vielu klase ir krietni mazāk pētīta, salīdzinot ar citiem annelētajiem pirimidīniem.





1. shēma. Izvēlētas annelētu pirimidīnu zāļvielas un azīdu īpašības.

Turklāt, veicot pētījumus ar vielām, kam ir augsts slāpekļa saturs, radās loģiska nepieciešamība noteikt savienojumu enerģētisko profilu (1. c shēma). Azidogrupas ievadīšana organiskajos savienojumos palielina sistēmas termadinamisko enerģiju par ~ 355 kJ/mol, tādēļ savienojumi ar vairākām azidogrupām veido materiālus ar augstu enerģijas blīvumu.20, 21 Azīdi ir jutīgi pret ārēju triecienu un siltumu, un sadaloties veido N2 gāzi un izdala lielu siltuma daudzumu. Tādēļ organiskie azīdi ir potenciāli sprāgstoši savienojumi un azidoaizvietotāju kā eksplozoforu funkcionālo grupu bieži izmanto augsta blīvuma enerģētisko savienojumu ķīmijā.22 Īpaši enerģētiski piesātināti ir smago metālu azīdi un mazmolekulārie organiskie azīdi ar augstu slāpekļa masas bilanci (> 50 %). Augstās triecienjutības dēļ mazmolekulāros azīdus izmanto primāro sprāgstvielu dizainā. Enerģētiskā profila noteikšana promocijas darbā apskatītajiem azidoheterocikliem ļauj pamatot izstrādāto sintētisko metožu drošu lietojumu. Iegūtās zināšanas palīdzēja attīstīt jauna binārā enerģētiskā savienojuma dizainēšanu, mērķtiecīgi lietojot annelētu pirimidīnu molekulāro skeletu un tajā ievadot maksimālo azidogrupu skaitu. Šeit jāuzsver, ka bināru enerģētisko CxNy savienojumu dizains un sintēze patlaban piedzīvo renesansi,23–25 kas saistīta ar vidi nepiesārņojošu detonatoru izstrādi, apzināti izvairoties no smago metālu savienojumu lietojuma.26, 27

Apvienojot interesi par annelētu pirimidīnu reaģētspējas izpēti un azīda-tetrazola līdzsvara ietekmi uz reakciju gaitu, ir izstrādātas vairākas jaunas preparatīvas metodes purīnu un piridopirimidīnu ķīmijā, kā arī noteikti azīda‑tetrazola līdzsvara fizikālķīmiskie raksturlielumi šajās vielu klasēs. Pētītajiem azidoheterocikliem ir noteikts to enerģētiskais profils, lai gūtu pārliecību par sintētisko metožu drošumu. Iegūtās zināšanas ļāva izstrādāt jaunu enerģētisko savienojumu, apzināti pārkāpjot robežu starp tradicionālo sintētisko organisko ķīmiju un sprāgstvielu ķīmiju. 
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Promocijas darba mērķis ir jaunu sintētisko metodoloģiju izstrāde annelētu azidopirimidīnu funkcionalizēšanai, izmantojot azīda-tetrazola līdzsvaru reģioselektivitātes inducēšanai un azīda funkcionālās grupas daudzpusīgās ķīmiskās īpašības. Ņemot vērā iespējamās enerģētiskās īpašības vielām ar augstu slāpekļa saturu, otrs darba mērķis ir eksperimentāli noteikt šo vielu enerģētisko profilu un/vai lietojumu primāro sprāgstvielu izstrādē. 

Mērķa izpildei tika noteikti vairāki uzdevumi:

· SNAr reakciju reģioselektivitātes izpēte annelētu pirimidīnu – purīna, pirido[2,3‑d]pirimidīna un pirido[3,2‑d]pirimidīna, diazidoatvasinājumos;

· sintēzes metožu izstrāde SNAr aizvietošanai annelētajos diazidopirimidīnos;

· sintēzes metožu izstrāde 2,6-diazidopurīnu pirimidīna gredzena atvēršanai;

· reaģētspējas pārbaude selektīvi aizvietoto annelēto azidopirimidīnu tālākai azidogrupas funkcionalizēšanai;

· enerģētiskā profila fizikālo rādītāju noteikšana darbā pētītajiem annelētajiem azidopirimidīniem un  vismaz viena jauna tipa savienojuma dizainēšana šajā grupā, kas atbilstu binārajai CxNy enerģētisko savienojumu klasei ar augstu slāpekļa saturu.
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No iespējamā annelēto azidopirimidīnu klāsta šajā promocijas darbā apskatīti:

· 2,4-diazidopirido[2,3-d]pirimidīni un 2,4-diazidopirido[3,2-d]pirimidīni kā jauna tipa struktūras, kam izpētīta reakcijas spēja;

· purīni, kam atklātas jauna tipa cikla atvēršanas reakcijas, kas dod tetrazolilimidazolus ar aizvietotu sānu ķēdi;

· pirimidopirimidīns, uz kā bāzes dizainēts binārais enerģētiskais savienojums C6N16 un annelēti diazidopirimidīni, kam noteikts to enerģētiskais profils.



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

[bookmark: _Hlk156413505]Promocijas darbā pirmo reizi izpētīta 2,4-diazidopirido[2,3-d]pirimidīna un 2,4‑diazidopirido[3,2-d]pirimidīna iegūšana un to azīda-tetrazola līdzsvari. Atklāts, ka šie savienojumi šķīdumos raksturojas ar sarežģītu līdzsvaru, kurā iespējamas līdz pat četrām tautomērajām formām 2,4-diazidopirido[2,3-d]pirimidīnā un līdz pat septiņām tautomērajām formām 2,4‑diazidopirido[3,2‑d]pirimidīnā. Vienīgais šķīdinātājs, kura polārā daba un ūdeņraža saišu tīkls nodrošina tautomērā līdzsvara pilnīgu novirzīšanu uz diazidoformu, ir trifluoretiķskābe. Savukārt kristāliskajā fāzē abos gadījumos ir novērotas tikai monotetrazola formas, kas no C(2)-azīda grupas veido jaunas annelētas tricikliskas struktūras: pirido[3,2‑e]tetrazolo[1,5-a]pirimidīns un pirido[2,3-e]tetrazolo[1,5-a]pirimidīns.

[bookmark: _Hlk156414533]Abās heterocikliskajās sistēmās nukleofīlās aromātiskās aizvietošanas reakcijas ar N-, O- un S-nukleofīliem notiek selektīvi pie piridopirimidīna C(4), dodot C(5)-aizvietotus pirido[3,2‑e un 2,3-e]tetrazolo[1,5-a]pirimidīnus, ko atkarībā no aizvietotāju prioritātes var dēvēt arī par aizvietotiem tetrazolo[1,5-a]pirido[3,2- e un 2,3-e]pirimidīniem. Šie savienojumi šķīdumos pastāv galvenokārt tetrazola formā, tomēr sistēmās ir novērojams azīda‑tetrazola līdzsvars. C(5)-Aizvietotu pirido[2,3-e]tetrazolo[1,5-a]pirimidīnu gadījumā tautomērā līdzsvara ΔG298 vērtības ir robežās no −3,33 kJ/mol līdz −7,52 kJ/mol, bet pirido[3,2‑e]tetrazolo[1,5‑a]pirimidīnu gadījumā ΔG298 ir −3,02 līdz kJ/mol −5,70 kJ/mol. Iegūtie annelētie tetrazola atvasinājumi ir funkcionalizējami vara katalizētā azīda-alkīna 1,3‑dipolārā ciklopievienošanas (CuAAC) reakcijās par attiecīgajiem triazoliem, pateicoties azīda‑tetrazola līdzsvaram šajās sistēmās. Līdzsvara pētījumos tika novērots, ka: 1) sistēmās ar elektronu donoriem aizvietotājiem līdzsvars ir stiprāk novirzīts uz tetrazola pusi; 2) palielinot šķīdinātāja polaritāti, tetrazola tautomēra koncentrācija palielinās; 3) šķīdumus sildot, palielinās azīda tautomēra koncentrācija. Šie novērojumi jaunajās heterocikliskajās sistēmās labi korelē ar literatūrā aprakstītām azīda-tetrazola līdzsvara procesa īpašībām.

Izstrādātā sintēzes metode, kurā kā izejvielas lieto 2,4-dihlorpiridopirimidīnus, tos pārvēršot par diazīdiem, pēc tam selektīvi aizvietojot ar N-, O- un S-nukleofīliem, darbojas efektīvāk nekā sākotnēja selektīva mono-SNAr reakcija pie C(4) ar sekojošu azīda ievadīšanu pie C(2). Tas skaidrojams ar faktu, ka autora zinātniskās grupas piedāvātajā gadījumā annelētā tetrazola tautomērā forma gan nodrošina selektivitāti, gan veicina vispārējo SNAr reakcijas spēju tetrazola elektronus atvelkošo īpašību dēļ. Savukārt klasiskajā pieejā, sākotnēji ievadot heteronukleofīlu, kas kļūst par elektrondonoru aizvietotāju, tas apgrūtina nākamo SNAr reakcijas soli.



2,6-Diazidopurīnu pirimidīna gredzena atvēršana

Aromātisko nukleofīlo aizvietošanu N(9)-aizvietotos 2,6-diazidopurīnos iespējams veikt reģioselektīvi C(2) vai C(6) pozīcijā, izvēloties piemērotu šķīdinātāju un reaģentu sistēmu. Tika atklāts, ka purīna atvasinājumiem, kam raksturīga annelētā tetrazola veidošanās pie C(6), iespējams pievienot papildus nukleofīlu pie C(2). Tā rezultātā rodas Maizenhaimera komplekss, kas sabrūk ar pirimidīna cikla atvēršanos, jo tetrazols izrādās labāka aizejošā grupa nekā ienākošais N-, O- vai S-nukleofīls. Arī šajā gadījumā azīda-tetrazola līdzsvars ne vien inducē reģioselektivitāti, bet arī aktivē purīna heterociklisko sistēmu nukleofīla uzbrukumam. Izmantojot šo divpakāpju sintēzes metodi, iegūstami augsti funkcionalizēti iminoimidazoliltetrazoli, kas aizvietoti ar dažādiem heteronukleofīliem. Tika parādīts, ka imidazoliltetrazolu alkilēšanas-ciklizācijas reakcijā iegūstami tetrazolodiazepīni, kas ir formāla tetrazolopurīna homologēšana, paplašinot tā heterociklisko sistēmu par vienu oglekļa atomu.



Enerģētiskais profils un jauns binārais savienojums

Visiem darbā pētītajiem azidoheterocikliem to enerģētiskais profils ir noteikts sadarbībā ar profesora Tomasa Klapetkes (Thomas M. Klapötke) grupu no Minhenes Ludviga Maksimiliāna universitātes. Dizainēts un iegūts jauns enerģētisks binārais C6N16 savienojums – 2,4,6,8‑tetraazidopirimido[5,4-d]pirimidīns. Šis tetraazīds šķīdumos pastāv azīda‑tetrazola līdzsvarā un cietajā fāzē kristalizējas kā monotetrazola tautomērs. Pateicoties augstajai slāpekļa bilancei (75 %), šim savienojumam piemīt primāro sprāgstvielu īpašības un tas detonējas vieglas berzes vai trieciena iedarbībā. Šis atklājums paver iespēju Latvijā uzsākt un attīstīt plašākus primāro sprāgstvielu (detonatoru materiālu) pētījumus.
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Promocijas darbs sagatavots kā tematiski vienotu zinātnisko publikāciju kopa, kas apkopo pētījumus par azidogrupas izmantošanu sintētiskajā metodoloģijā – reģioselektivitātes un reaģētspējas inducēšanai annelētos pirimidīnos un materiālzinātnē – jaunu primāro sprāgstvielu izstrādē. Promocijas darbā apkopotas četras publikācijas SCI žurnālos un viens raksta manuskripts.
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Promocijas darba galvenie rezultāti publicēti trīs zinātniskajos oriģinālrakstos, kā arī sagatavots viens oriģinālpētījuma raksta manuskripts. Promocijas darba izstrādes laikā sagatavots viens apskatraksts. Pētījumu rezultāti prezentēti deviņās zinātniskajās konferencēs.
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UZMANĪBU! Heteroaromātiskie azidosavienojumi ar slāpekļa saturu ≥ 50 % var būt spēcīgi enerģētiskie materiāli ar augstu jutību pret triecieniem un berzi. Sintezējot un strādājot ar vairākiem no aprakstītajiem azidoheterocikliem, ir jāievēro atbilstoši drošības pasākumi, kas ietver, bet neaprobežojas ar: drošības brillēm; sejas aizsargu; ausu aizbāžņiem; Kevlar cimdiem; drošības aizslietni; iezemētu laboratorijas aprīkojumu un apaviem.
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PROMOCIJAS DARBA GALVENIE REZULTĀTI
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Heterocikli ar azidoazometīna struktūru ir unikāli ar iespējamo azīda-tetrazola līdzsvaru šķīdumos.28, 29 Azīda-tetrazola līdzsvars ir valences tautomērisms, kas noris, azīdam savienojoties ar blakus esošu imīna fragmentu 1,5‑dipolārā ciklizācijas reakcijā. Azīda‑tetrazola līdzsvars ir dinamisks, un to ietekmē aizvietotāju stereoelektroniskie efekti, šķīdinātāja polaritāte, temperatūra un vides pH.30–32

Izolēts tetrazola gredzens ir par ~ 40 kJ/mol stabilāks nekā azīda tautomērs, pateicoties 6 π‑elektronu aromātiskajai sistēmai,33 tādēļ tautomērais līdzsvars izolētā tetrazola sistēmā parasti nav novērojams. Tāpēc azīda funkcionālās grupas transformācijas šādām sistēmām nav iespējamas. Piemēram, 5-feniltetrazola (1T) reducēšana ar H2 uz platīna katalizatora notiek ar selektīvu benzola aromātiskā gredzena reducēšanu un tetrazola funkcionālā grupa paliek neskarta (2. shēma).34





2. shēma. Feniltetrazola reducēšana.

Savukārt annelētās azidoazometīna sistēmās pastāv dinamisks azīda-tetrazola līdzsvars, ko iespējams novērot arī ar dažādām spektroskopiskajām metodēm (IS, UV, KMR). Reakcijas šādās sistēmās var notikt gan ar tetrazola formu – reaģē annelētā sistēma vai kāda cita tai piesaistīta funkcionālā grupa, gan ar azīda formu – reducēšana, ciklopievienošana vai nitrēnu reakcijas. Piemēram, 2-azidopiridīnu 4A iespējams selektīvi reducēt līdz tetrahidropiridotetrazolam (5) vai 2-aminopiridīnam (6), mainot šķīdinātāju un vides pH (3. shēma). 35





3. shēma. 2-Azidopiridīna reducēšana.

Pateicoties elektronus atvelkošās grupas īpašībām, annelētās tetrazola sistēmas ir  reaģētspējīgākas nukleofīlu pievienošanā, salīdzinot ar to azidoanalogiem. Piemēram, 4‑azidopirimidīna 7 sistēma tautomerizējoties reaģē ar ūdeni jau normālos apstākļos bez skābes vai bāzes piedevām, veidojot hemiaminālu 8. To iespējams viegli reducēt ar H2 Pd/C katalizatora klātienē, iegūstot annelētās sistēmas reducēšanas produktu 9 ar saglabātu tetrazola funkcionālo grupu (4. a shēma).36 Tetrazolo[1,5‑a]pirimidīnu 10T bāziskos apstākļos iespējams atvērt, veidojot tetrazola sāli 11 (4. b shēma).37









4. shēma. Azidopirimidīnu funkcionalizēšana.

Azīda-tetrazola līdzsvaru stipri ietekmē annelētajā sistēmā esošo aizvietotāju elektroniskie efekti. Mainot sistēmas kopējo elektronu blīvumu, iespējams pilnīgi apgriezt tautomēro līdzsvaru. Piemēram, ar tetrazolu annelētā pirimidīna sistēmā 12, oksidējot pirimidīnu par N‑oksīdu, tetrazols 13T tautomerizējas par azīdu 13A, ko iespējams funkcionalizēt azīdam raksturīgajā CuAAC reakcijā (5. shēma).38





5. shēma. Elektronisko efektu virzīta annelēta tetrazolo[1,5-c]pirimidīna funkcionalizēšana.

Heterocikliskajās sistēmās ar divām azidoazometīna grupām paveras iespēja veikt reģioselektīvas transformācijas, veicot apzinātu šķīdinātāja izvēli un temperatūras kontroli (1. a att.). Nukleofīlu pievienošana pirimidīnos ar divām identiskām aizejošajām grupām parasti noris aktīvākajā C(4) vietā (1. att., 15). Savukārt, mainoties līdzsvaram, pievienošanās var: 1) paātrināties (1. att., 16), pateicoties tetrazola elektronus atvelkošajām īpašībām, kas stabilizē Maizenhaimera (Meisenheimer) kompleksa intermediātus vai 2) notikt ar mainītu reģioselektivitāti (1. att., 17), sistēmā veidojoties tetrazolam, kas nevar stāties SNAr reakcijā, vai 3) nenotikt vispār (1. att., 18).

Annelētu 2,4-diazidopirimidīnu sērijā ir zināms, ka 2,6‑diazidopurīnos 1939 un 2,6‑diazidodeazapurīnos 2040 aizvietošanās noris C(2) pozīcijā ar mainītu reģioselektivitāti, ko sekmē annelētais tetrazola fragments, savukārt ar 2,4‑diazidohinazolīnu 2114 reģioselektivitātes maiņa nenotiek un reaģētspējīgāka ir C(4) pozīcija.





1. att. Azīda-tetrazola līdzsvars un reaģētspēja annelētos 2,4/2,6-diazidopirimidīnos.

Literatūrā ir labi zināms, ka aizvietotājiem heterocikliskajā sistēmā ir vitāla loma uz azīda‑tetrazola tautomēro līdzsvaru (2. att.). Elektronu donorie aizvietotāji virza līdzsvaru uz tetrazola formas pusi, stabilizējot tetrazola tautomēru, kamēr elektronu akceptorie aizvietotāji – azīda formu.32, 41, 42 Galvenie līdzsvaru ietekmējošie ārējie faktori ir: šķīdinātāja polaritāte (polārāki šķīdinātāji stabilizē tetrazola sistēmas dipola momentu); temperatūra (augstākās temperatūrās veidojas termodinamiski izdevīgākā – azīda forma); heterocikliskās sistēmas protonēšana (elektroniem nabadzīgā sistēmā veidojas azīda tautomērs).28 Biežāk izmantotie šķīdinātāji tautomerizācijas procesa pētījumiem ir DMSO, TFA un CHCl3. Šajos šķīdinātājos parasti iespējams novērot azīda-tetrazola sistēmas līdzsvara galējības: DMSO – tetrazols (augstās polaritātes dēļ); TFA – azīds (sistēma tiek protonēta vai veidots izteikts ūdeņraža saišu tīkls); CHCl3 – tautomēru maisījums.36, 43, 44 

Azīda-tetrazola tautomērismu iespējams pierādīt ar tādām metodēm kā UV un IS spektroskopija.45 Atsevišķos specifiskos gadījumos to var veikt ar plānslāņa hromatogrāfiju35 un kušanas punkta noteikšanu.44 Savukārt ar 15N KMR iespējams analizēt slāpekļa atomus, lai arī magnētiski aktīvā 15N kodola dabīgā koncentrācija savienojumos ir ~ 0,36 % un 15N kodola žiromagnētiskā jutība ir ievērojami zemāka kā citiem kodoliem. Šo iemeslu dēļ 15N KMR pētījumi substrātiem ar dabīgo slāpekļa izotopu sadalījumu ir apgrūtināti. Tomēr azīda‑tetrazola līdzsvars savienojumos ar azīda-tetrazola fragmentam netālu esošiem protoniem ir ļoti labi novērojams un viegli kvantificējams ar 1H KMR. Pēc signālu integrēšanas iegūst tautomēro formu attiecību, kas raksturojama ar līdzsvara konstanti Klīdzsv.37, 46, 47 Uzņemot 1H KMR spektrus dažādās temperatūrās, iespējams raksturot līdzsvara procesu ar termodinamiskajiem parametriem (Gibsa brīvā enerģija, entalpija un entropija).31, 48, 49





2. att. Azīda-tetrazola līdzsvaru ietekmējošie faktori.

Jebkurš dinamiskā līdzsvara process ķīmijā tiek raksturots ar līdzsvara konstanti K(līdzsv.), kas ir apgriezeniskas ķīmiskās pārvērtības ātruma koeficientu attiecība sistēmai, kurā iestājies ķīmiskais līdzsvars. Tātad līdzsvara konstanti (1.1. vienādojums) var izteikt kā divu komponenšu koncentrāciju attiecību līdzsvara stāvoklī, ko iespējams viegli noteikt ar 1H KMR spektroskopiju pēc signālu integrālās attiecības.





	,	(1.1.)

kur Klīdzsv – līdzsvara konstante;

T – tetrazola tautomēra koncentrācijas integrālā vērtība;

A – azīda tautomēra koncentrācijas integrālā vērtība.



Līdzsvarā esošas sistēmas var raksturot ar tautomerizācijas procesa termodinamiskajiem parametriem – Gibsa brīvo enerģiju, entalpiju un entropiju. Gibsa brīvā enerģija nosaka līdzsvara virzienu konkrētajos apstākļos un procesa termodinamisko iespējamību. Savukārt entalpija raksturo absolūto sistēmas stabilitāti neatkarīgi no ārējiem apstākļiem (augstāka vērtība – stabilāka sistēma). Izmantojot Gibsa-Helmholca (Gibbs-Helmholtz) vienādojumu (1.2. vienādojums), iespējams aprēķināt Gibsa brīvo enerģiju tautomerizācijas procesam.





	,	(1.2.)

kur ∆G – Gibsa brīvā enerģija tautomerizācijai, J/mol;

R – universālā gāzu konstante, J/(mol·K);

T – temperatūra, K;

Klīdzsv – līdzsvara konstante.



Tautomerizācijas procesa entalpiju un entropiju nosaka grafiski, attēlojot Gibsa brīvo enerģiju pret temperatūru, un aprēķina pēc Gibsa brīvās enerģijas vienādojuma (1.3. vienādojums), kur y ass vērtība absolūtās nulles temperatūrā (0 K) ir sistēmas entalpija, taisnes slīpums – sistēmas entropija (3. att.).



	,	(1.3.)

kur ∆G – Gibsa brīvā enerģija tautomerizācijai, J/mol;

∆H – tautomerizācijas entalpija, J/mol;

∆S – tautomerizācijas entropija, J/(mol·K).





3. att. Gibsa brīvās enerģijas vienādojuma grafiskais attēlojums.

Dinamiskā līdzsvara procesā, lai gan iestājies līdzsvars, visu laiku pastāv apgriezeniska reakcija A ⇄ B, kas raksturojama kā divas reakcijas  un  ar ātruma konstantēm (kA un kB), kas ir savstarpēji proporcionālas un izsaka līdzsvara konstanti (1.4. vienādojums). Kinētiskās konstantes ļauj aprēķināt līdzsvara iestāšanās ātrumu, ko raksturo ar reakcijas puslaiku .



	,	(1.4.)



kur Klīdzsv – līdzsvara konstante;

kB – tiešās reakcijas ātruma konstante (s−1);

kA – apgrieztās reakcijas ātruma konstante (s−1).



Dinamiskā procesa ātruma mērīšanai ar KMR izmanto ķīmiskās apmaiņas spektroskopijas eksperimentu (EXSY), kurā mēra magnetizācijas pārnesi protonam tautomerizējoties no vienas formas otrā.50 Azīda-tetrazola līdzsvara kinētisko konstanšu noteikšana ir svarīga līdzsvara raksturošanai. Piemēram, lēnas tautomerizācijas gadījumā līdzsvara pētījumu veikšanai nepieciešams ilgstošs laika periods līdzsvara stāvokļa sasniegšanai sistēmā.42, 51 Kinētiskās konstantes nosaka reaģētspējas ātrumu reakcijās, kad reaģē viens izvēlēts tautomērs.
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1.1. Azīda-tetrazola līdzsvars purīna sistēmā un pirimidīna cikla atvēršana

Purīns ir dabā plaši sastopams slāpekļa heterocikls, kura atvasinājumi – adenīns un guanīns – ietilpst DNS sastāvā. Tāpēc liela daļa pretvīrusu un pretvēža preparātu ir veidoti uz purīna un nukleozīdu fragmentu līdzības principa. 

Purīns ir stabila heterocikliskā sistēma, pateicoties tās konjugētās π-elektronu sistēmas aromātiskumam. Tomēr elektronus atvelkošu funkcionālo grupu ievadīšana uz purīna cikla slāpekļiem padara sistēmu elektrofīlāku un veicina nukleofīlu pievienošanos. N-nukleofīlu pievienošana aktivētiem purīniem rezultējas ar formālu N(1) grupas un slāpekļa atoma aizvietošanu tandēmā pirimidīna cikla atvēršanas un saslēgšanas reakcijā pēc SN(ANRORC) mehānisma (6. a shēma). Savukārt sārma pievienošana šādām sistēmām parasti rezultējas ar C(2) oglekļa fragmenta izšķelšanu bez pirimidīna ciklizācijas (6. b shēma).52 Šāda purīna cikla atvēršana ir vienkārša sintētiskā stratēģija augsti funkcionalizētu imidazolu un pirimidīnu, kas ir bieži izmantoti farmakofori medicīnas ķīmijā, pateicoties to līdzībai ar bioloģiskajās sistēmās sastopamajiem nukleozīdiem, iegūšanai.53, 54





6. shēma. Purīna pirimidīna cikla atvēršana. 

Pastāv četri iespējamie purīna sistēmas aktivēšanas mehānismi (7. shēma). Pirmkārt, hipoksantīni ir reaģētspējīgāki, pateicoties esošajai karbonilgrupai, un elektronus atvelkošās grupas ievadīšana N(1) pozīcijā ļauj atvērt hipoksantīnus ar dažādiem nukleofīliem jau istabas temperatūrā. Otrkārt, annelētos purīnos N(1) pozīcija ir daļa no atsevišķas konjugētās sistēmas, kas to padara par aizejošo grupu. Treškārt, elektronus atvelkošās grupas ievadīšana N(1) pozīcijā purīnos un adenīnos padara to par izcilu aizejošo grupu. Aktivētā adenīna sistēmā parasti notiek Dimrota (Dimroth) pārgrupēšanās.55–58 Visbeidzot, elektronu akceptorās grupas ievadīšana N(7) pozīcijā destabilizē imidazola ciklu un tā atvēršana notiek gandrīz jebkādos apstākļos.





7. shēma. Purīna cikla aktivēšanas mehānismi.

Detalizētāka informācija par purīnu aktivēšanas veidiem un atvēršanu – apskatrakstā 1. pielikumā.



Balstoties iepriekšējos pētījumos 9-aizvietotu 2,6-diazidopurīnu ķīmijā, ir zināms, ka, pateicoties azīda‑tetrazola līdzsvaram, nukleofīlā aromātiskā aizvietošanās šādās sistēmās notiek C(2) pozīcijā (8. shēma).5, 39, 59, 60 Šāda C(6) pozīcijas aizsargāšana nukleofīla uzbrukumu veicina arī SNAr procesu atlikušajā heterocikliskajā sistēmā, pateicoties tās elektronu atvelkošajām īpašībām. Kristera Ozola maģistra darbā aprakstītajos pētījumos, izmēģinot tālāku otra nukleofīla pievienošanu 2,6‑diazidopurīnam, tika novērots, ka iegūtais savienojums nebija sagaidāmais 2,6‑diaizvietošanās produkts.61 Produkta analīze parādīja, ka tas satur divus pievienotos tiola nukleofīlus un tetrazola fragmentu, kas atbilda purīna cikla atvēršanas produktam 37.





8. shēma. K. Ozola novērtā SNAr aizvietošana 2,6-diazidopurīnos un cikla atvēršana.61

Analizējot literatūras datus par pirimidīnu atvēršanu, tika noskaidrots, ka šāda tetrazolopirimidīna cikla atvēršana ir veikta divos piemēros. Pirmkārt, pievienojot stipru bāzi, demonstrējis Montgomerijs (Montgomery).43 Otrkārt, ciklu atvēršanu ar oglekļa nukleofīliem, tiem saglabājoties produkta struktūrā, veicis Tišlers (Tišler)62,63 (9. shēma). Tādēļ šajā promocijas darbā tika izstrādāta metode purīna cikla atvēršanai ar dažādiem nukleofīliem, apvienojot reģioselektīvu 2,6-diazidopurīna aizvietošanu ar tandēmu pirimidīna cikla atvēršanu.





9. shēma. Tetrazolopirimidīnu cikla atvēršana.

Uzsākot pētījumu par 2,6-diazidopurīnu ciklu atvēršanu, vispirms tika veikta reakcijas apstākļu optimizācija tiola nukleofīla gadījumā (1.1. tab.), par substrātu izvēloties C(2) aizvietotu 6-azidopurīnu 42, jo apstākļi reģioselektīvai 2,6-diazidopurīna aizvietošanai ar tioliem ir zināmi no K. Ozola maģistra darba. Savukārt cikla atvēršanas apstākļu optimizēšanai ar spirtu tika izvēlēts neaizvietots 2,6-diazidopurīns 45a (1.2. tab.).

Cikla atvēršanā ar tioliem tika secināts: 1) nepolāros šķīdinātājos (toluols) aizvietošana notiek C(2) un C(6) pozīcijās, jo pastāv diazīda forma, tādēļ atvēršanai nepieciešams polārs šķīdinātājs DMF; 2) cikla atvēršanai nepieciešama stipra nenukleofīla bāze NaH, jo, izmantojot vājākas bāzes (DBU (1,8-diazabiciklo[5.4.0]undec-7-ēns), K2CO3), notiek aizvietošana C(2) un C(6) pozīcijās; 3) pazemināta temperatūra mazina blakusproduktu veidošanos, jo palielinās tetrazola koncentrācija un stabilizējas Maizenhaimera komplekss.

Optimizējot purīna cikla atvēršanas reakcijas apstākļus ar spirtiem, tika novērotas atšķirīgas tendences, salīdzinot ar tioliem. Piemērotākais šķīdinātājs bija toluols, kas deva augstāko selektivitāti cikla atvēršanas reakcijai. Šis novērojums ir pretējs purīnu atvēršanas apstākļiem ar tiola nukleofīliem un vispārīgajam konceptam, ka polāri šķīdinātāji stabilizē veidojošos Maizenhaimera intermediātu. Piemērotākā bāze arī šajā gadījumā izrādījās NaH, tomēr interesanti, ka līdzīgi rezultāti tika iegūti, izmantojot DBU, kas tiolu gadījumā nebija spējīgs veikt cikla atvēršanu. Arī temperatūras pazemināšana īpaši neietekmēja reakcijas iznākumu, lai gan temperatūras palielināšana pat nedaudz uzlaboja cikla atvēršanas reakcijas iznākumu un selektivitāti.


1.1. tabula 

Reakcijas apstākļu optimizācija purīna 42 cikla atvēršanai ar tiolu





		Nr.

		Šķīdinātājs

		Bāze (ekviv.)

		T (°C)

		Iznākums 43a 

(%)a

		Izejviela 42 

(%)a



		1

		DMF

		NaH (1,5)

		i. t.

		55

		12



		2

		DMF

		KOtBu (1,5)

		i. t.

		62

		4



		3

		DMF

		DBU (1,5)

		i. t.

		0

		55



		4

		toluols

		NaH (1,5)

		i. t.

		5

		76



		5

		toluols

		KOtBu (1,5)

		i. t.

		4

		68



		6

		MeCN

		NaH (1,5)

		i. t.

		8

		76



		7

		MeCN

		KOtBu (1,5)

		i. t.

		50

		20



		8

		THF

		NaH (1,5)

		i. t.

		43

		40



		9

		THF

		KOtBu (1,5)

		i. t.

		36

		30



		10

		i-PrOH

		KOtBu (1,5)

		i. t.

		34

		24



		11

		DMSO

		KOtBu (1,5)

		i. t.

		64

		2



		12

		NMP

		NaH (1,5)

		i. t.

		39

		21



		13

		DMF

		NaH (0,9)

		i. t.

		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 – iznākums noteikts ar kvantitatīvo 1H KMR metodi reakcijas maisījumā, izmantojot 1,2,3‑trimetoksibenzolu kā iekšējo standartu.



Šo atšķirīgo tendenci iespējams skaidrot ar reakcijas mehānisma maiņu atkarībā no nukleofīla. Tiolāts kā labāks nukleofīls pievienojas purīna sistēmai un veido Maizenhaimera kompleksu. Savukārt spirtu gadījumā reakcija notiek saskaņotā SNAr procesā bez Maizenhaimera kompleksa veidošanās.64–66 Šāds mehānisms izskaidrotu reakcijas norisi nepolārā šķīdinātājā un relatīvi vājākas bāzes DBU spēju veikt cikla atvēršanu.


1.2. tabula 

Reakcijas apstākļu optimizācija purīna 45a cikla atvēršanai ar spirtu





		Nr.

		Šķīdinātājs

		Bāze (ekviv.)b

		T (°C)

		Iznākums 46a (%)a

		Iznākums 47 (%)a



		1

		DMF

		NaH (3)

		i. t.

		38

		21



		2

		MeCN

		NaH (3)

		i. t.

		0

		0



		3

		THF

		NaH (3)

		i. t.

		36

		33



		4

		n-PrOH

		NaH (3)

		i. t.

		50

		42



		5

		toluols

		NaH (3)

		i. t.

		47

		22



		6

		NMP

		NaH (3)

		i. t.

		38

		30



		7

		diglīms

		NaH (3)

		i. t.

		44

		16



		8

		toluols

		K2CO3 (3)

		i. t.

		0

		0



		10

		toluols

		KotBu (3)

		i. t.

		5

		45



		11

		toluols

		KOH (3)

		i. t.

		13

		2



		12

		toluols

		n-BuLi (3)

		i. t.

		7

		4



		13

		toluols

		NaH (3)

		0

		49

		16



		14

		toluols

		NaH (3)

		50

		55

		13



		15

		toluols

		NaH (5)c

		i. t.

		0

		0



		16

		toluols

		NaH (3)d

		i. t.

		66

		11



		17

		DMF

		NaH (3)d

		i. t.

		21

		42



		18

		DMF

		DBU (3)d

		i. t.

		36

		1



		19

		toluols

		DBU (3)d

		i. t.

		49

		1





a – iznākums noteikts ar kvantitatīvo 1H KMR metodi reakcijas maisījumā, izmantojot 1,2,3‑trimetoksibenzolu kā iekšējo standartu; b – alkoksīds pievienots divās porcijās; c – alkoksīds pievienots vienā porcijā; d – alkoksīds pievienots pa pilienam.



Izmantojot optimizētos reakciju apstākļus, sadarbojoties ar laboratorijas kolēģiem (sk. raksta autoru sarakstu), izpētīts substrātu klāsts diazidopurīnu cikla atvēršanai ar tioliem (10. shēma). Purīna N(9) pozīcijas aizvietotājs praktiski neietekmēja reakciju iznākumus, izņemot ribozilatvasinājumiem daļējas acetāta aizsarggrupu šķelšanās dēļ. Reakcijas noritēja veiksmīgi gan ar pirmējiem, gan otrējiem tioliem. Jāatzīmē, ka purīna cikla atvēršana ar aromātiskajiem tioliem nav iespējama konkrētajos apstākļos, visticamāk, tāpēc, ka ariltiolāts ir labāka aizejošā grupa nekā tetrazola anjons.





10. shēma. Diazidopurīna 45 atvēršana ar tioliem.

Izmantojot piemeklētos reakcijas apstākļus O-nukleofīlu gadījumā (NaH/toluols), tika demonstrēts substrātu klāsts purīna cikla atvēršanai ar dažādiem spirtiem (11. shēma). Jāuzsver, ka izdevās iegūt ciklisko pievienošanās produktu 46b, izmantojot etilēnglikolu kā nukleofīlu. Arī šajā gadījumā purīna cikla atvēršana ar aromātiskiem (fenols) un stēriski lieliem (t-BuOH, adamantanols) spirtu nukleofīliem nav iespējama.





11. shēma. Diazidopurīna 45 cikla atvēršana ar spirtiem.

Purīna cikla atvēršana ar amīnu nukleofīliem izrādījās neiespējama. Tomēr, pakļaujot purīnus 48 ar aminoaizvietotājiem C(2) pozīcijā cikla atvēršanas apstākļiem ar pirmējiem un otrējiem spirtiem, tika iegūti karbamimidāti 49 (12. shēma). Aromātisku (fenols) un stēriski lielu (t-BuOH) spirtu pievienošana nebija efektīva. Šajā gadījumā – reakcijā ar fenolu, tika iegūts hidrolīzes produkts ar 62 % iznākumu, kas arī bija galvenais blakusprodukts šī tipa reakcijās.





12. shēma. Tetrazoloaminopurīnu 48 cikla atvēršana ar spirtiem.

Līdzīgi tika iegūti arī alkoksiaizvietotu tetrazolopurīnu 50 cikla atvēršanas produkti 51 ar pirmējo un otrējo spirtu vai tiolu pievienošanu (13. shēma). Produktu stereoselektivitāti nebija iespējams noteikt ar KMR spektroskopiju, taču izdevās iegūt savienojuma 51a monokristālu, kas parādīja Z-dubultsaites ģeometriju produktā.





13. shēma. Tetrazoloalkoksipurīnu 50 atvēršana ar alkoksīdiem un tioliem.

Izstrādātās metodes funkcionalitātes demonstrēšanai iegūtie cikla atvēršanas produkti 52 tika alkilēti un tālāk bāziskos apstākļos ciklizēti par diazepīna atvasinājumiem 54 (14. shēma), tādējādi veicot formālu purīna pirimidīna cikla paplašināšanu par vienu oglekļa atomu.





14. shēma. Annelētu tetrazolodiazepīnu 54 sintēze.



Šīs nodaļas pētījumi plašāk aprakstīti oriģinālpublikācijas manuskriptā 2. pielikumā.

[bookmark: _Toc159492425][bookmark: _Toc161654928][bookmark: _Toc161657515][bookmark: _Toc161657560]1.2. Azīda-tetrazola līdzsvara un SNAr reakciju pētījumi pirido[2,3‑d]pirimidīna heterociklā

Šī pētījuma daļa tika sākta ar galvenās izejvielas – 2,4-diazidopirido[2,3-d]pirimidīna 56 (diazīds) – sintēzi no dihlorīda 55 SNAr reakcijā ar NaN3 (15. shēma). Ar nosaukumu diazīds promocijas darbā ir apzīmētas formālās diazīda struktūras, jo šīs sistēmas eksistē kā vairāku azīda‑tetrazola tautomēru maisījums. Stabilākais tautomērs 2,4‑diazidopirimidīnu sistēmās parasti ir tetrazolo[1,5-a]pirimidīna formā.14, 44, 67, 68 Ar rentgenstruktūranalīzi tika noskaidrots, ka arī 2,4‑diazidopirido[2,3-d]pirimidīna heterocikliskā sistēma kristāliskajā fāzē pastāv kā 5‑azidopirido[3,2‑e]tetrazolo[1,5-a]pirimidīns (56AT). Šīs tautomērās formas SNAr reakcijas rezultētos ar nukleofīlu pievienošanu C(4) pozīcijā, kas ir sagaidāms pirimidīna sistēmām ar diviem identiskiem C(2) un C(4) pozīcijas aizvietotājiem. 





15. shēma. Diazīda 56 sintēze.

Tālāk tika izpētīts azīda‑tetrazola līdzsvars, lai noteiktu iespējamo C(2) vai C(4) reģioselektivitāti SNAr reakcijās ar diazīdu 56. SNAr reakciju pētījumi tika sākti ar cikloheksāntiola pievienošanu diazīdam 56 dažādas polaritātes šķīdinātājos: CHCl3, THF, DMF un DMSO. Visos gadījumos pievienošanās noritēja C(4) pozīcijā, kas liecināja par tautomērās formas 56AT pārākumu un augstāku reaģētspēju neatkarīgi no šķīdinātāja polaritātes (16. shēma). Aromātisko tiolu pievienošana nebija veiksmīga, un reakcijā tika atgūta izejviela.





16. shēma. Diazīda 56 SNAr reakcija ar cikloheksāntiolu.

Kā kontroles eksperiments tika veikta cikloheksāntiola un secīgu nātrija azīda pievienošana dihlorīdam 55 (17. shēma). Arī šajā reakciju sekvencē tika iegūts produkts 58 ar tādu pašu C(4) reģioselektivitāti kā aizvietojot diazīdu 56 ar tiolu. Taču, salīdzinot abas sintētiskās stratēģijas, jāsecina, ka diazīda sintēzes ceļš (16. shēma) ir vienkāršāks ar vieglāku produktu attīrīšanu un augstāku kopējo iznākumu. Pievienojot aromātisko tiolu (tiofenolu) dihlorīdam 55, monoaizvietošanās produktus 59b un 59c praktiski nebija iespējams izdalīt no reakcijas maisījuma, jo reakcijas maisījumā strauji veidojās diaizvietotie produkti 60b un 60c.





17. shēma. 2,4-Dihlorpirido[2,3-d]pirimidīna (55) nukleofīlā aizvietošana SNAr reakcijā.

Tālāk tika veiktas SNAr reakcijas ar O-nukleofīliem, kurās tika iegūti produkti ar zemiem iznākumiem hidroksīda pievienošanās (hidrolīzes) un citu blakusproduktu veidošanās dēļ (18. shēma). Jāatzīmē, ka šajā gadījumā iegūts aromātiskā nukleofīla – fenola, pievienošanās produkts 61b.





18. shēma. Diazīda 56 SNAr aizvietošana ar O-nukleofīliem.

N-nukleofīlu pievienošana diazīdam 56 noritēja salīdzinoši ātri, un amīnu SNAr aizvietošanās produkti 62 tika iegūti ar labiem iznākumiem (19. shēma). Hidrazīna, hidroksilamīna un anilīna pievienošanas gadījumos tika novērota neidentificējamu produktu maisījumu veidošanās. Iegūtie pirido[2,3-d]pirimidīna aminoatvasinājumi 62 uzrādīja zemu šķīdību lielākajā daļā organisko šķīdinātāju.





19. shēma. Diazīda 56 SNAr aizvietošana ar N-nukleofīliem.

Lai demonstrētu aizvietoto produktu lietojumu un azīda-tetrazola līdzsvara esamību, savienojuma 62 reaģētspēja tika pārbaudīta CuAAC reakcijā. Izmantojot katalītisko sistēmu CuSO4·5H2O/nātrija askorbāts/Net3, tika iegūti triazoli 63 (20. shēma). Ņemot vērā tetrazola tautomēra pārākumu savienojumiem 62 šķīdumos un cietajā fāzē, azīda tautomēru funkcionalizēšana liecina par līdzsvara esamību, kas patstāvīgi atjauno zemākās koncentrācijas reaģējošā tautomēra – azīda, daudzumu sistēmā.





20. shēma. 2-(1,2,3-Triazolil)pirido[2,3-d]pirimidīnu 63 sintēze.

Diazīda 56 azīda-tetrazola tautomērisma raksturs tika demonstrēts arī Štaudingera (Staudinger) reakcijā ar trifenilfosfīnu (21. shēma). Interesanti, ka reakcijā izdalīts iminofosforāns 64, kas parasti ir nestabils Štaudingera reakcijas starpprodukts.





21. shēma. Iminofosforāna 64 sintēze Štaudingera reakcijā.

No iegūtajiem tetrazolo[1,5-a]pirido[3,2-e]pirimidīna atvasinājumiem līdzsvars CDCl3 šķīdumos tika novērots merkaptoatvasinājumam 58 un alkoksiatvasinājumiem 61a un 61b. Aminogrupa kā elektrondonorais aizvietotājs spēja pilnīgi nobīdīt līdzsvaru tetrazola formas virzienā. Arī polārajā DMSO-d6 šķīdumā līdzsvars tika nobīdīts galēji tetrazola formas virzienā un azīda forma nebija novērojama, arī palielinot šķīduma temperatūru.

Tautomerizācijas procesa termodinamisko parametru vērtības dotas 1.3. tabulā. Iegūtās līdzsvara procesa entalpijas produktiem 61a, 58 un 61b ir attiecīgi −23,19 kJ/mol, −21,30 kJ/mol un −17,02 kJ/mol. Tā kā entalpija raksturo tetrazola sistēmas stabilitāti31 un elektrondonorie aizvietotāji stabilizē tetrazola formu, eksperimentāli iegūtās entalpiju vērtības secībā Oi-Pr 61a > Sc-Hex 58 > Oph 61b labi korelē ar literatūrā zināmo teoriju.

1.3. tabula

Līdzsvara konstantes un tautomerizācijas termodinamiskās vērtības aizvietotiem tetrazolo[1,5-a]pirido[3,2-e]pirimidīniem 58, 61a un 61b CDCl3 šķīdumāa





		Savienojums

		R

		T (K)

		Klīdzsvb

		ΔG298 (kJ/mol)

		ΔH (kJ/mol)

		ΔS (J/mol·K)



		58

		



		298

		5,21

		−4,08 ± 0,15

		−21,30 ± 0,78 

		−57,71 ± 2,10



		

		

		313

		3,48

		

		

		



		

		

		323

		2,68

		

		

		



		61a

		



		298

		9,99

		−5,70 ± 0,27

		−23,19 ± 1,09

		−58,70 ± 2,76



		

		

		313

		6,30

		

		

		



		

		

		323

		4,85

		

		

		



		61b 

		



		298

		3,39

		−3,02 ± 0,65 

		−17,02 ± 3,69

		−46,93 ± 10,16



		

		

		313

		2,48

		

		

		



		

		

		323

		1,99

		

		

		





a – A: azīda forma, T: tetrazola forma; b – Klīdzsv = [T]/[A], izteikts kā 1H KMR signāla integrāļu attiecība.



Diazīda tautomērais līdzsvars izrādījās pārāk sarežģīts termodinamisko parametru noteikšanai, jo sistēmā vienlaikus pastāv četras tautomērās formas. Diazīdam 56 ir piecas teorētiski iespējamās tautomērās struktūras: diazīds 56AA, bis-tetrazols 56TT, lineārs azidotetrazols 56AT’ un divi azidotetrazoli 56AT un 56TA (22. shēma). Pētot līdzsvaru ar 1H KMR spektroskopiju, gandrīz visos organiskajos šķīdinātājos tika novērotas četras tautomērās formas un D2SO4 šķīdumā – viena forma. Provizoriskajos diazīda tautomēro formu DFT aprēķinos tika atklāts, ka lineārajai tetrazola formai 56AT’ ir par 60−75 kJ/mol augstāka rašanās enerģija, salīdzinot ar pārējām struktūrām. Balstoties uz aprēķināto augsto enerģētisko barjeru, tika postulēts, ka 1H KMR pētījumos lineāro formu 56AT’ nenovēro. Polārākos šķīdinātājos – DMSO-d6, MeCN, MeNO2 un MeOD-d4 – vājākos laukos esošie signāli (tetrazola tautomērā forma) tika novēroti pārākumā, bet mazāk polārajos (CDCl3, MTBE, C6D6) – stiprākos laukos esošo signālu (azīda tautomērā forma) intensitātes pieaug. Paaugstinot šķīdumu temperatūru, tika novērota stiprākos laukos esošo signālu (azīda forma) intensitātes palielināšanās. Šie signālu intensitātes maiņas novērojumi polaritātes un temperatūras ietekmē atbilst literatūras datiem – tetrazola forma ir pārākumā zemās temperatūrās un polāros šķīdinātājos, bet paaugstināta temperatūra un nepolāri šķīdinātāji veicina azīda formas veidošanos.

No šajā nodaļā pētītajiem savienojumiem vienīgi diazīdam 56 izdevās novērot signālu apmaiņas spektroskopijas eksperimentā (EXSY), kas pierādīja dinamiskā līdzsvara eksistenci šajā sistēmā.





22. shēma. Diazīda 56 tautomērās struktūras.

Šīs apakšnodaļas pētījumi plašāk aprakstīti oriģinālpublikācijā 3. pielikumā.

[bookmark: _Toc159492426][bookmark: _Toc161654929][bookmark: _Toc161657516][bookmark: _Toc161657561]1.3. Azīda-tetrazola līdzsvara un SNAr reakciju pētījumi pirido[3,2‑d]pirimidīna heterociklā

Vispirms dihlorīda 65 SNAr reakcijā ar NaN3 tika iegūts 2,4-diazidopirido[3,2-d]pirimidīns 66 (23. shēma). Ar rentgenstruktūranalīzi tika noskaidrots, ka arī 2,4‑diazidopirido[3,2‑d]pirimidīna heterocikliskā sistēma kristāliskajā fāzē pastāv kā 5‑azidopirido[2,3‑e]tetrazolo[1,5-a]pirimidīns (66AT).





23. shēma. 2,4-Diazidopirido[3,2-d]pirimidīna (66) sintēze.

Vispirms pirido[3,2-d]pirimidīna SNAr aizvietošanai tika izmēģināta K2CO3/DMF reaģentu sistēma (24. shēma). Arī šajā gadījumā tika iegūti C(4) reģioselektivitātes aizvietošanās produkti 67. Mainot reaģentu sistēmu uz mazāk polāru šķīdinātāju – metilēnhlorīdu – un bāzi uz trietilamīnu (apstākļi b), tika iegūts tās pašas C(4) reģioselektivitātes produkts 67.





24. shēma. 2,4-Diazidopirido[3,2-d]pirimidīna (66) SNAr aizvietošana ar tioliem.

Tālāk tika izmēģināta SNAr reakcija ar N-nukleofīliem (25. shēma). DMSO vidē p‑metoksibenzilamīna pievienošanas reakcijā tika iegūts produkts 68a ar 49 % iznākumu bez papildu bāzes pievienošanas. Tika nolemts veikt šķīdinātāja polaritātes ietekmes izpēti uz reģioselektivitāti ar mērķi iegūt C(2) aizvietošanās produktu. Veicot reakciju dažādas polaritātes šķīdinātājos – benzols, toluols, DCM, CHCl3, MeCN un EtOH, vienmēr tika iegūts C(4) aizvietošanās produkts 68a. Tas norāda, ka 5‑azidotetrazolo[1,5‑a]pirido[2,3‑e]pirimidīna (66AT) tautomērs ir reaģētspējīgākais tautomērs ar lielāko koncentrāciju šķīdumā neatkarīgi no izvēlētā šķīdinātāja polaritātes. Augstākais C(4) aizvietošanas iznākums tika iegūts DCM šķīdumā, tādēļ tas tika izmantots arī turpmākajos pētījumos. Reakcijās ar pirmējiem un otrējiem amīniem tika iegūti produkti ar labiem iznākumiem, un veiksmīgas bija arī amonjaka un hidrazīna pievienošanas reakcijas. Aizvietošana ar aromātisku amīnu – anizidīnu – nebija veiksmīga, un reakcijā tika atgūta izejviela.





25. shēma. 2,4-Diazidopirido[3,2-d]pirimidīna (66) SNAr aizvietošana ar amīniem.

Veicot SNAr reakcijas ar O-nukleofīliem, tika novērota blakusproduktu veidošanās, un spirtu adukti 69 tika iegūti ar zemiem iznākumiem (26. shēma). Līdzīgi kā N-nukleofīlu gadījumā, arī aril-O-nukleofīli neuzrādīja reakcijas spēju.





26. shēma. 2,4-Diazidopirido[3,2-d]pirimidīna (66) SNAr aizvietošana ar alkoksīdiem.

Iegūto produktu tālākais lietojums veiksmīgi tika parādīts CuAAC reakcijā (27. shēma). Ņemot vērā tetrazola tautomēra pārākumu produktu 67−69 šķīdumu sistēmās (1.4. tab.) un cietajā fāzē, azīda tautomēru funkcionalizēšana liecina par līdzsvaru, kas patstāvīgi atjauno reaģējošā tautomēra – azīda – daudzumu sistēmā.





27. shēma. 2-Triazolilpirido[3,2-d]pirimidīnu 70 sintēze.

Bistriazola sintēze no diazīda 66 nebija veiksmīga daudzu blakusproduktu veidošanās dēļ. Galvenā komponente ar 15 % iznākumu reakcijas maisījumā bija daļēji reducētais CuAAC reakcijas produkts 71 (28. shēma). Literatūrā ir zināms, ka CuSO4·5H2O/nātrija askorbāta sistēma var reducēt azidoheterociklus līdz konkrētajam amīnam, kas arī novērots šajā gadījumā.69





28. shēma. 2,4-Diazidopirido[3,2-d]pirimidīna (66) CuAAC reakcija ar tandēmu azīda reducēšanu.

Iegūto produktu 68c izdevās funkcionalizēt arī Štaudingera reakcijā ar trifenilfosfīnu (29. shēma). Iegūtais iminofosforāns uzrādīja bāziskas īpašības un viegli protonējās heterocikla N(1) pozīcijā, veidojot sāli 72’, kas tika pierādīts šķīdumā un cietā fāzē ar rentgenstruktūranalīzi. Savienojums 72 ir strukturāli līdzīgs fosfazīniem, kas ir nejoniskas superbāzes.70, 71





29. shēma. Iminofosforāna 72 un tā HCl sāls 72’ sintēze.

Štaudingera (Staudinger) reakcijā ar trifenilfosfīnu izdevās iegūt apgrieztās C(2) reģioselektivitātes produktu 73 (30. shēma), tā struktūra tika pierādīta rentgenstruktūranalīzē. Šīs reakcijas reģioselektivitāte vēl nav izskaidrota, un pētījumi turpinās. Tomēr apgrieztās reģioselektivitātes produkts pierāda azīda-tetrazola līdzsvara virzītas selektīvas transformācijas iespējamību pirido[3,2‑d]pirimidīna sistēmā.





30. shēma. Apgrieztās reģioselektivitātes Štaudingera reakcija.

Tika veikti kontroleksperimenti, mainot reaģentu pievienošanas secību, lai pārliecinātos par C(4) augstāku reaģētspēju (salīdzinot ar C(2)) pirido[3,2-d]pirimidīna heterocikla sistēmā (31. shēma). Vispirms pievienojot amīnu un tad nātrija azīdu, tika iegūts identisks produkts 68c kā diazīda 66 SNAr reakcijā ar amīnu. Tomēr jānorāda, ka azīda pievienošanās C(2) pozīcijā noritēja trīs dienas paaugstinātā temperatūrā, līdz tika sasniegta pilnīga izejvielas konversija. Līdzīgā literatūras piemērā hlora aizvietošana 4-amino-2‑hlorpirido[3,2‑d]pirimidīnā ar nātrija azīdu nebija iespējama arī veicinošos apstākļos, reakciju veicot pie EtOH viršanas temperatūras.72 Lai arī produkta 74 veidošanās notiek selektīvi bez 2,4-diaminoprodukta veidošanās, aminogrupas elektrondonorais efekts savienojumā 74 samazina vai pat aptur tālāku SNAr reakciju norisi sistēmā.





31. shēma. Savienojuma 68c sintēze mainītā reaģentu pievienošanas secībā.

Interesanti, ka, veidojoties diazīdam 66, azīda pievienošanās noris visnotaļ ātri (30 min) un istabas temperatūrā. Šis novērojums ļauj postulēt hipotēzi par tetrazola tautomēra veidošanos pēc pirmās azīda grupas pievienošanās C(4) pozīcijā (32. shēma). Veidojoties intermediātam 75T, tetrazols kā elektronus atvelkošā grupa veicina otrā azīda pievienošanos C(2) pozīcijā un tālāk notiek tautomerizācija uz stabilāko diazīda tautomēru 66AT.





32. shēma. Hipotētiskais diazīda 66 veidošanās reakcijas mehānisms.

Tālākā darba gaitā tika veikta līdzsvara pētīšana ar 1H KMR metodi tetrazoliem 67−69 dažādos šķīdumos un temperatūrās. Aprēķinātās azīda-tetrazola tautomerizācijas termodinamisko parametru – Gibsa brīvā enerģija, entalpija un entropija – vērtības apkopotas 1.4. tabulā. Visiem iegūtajiem savienojumiem līdzsvars DMSO-d6 šķīdumā ir pilnīgi novirzīts tetrazola tautomēra virzienā. Savukārt nepolārākā šķīdinātājā – CDCl3 tika novērots azīda tautomērs un azīda‑tetrazola līdzsvars. Palielinot šķīduma temperatūru, līdzsvars tika novirzīts uz azīda tautomēra veidošanos. Entalpijas vērtības tetrazola formai, kas aprēķinātas, izmantojot Gibsa brīvās enerģijas vienādojumu (1.3. vienādojums), apstiprina tetrazolu kā enerģētiski izdevīgāko tautomēro formu dotajos eksperimentālajos apstākļos. Tetrazola tautomēra pārsvaru normālos apstākļos (25 °C) tautomerizācijas procesam šķīdumos kvantitatīvi raksturo aprēķinātās Gibsa brīvās enerģijas negatīvās vērtības. p‑Metoksibenzilamino- un heksilaminoaizvietoto produktu Gibsa brīvās enerģijas bija vislielākās (1.4. tab., 68a un 68c), tādējādi līdzsvars tika vairāk novirzīts tetrazola virzienā. Spirtu aizvietoto produktu tautomerizācijas Gibsa brīvās enerģijas vērtības (1.4. tab., 69a un 69b) ir augstākas nekā tiolu 67 analogiem. Zemākās tautomerizācijas Gibsa brīvās enerģijas vērtības aprēķinātas otrējo amīnu aizvietotiem produktiem. Ņemot vērā šos datus (1.4. tab.), var secināt, ka elektrondonorie aizvietotāji – N‑nukleofīli > O‑nukleofīli > S‑nukleofīli – virza līdzsvaru uz tetrazola veidošanās pusi un otrējo amīnu telpiskie traucējumi nivelē tetrazola veidošanās procesu (4. att.).
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4. att. Tautomerizācijas Gibsa brīvās enerģijas salīdzinājums tetrazoliem 67–69.

Pētījumā tika apskatīts arī diazīda 66 tautomērais līdzsvars ar 1H KMR spektroskopiju dažādos šķīdinātājos (5. att.). 2,4-Diazidopirido[3,2-d]pirimidīna augstākas kārtas tautomērais līdzsvars bija pārāk sarežģīts, lai precīzi identificētu tautomēru formām raksturīgos signālus. Atkarībā no šķīdinātāja būtiski mainījās tautomēru signālu attiecība un tautomēro formu skaits šķīdumā. Palielinoties šķīdinātāja polaritātei, palielinās arī vājākos laukos esošo signālu intensitātes – līdzsvars tika virzīts uz tetrazola tautomēra veidošanās pusi. Šie novērojumi korelē ar literatūrā minētām azīda-tetrazola tautomērisma īpašībām. Vairumā gadījumu novērotas trīs līdz četras tautomērās formas. Trifluoretiķskābes šķīdumā novērota viena tautomērā forma, D2SO4 šķīdumā – divas tautomērās formas. Ļoti iespējams, ka skābajā vidē pirimidīna heterocikls tiek protonēts un pirimidīnija sistēmā līdzsvars tiek pilnībā novirzīts azīda formas virzienā. Visinteresantākā aina tika novērota AcOD‑d4 šķīdumā, kur pastāvēja septiņas tautomērās formas, kas liecina par kādas no betaīna formas esamību šķīdumā (6. att.). 





5. att. Diazīda 66 1H KMR spektri dažādos šķīdinātājos (iekavās norādīts novēroto tautomēru skaits).





6. att. Diazīda 66 iespējamās betaīna tautomēru struktūras.

Šīs apakšnodaļas pētījumi plašāk aprakstīti oriģinālpublikācijā 4. pielikumā.


1.4. tabula

Līdzsvara konstantes un tautomerizācijas termodinamiskās vērtības aizvietotiem tetrazolo[1,5-a]pirido[2,3-e]pirimidīniem 67–69 CDCl3 šķīdumāa

		







		


Savienojums

		R

		T (K)

		Klīdzsv b

		ΔG298 (kJ/mol)

		ΔH298 (kJ/mol)

		ΔS298 (J/mol·K)



		67a

		



		298

		8,44

		−5,29 ± 0,11

		−32,11 ± 1,94

		−90,14 ± 6,24



		

		

		313

		4,32

		

		

		



		

		

		323

		3,11

		

		

		



		67b

		



		298

		6,26

		−4,54 ± 0,02

		−23,63 ± 0,38

		−64,08 ± 1,21



		

		

		313

		3,92

		

		

		



		

		

		323

		2,99

		

		

		



		67c

		



		298

		12,39

		−6,24 ± 0,02

		−30,53 ± 0,34

		−81,69 ± 1,11



		

		

		313

		6,37

		

		

		



		

		

		323

		4,81

		

		

		



		67d

		



		298

		6,53

		−4,65 ± 0,03

		−20,14 ± 0,61

		−51,96 ± 1,95



		

		

		313

		4,49

		

		

		



		

		

		323

		3,47

		

		

		



		67e

		



		298

		4,19

		−3,55 ± 0,28

		−31,75 ± 4,90

		−94,33 ± 15,74



		

		

		313

		2,57

		

		

		



		

		

		323

		1,53

		

		

		



		67f

		



		298

		15,08

		−6,11 ± 0,12

		−42,05 ± 2,13

		−120,72 ± 6,83



		

		

		313

		4,96

		

		

		



		

		

		323

		3,30

		

		

		



		68a

		



		298

		20,83

		−7,52 ± 0,22

		−21,91 ± 3,91

		−48,05 ± 12,53



		

		

		313

		15,05

		

		

		



		

		

		323

		10,39

		

		

		



		68b

		



		298

		3,89

		−3,36 ± 0,02

		−22,65 ± 0,32

		−64,71 ± 1,03



		

		

		313

		2,53

		

		

		



		

		

		323

		1,91

		

		

		



		68c

		



		298

		19,20

		−7,32 ± 0,03

		−20,35 ± 0,56

		−43,74 ± 1,78



		

		

		313

		12,77

		

		

		



		

		

		323

		10,19

		

		

		



		68d

		



		298

		5,92

		−4,40 ± 0,07

		−24,52 ± 1,31

		−67,42 ± 4,20



		

		

		313

		3,81

		

		

		



		

		

		323

		2,74

		

		

		



		68e

		



		298

		3,83

		−3,33 ± 0,01

		−19,92 ± 0,25

		−55,69 ± 0,79



		

		

		313

		2,59

		

		

		



		

		

		323

		2,06

		

		

		



		69a

		



		298

		8,59

		−5,33 ± 0,17

		−48,02 ± 2,95

		−143,27 ± 9,49



		

		

		313

		3,36

		

		

		



		

		

		323

		1,92

		

		

		



		69b

		



		298

		11,84

		−6,12 ± 0,16

		−31,55 ± 2,75

		−85,50 ± 8,83



		

		

		313

		6,00

		

		

		



		

		

		323

		4,45

		

		

		





a – A: azīda forma, T: tetrazola forma; b – Klīdzsv = [T]/[A], izteikts kā 1H KMR signāla integrāļu attiecība.
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Azīda funkcionālā grupa organiskās ķīmijas speciālistam parasti asociējas ar bīstamību, jo, strādājot ar azīda grupu saturošiem mazmolekulāriem savienojumiem, pastāv sprādzienbīstamības risks. Lai gan organiskajā sintēzē tas ir nevēlams blakusefekts, enerģētisko materiālu (sprāgstvielu) izpētē detonācijas spēja un jutība pret ārējo impulsu ir svarīgas fizikālās īpašības.

Sprāgstvielas tiek izmantotas gan militārajā sfērā, gan civilajā inženierijā – ieroču munīcija, kalnrūpniecība, ceļu būve, ēku nojaukšana, gaisa spilveni u.c. Sprāgstvielas pēc to jutības un veiktspējas iedala divās kategorijās – primārās (iniciējošās) un sekundārās (brizantās) sprāgstvielas. Primārās sprāgstvielas bieži vien ir poliazidosavienojumi, kas ir jutīgi un detonējas pie nelielas ārējas enerģijas pievades – berzes, trieciena, siltuma vai elektriskā lādiņa izlādes formā. Primārās sprāgstvielas parasti nav brizantas un paredzētas izmantošanai detonatoros sekundāro sprāgstvielu iniciēšanai. Sekundārās sprāgstvielas ir daudz spēcīgākas un stabilākas par primārajām. To detonēšanai nepieciešams detonācijas vilnis, ko panāk ar detonatoriem. Sekundārās sprāgstvielas bieži vien ir bāzētas uz polinitroorganiskajiem savienojumiem un augsto enerģiju iegūst eksotermiskā, iekšmolekulārā oksidēšanās‑reducēšanās procesā, kurā izdalās liels daudzums gāzveida produktu – CO2, CO un N2.73, 74

Mūsdienīga tendence enerģētisko materiālu dizainā ir heterociklu funkcionalizēšana ar eksplozoforām grupām. Slāpekļa heterocikliskie savienojumi – tetrazols, triazols, furazāns, triazīns un tetrazīns – ir piemēroti būvbloki enerģētisko materiālu dizainam, pateicoties to lielai rašanās entalpijai no enerģētiski bagātajām N-N un C-N saitēm75 un to augstajai termālajai  stabilitātei.76 N-N saites organiskajos savienojumos ir enerģētiski bagātas, jo to sadalīšanās rezultātā rodas slāpeklis (N2), kura trīskāršā N≡N saite ir īpaši stabila. Salīdzinot ar analogu C≡C saiti, kuras veidošanās no divkāršās C=C saites ir endotermiska (pozitīva rašanās entalpija) (2.1. vienādojums), slāpekļa trīskāršās saites veidošanās process ir eksotermisks (negatīva rašanās entalpija) (2.2. vienādojums) un par ~ 375 kJ/mol termodinamiski izdevīgāks.77



HN=NH → N≡N + H2   ΔH298 = −200 (kJ/mol)			(2.1.)

H2C=CH2 → HC≡CH + H2   ΔH298 = 175 (kJ/mol)		(2.2.)



Binārie CxNy savienojumi ar augstu slāpekļa bilanci ir relatīvi jauna enerģētisko savienojumu klase. To dizains balstās uz slāpekli bagātiem heterocikliem, kas savstarpēji saistīti ar azo- vai diazotiltiņiem un satur vairākas azidogrupas. Bināro enerģētisko savienojumu enerģija nerodas oksidēšanās‑reducēšanās procesā, bet no neparasti augstās rašanās entalpijas, kas skaidrojama ar lielo C-N un N=N saišu daudzumu un enerģētiskajām azido grupām.23, 24, 78–81 Ar slāpekli bagātiem enerģētiskajiem savienojumiem nereti ir augstāks vielas blīvums un labāka termiskā stabilitāte, salīdzinot ar klasiskajām polinitrosprāgstvielām. Jāuzsver, ka galvenais sadalīšanās produkts no šādiem slāpekli saturošiem savienojumiem ir nekaitīga N2 gāze, kas ir svarīgs aspekts videi un cilvēkam nekaitīgu sprāgstvielu izstrādei un integrācijai industrijā.82

Aktīva vides aizsardzība, saglabāšana un atjaunošana ir pagājušā gadsimta industrializācijas procesa sekas, to risināšana ir svarīgs uzdevums ilgtspējīgai nākotnei. Tādēļ modernajā industrijas un zinātnes attīstībā liela nozīme ir vidi saudzējošiem procesiem, tehnoloģijām un materiāliem. Biežāk izmantotās primārās sprāgstvielas detonatoros ir svina azīds un svina stifnāts, kas atstāj nelabvēlīgu ietekmi uz cilvēka veselību un apkārtējo vidi, tāpēc jaunu sprāgstvielu izstrādē aizvien nozīmīgāks kļūst vides nekaitīguma faktors.26, 27

Līdz šim jaunatklāto bināro enerģētisko savienojumu klāstā (7. att.) nav materiālu, kas atbilstu noteiktajiem mūsdienīgu sprāgstvielu parametriem – augsta veiktspēja, zema triecienjutība, termālā un ķīmiskā stabilitāte, zema toksicitāte un mērogojama sintēze no lētām izejvielām.74, 83 Nereti binārajiem enerģētiskajiem savienojumiem ir zema sublimācijas temperatūra (76, 77), pārlieku augsta jutība (78, 79) vai sarežģīta sintēze un nepietiekama termālā stabilitāte (80, 81).23, 24, 78–81





7. att. Literatūrā zināmie slāpekļa bagāti binārie enerģētiskie savienojumi.

Promocijas darba izstrādes laikā, sadarbojoties ar profesora Tomasa Klapetkes grupu no Ludviga-Maksimiliāna universitātes Minhenē, tika nolemts pārbaudīt izmantoto azidoheterociklu enerģētisko profilu (2.1. tab.). Tika noskaidrots, ka darbā izmantotie diazīdi ir relatīvi stabili, kā to parāda trieciena un berzes jutības un sadalīšanās temperatūras. Purīna un tā atvasinājumi ar N(9) alkilaizvietotājiem uzrādīja labu stabilitāti, un savienojumu sadalīšanos ar triecienu vai berzi praktiski nav iespējams panākt. Pirimidīni bez alkilaizvietotājiem uzrādīja paaugstinātu trieciena un berzes jutību, un, pieliekot lielāku spēku, iespējams panākt to sadalīšanos. Toties 2,6‑diazidopurīna (83) (120 N un 1 J), 2,6‑diazidodeazapurīna (84) (80 N un 1 J) un 2,4-diazido-8-azahinazolīna (56) (40 N un 2 J)  berzes un trieciena jutība līdzinās pentaeritrola tetranitrātam (PETN) (3 J un 60 N), kas ir etalons primāro sprāgstvielu jutības slieksnim.84 Tātad savienojumi 83, 84 un 56 ietilpst primāro sprāgstvielu kategorijā, un darbs ar tiem lielos daudzumos ir bīstams.


2.1. tabula 

Annelētu diazidopirimidīnu fizikālie un enerģētiskie parametri







		Savienojums

		N bilance (%)

		Berzes jutība (N)

		Trieciena jutība (J)

		ESIa (mJ)

		k. p. (°C)

		Tsad.b



		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

		sadalās

		166



		84

		63

		80

		<1

		> 480

		sadalās

		168



		85

		49

		> 360

		20

		> 480

		85

		155



		PETN85

		18

		60

		3

		60

		143

		179





a – elektrostatiskās izlādes jutība; b – sadalīšanās temperatūra.



Tālāk tika attīstīta ideja par vairāku azīda funkcionālo grupu ievadīšanu pirimidīnā, lai tam piešķirtu detonācijas īpašības. Darba gaitā autora zinātniskā grupa iedomājās par annelēta dipirimidīna –  pirimido[5,4‑d]pirimidīna poliazidēšanu, kurā, ievadot četras azīda funkcionālās grupas, iegūtu bināro savienojumu C6N16. Šis iegūtais produkts līdzinātos 1,3,5‑triazidotriazīnam, bet būtu ar augstāku sublimācijas siltumietilpību un labāku termisko stabilitāti, kas ir triazidotriazīna iztrūkstošās īpašības.86

No komerciāli pieejamā 2,4,6,8‑tetrahlorpirimido[5,4-d]pirimidīna SNAr reakcijā ar NaN3 izdevās iegūt tetraazīdu 87 (33. shēma). Monokristāla rentgendifrakcijas analīzē tika iegūta kristāla struktūra ar vienu tetrazola fragmentu, kas liecina par šī tautomēra preferenci cietā fāzē.





33. shēma. 2,4,6,8-Tetraazidopirimido[5,4-d]pirimidīna 87 sintēze.

Sadarbībā ar profesora Klapetkes grupu ir noteiktas vielas fizikālās īpašības un aprēķināti detonācijas veiktspējas parametri šim savienojumam, kas apkopoti 2.2. tabulā. Tetraazīds 87 izrādījās ārkārtīgi jutīgs uz ārējo impulsu, uzrādot < 1 J trieciena un 1 N lielu berzes jutību, kas ir līdzvērtīgi parametriem, ko uzrāda komerciālā primārā sprāgstviela Pb(N3)2. Diferenciāli termiskajā analīzē netika novērots vielas kušanas punkts, bet gan tikai strauja eksotermiska sadalīšanās pie 155 °C. Karstās virsmas testā tetraazīds 87 sadalījās ar uzliesmojumu, un karstās adatas testā notika detonācija. Detonācija šajā testā ir pozitīvs rezultāts un norāda, ka šim savienojumam ir potenciāls kļūt par primāro sprāgstvielu. Tomēr, veicot divus sekundārās sprāgstvielas PETN iniciēšanas testus ar tetraazīdu 87, sekundārās sprāgstvielas detonācija nenotika.

Izmantojot EXPLO5 programmatūru, tika aprēķināts tetraazīda 87 detonācijas frontes spiediens – 20,8 GPa un detonācijas ātrums – 7477 m/s. Tetraazīda 87 detonācijas parametri ir salīdzināmi ar citu bināro savienojumu – 1,3,5-triazidotriazīns (TAT) un 3,6-bis-(2-(4,6-diazido-1,3,5-triazīn-2-il)-diazenil)-1,2,4,5-tetrazīns (BDTDT), detonācijas īpašībām (2.2. tab.). Tomēr, salīdzinot ar Pb(N3)2, tetraazīdam 87 ir zemāks detonācijas spiediens, kas izskaidro pagaidām nepietiekamo veiktspēju sekundārās sprāgstvielas iniciēšanas testā.

2.2. tabula

2,4,6,8-Tetraazidopirimido[5,4-d]pirimidīna (87) un citu bināro savienojumu un primārās sprāgstvielas – Pb(N3)2 – fizikālie un enerģētiskie parametri

		Mērītie parametri

		87

		TAT78

		[bookmark: _Hlk133309148]BDTDT23

		Pb(N3)2



		Trieciena jutība (J)

		< 1

		1,5

		5

		2,5−4



		Berzes jutība (N)

		1

		<5

		29

		0,1–1



		Elektrostatiskās izlādes jutība (mJ)

		13

		360

		174

		< 5



		ρ (g/cm3)

		1,703a

		1,707

		1,763

		4,8



		N bilance (%)

		75,7

		82,4

		79,13

		28,9



		Ω (%)b

		−64,8

		−47,0

		−55,7

		−11,0



		Tkuš. (°C)

		sadalās

		94

		sadalās

		190



		Tsadalīšanās (°C)

		155

		187

		189

		315



		Aprēķinātie parametrid

		

		

		

		



		ΔHveidošanās (kJ/kg)

		5095

		5159

		6130

		1546



		Tdetonācijas (K)

		3787

		3536

		4740

		3401



		PCJ (GPa)c

		20,8

		22,6

		29,4

		33,8



		Vdetonācijas (m/s)

		7477

		7866

		8602

		5920





a – rentgenstaru difrakcijas analīzē iegūtais teorētiskais blīvums, kas pārrēķināts uz 298 K, izmantojot ρ298 = ρT/(1 + αv(298 − T)) vienādojumu, kur αv = 0,00015 un T – monokristāla analīzes temperatūra; b – skābekļa bilance aprēķināta pret CO2 (ΩCO2 = (nO – 2xC – yH/2)(1600/molmasa)); c – detonācijas spiediens Čapmana‑Žugē (Chapman-Jouguet) punktā; d – aprēķini veikti, izmantojot Gaussian16 un EXPLO5 (V7.01.01) programmatūru.



Pētījumu turpinājumā tika veikta arī tetraazīda sāļu sintēze, izmantojot oksidējošās skābes (34. shēma). Ir zināms, ka sāļu veidošana ievērojami uzlabo savienojumu fizikālo un termisko stabilitāti, turklāt oksidējošo skābju izmantošana palielina skābekļa bilanci un detonācijas veiktspēju.74, 87, 88 Sintezētie nitrāta 88 un perhlorāta 89 sāļi fiziskās stabilitātes testos uzrādīja ievērojami labāku stabilitāti (1 → 2 J triecienjutība un 1 → 40 N berzes jutība). Savukārt sekundārās sprāgstvielas iniciācijas testos, izmantojot tetraazīda perhlorāta (89) detonatoru, pagaidām nav izdevies panākt detonāciju.





34. shēma. Tetraazīda sāļu 88 un 89 sintēze.

Pēc ilgstošiem tetraazīda sāļu 88 un 89 kristalizācijas mēģinājumiem tika iegūts monokristāls no trifluoretiķskābes sķīduma, kas kristalizējies nevis kā tetraazīda sāls, bet gan trifluoretiķskābes solvāts ar ūdens molekulas tiltiņu (8. att.).

 [image: A drawing of a molecule

Description automatically generated]

8. att. Rentgenstruktūranalīzē iegūta tetraazīda 87 trifluoretiķskābes un ūdens solvāta molekulārā struktūra.

	

Šīs apakšnodaļas pētījumi plašāk aprakstīti oriģinālpublikācijā 5. pielikumā un nepublicētajos rezultātos 6. un 7. pielikumā.
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SECINĀJUMI

Nukleofīlo aromātisko aizvietošanos 2,6-diazidopurīnos, pateicoties azīda-tetrazola līdzsvaram, iespējams veikt ar C(2) selektivitāti. Nākamā nukleofīla pievienošana šīm sistēmām atkārtoti notiek C(2) pozīcijā, veidojot Maizenhaimera kompleksa intermediātu, kam seko purīna cikla atvēršana. Šī jaunā sintētiskā metode dod pieeju tetrazolilimidazoliem ar augsti funkcionalizētu sānu ķēdi.







Reciklizējot tetrazolilimidazolus, kas iegūti purīna cikla atvēršanas rezultātā, var iegūt tricikliskus imidazo[4,5-f]tetrazolo[1,5-d][1,4]diazepīnus, formāli paplašinot purīna pirimidīna ciklu par vienu oglekļa atomu.







Nukleofīlā aromātiskā aizvietošanās 2,4-diazidopiridopirimidīnos noris C(4) pozīcijā. Izstrādātās sintētiskās metodes C-5 aizvietotu tetrazolopiridopirimidīnu iegūšanai ir efektīvākas par konvencionālājām sintēzes stratēģijām.







Iegūtie C-5 aizvietotie tetrazolopiridopirimidīni šķīdumos pastāv galvenokārt tetrazola formā, tomēr ir funkcionalizējami azīdiem raksturīgajās reakcijās, pateicoties azīda‑tetrazola tautomērajam līdzsvaram.








Tetrazola funkcionālās grupas elektronus atvelkošās īpašības veicina SNAr reakciju norisi annelētu pirimidīnu sistēmās, un tajās aizvietošanas reakcijas noris ātrāk nekā alternatīvi aizvietotos annelētos pirimidīnos.







2,4,6,8-Tetraazidopirimido[5,4-d]pirimidīns (C6N16) ir jauns binārais enerģētiskais savienojums. Tas ir jutīgs pret berzi un triecienu un sadalās ar detonāciju. Šim struktūras dizainam ir liels nākotnes potenciāls enerģētisko materiālu izpētē un attīstībā, pateicoties augstajam slāpekļa saturam, labām funkcionalizēšanas iespējām un vieglai pieejamībai.
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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 new3 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.3 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.4–6 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-coupling7, 8 and C-H activation8, 9 reactions. Many of these processes use traditional halogen leaving groups or activated O- and S-substituents such as TfO-, TsO-, RS-, and RSO2-.10 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.11–13 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.12, 14, 15 Importantly, the placement of the azido group adjacent to the heterocyclic nitrogen atom (in the α-position) gives the azidoazomethine structural fragment which can undergo characteristic azide-tetrazole tautomeric equilibrium (Scheme 1, b).16–19 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; 2) modification of pyridopyrimidines, because this class of substances has been less studied compared to other annulated pyrimidines.





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). 20, 21 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.20, 21 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.23 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 23–25 associated with the search for environmentally friendly detonators, deliberately avoiding the use of heavy metal compounds.26, 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.
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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:

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

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

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

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

· 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.
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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;

· a new type of energetic binary compound C6N16 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 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 (ΔG298) 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, ΔG298 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.




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. Klapötke at the Ludwig Maximilian University of Munich. A new energetic binary C6N16 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.
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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.

[bookmark: _Toc159507181][bookmark: _Toc161654865][bookmark: _Toc161656878][bookmark: _Toc161657524][bookmark: _Toc161657569]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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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
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Heterocycles with the azidoazomethine structure are unique due to their possible azide‑tetrazole equilibrium in solutions.28, 29 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 π‑electron aromatic system.33 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 H2 on a platinum catalyst occurs with selective reduction of the benzene aromatic ring, and the tetrazole functional group remains unreduced (Scheme 2).34





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).35





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 H2 in the presence of a Pd/C catalyst yields the annulated system reduction product 9 with a preserved tetrazole functional group (Scheme 4 a).36 Tetrazolo[1,5-a]pyrimidine 10T can be opened under basic conditions to form tetrazolate salt 11 (Scheme 4 b).37









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).38





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 1939 and 2,6-diazidodeazapurines 2040 the substitution proceeds with altered regioselectivity at the C(2) position facilitated by the annulated tetrazole fragment. Meanwhile, regioselectivity in 2,4‑diazidoquinazolines 2114 does not change, yet the C(4) position becomes more reactive.









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.32, 41, 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).28 The most commonly used solvents for studies of the tautomerization process are DMSO, TFA, and CHCl3. 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 CHCl3.36, 43, 44

Azide-tetrazole tautomerism can be detected by methods such as UV and IR spectroscopy.45 In certain cases, it can be performed with thin-layer chromatography35 and melting point analysis.44 With 15N NMR, it is possible to analyze nitrogen atoms. However, the natural abundance of the magnetically active 15N nucleus is ~ 0.36 %, and the gyromagnetic sensitivity of the 15N nucleus is significantly lower than for other nuclei. Therefore, 15N 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 1H NMR. The ratio of tautomers is obtained by signal integration and characterized by the equilibrium constant Keq.37, 46, 47 It is further possible to characterize the equilibrium process with thermodynamic parameters (Gibbs free energy, enthalpy, and entropy) by obtaining 1H NMR spectra at different temperatures.31, 48, 49





Fig. 2. Factors influencing the azide-tetrazole equilibrium.

A dynamic equilibrium process in chemistry is characterized by the equilibrium constant Keq, 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 1H NMR spectroscopy by the integral ratio of the signals.

				(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).



					(1.2)



where 

∆G – 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).



					(1.3)



where 

∆G – Gibbs free energy of tautomerization, J/mol;

∆H – enthalpy of tautomerization, J/mol;

∆S – entropy of tautomerization, J/(mol·K).





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 ⇄ B still occurring, which can be characterized as two separate reactions  and   with rate constants (kA un kB). 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 .



	,				(1.4)

where 

Keq – equilibrium constant;

kB – reaction rate constant (s−1);

kA – reverse reaction rate constant (s−1).



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.50 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.42, 51 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 π-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.53, 54





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.55–58 Finally, the introduction of an electron-withdrawing group at the N(7) position destabilizes the imidazole ring, and its opening occurs almost instantly.





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, 39, 59, 60 Such 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.61 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.





Scheme 8. SNAr substitution and ring-opening in 2,6-diazidopurines observed by K. Ozols.61

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.43 Second, a fused pyrimidine ring‑opening with carbon nucleophiles, which enter in the product structure, by Tišler 62,63 (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.





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[5.4.0]undec-7-ene), K2CO3) 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. 


Table 1.1 



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

		No.

		solvent

		base (eq.)

		T (°C)

		yield 43a (%)a

		starting material 42 (%)a



		1

		DMF

		NaH (1.5)

		r.t.

		55

		12



		2

		DMF

		KotBu (1.5)

		r.t.

		62

		4



		3

		DMF

		DBU (1.5)

		r.t.

		0

		55



		4

		toluene

		NaH (1.5)

		r.t.

		5

		76



		5

		toluene

		KotBu (1.5)

		r.t.

		4

		68



		6

		MeCN

		NaH (1.5)

		r.t.

		8

		76



		7

		MeCN

		KotBu (1.5)

		r.t.

		50

		20



		8

		THF

		NaH (1.5)

		r.t.

		43

		40



		9

		THF

		KotBu (1.5)

		r.t.

		36

		30



		10

		i-PrOH

		KotBu (1.5)

		r.t.

		34

		24



		11

		DMSO

		KotBu (1.5)

		r.t.

		64

		2



		12

		NMP

		NaH (1.5)

		r.t.

		39

		21



		13

		DMF

		NaH (0.9)

		r.t.

		44

		32



		14

		DMF

		KotBu (2.5)

		r.t.

		54

		7



		15

		DMF

		NaH (1.5)

		0

		68

		5



		16

		DMF

		KotBu (1.5)

		0

		64

		8





a – yield was determined by quantitative 1H 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.64–66 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.


Table 1.2 

Optimization of Reaction Conditions for the Ring opening of Purine 45a with Propanol 64–66





		No.

		Solvent

		base (eq.)b

		T (°C)

		yield 46a (%)a

		yield 47 (%)a



		1

		DMF

		NaH (3)

		r.t.

		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)

		r.t.

		38

		30



		7

		diglyme

		NaH (3)

		r.t.

		44

		16



		8

		toluene

		K2CO3 (3)

		r.t.

		0

		0



		10

		toluene

		KotBu (3)

		r.t.

		5

		45



		11

		toluene

		KOH (3)

		r.t.

		13

		2



		12

		toluene

		n-BuLi (3)

		r.t.

		7

		4



		13

		toluene

		NaH (3)

		0

		49

		16



		14

		toluene

		NaH (3)

		50

		55

		13



		15

		toluene

		NaH (5)c

		r.t.

		0

		0



		16

		toluene

		NaH (3)d

		r.t.

		66

		11



		17

		DMF

		NaH (3)d

		r.t.

		21

		42



		18

		DMF

		DBU (3)d

		r.t.

		36

		1



		19

		toluene

		DBU (3)d

		r.t.

		49

		1





a – yield was determined by quantitative 1H NMR in the crude reaction mixture, using 1,2,3‑trimethoxybenzene as an internal standard; b – alkoxide was added in two portions; c – 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.





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.





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.





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.





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.





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.
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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 NaN3 (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.14, 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.





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: CHCl3, 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.





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 59c 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.





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.





Scheme 18. SNAr substitution in diazide 56 with O-nucleophiles.


The addition of N-nucleophiles to diazide 56 proceeded relatively quickly and the amine SNAr 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.





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 CuSO4·5H2O/sodium ascorbate/NEt3 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.





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.





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 CDCl3 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‑d6 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 system31 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 Solutiona





		Compound

		R

		T (K)

		Keqb

		ΔG298 (kJ/mol)

		ΔH (kJ/mol)

		ΔS (J/mol·K)



		58

		



		298

		5.21

		−4.08 ± 0.15

		−21.30 ± 0.78 

		−57.71 ± 2.10



		

		

		313

		3.48

		

		

		



		

		

		323

		2.68

		

		

		



		61a

		



		298

		9.99

		−5.70 ± 0.27

		−23.19 ± 1.09

		−58.70 ± 2.76



		

		

		313

		6.30

		

		

		



		

		

		323

		4.85

		

		

		



		61b 

		



		298

		3.39

		−3.02 ± 0.65 

		−17.02 ± 3.69

		−46.93 ± 10.16



		

		

		313

		2.48

		

		

		



		

		

		323

		1.99

		

		

		





a – A: azide tautomer; T: tetrazole tautomer; b – Keq = [T]/[A], expressed as the ratio of  1H NMR signal integrals.



Four tautomeric forms for the diazide 56 in CDCl3 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 56AT and 56TA (Scheme 22). 

While studying the diazide 56 equilibrium with 1H NMR spectroscopy, four tautomeric forms were observed in almost all organic solvents and one tautomeric form in D2SO4 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 1H NMR studies based on the high energy barrier. The signals at weaker fields (tetrazole tautomeric form) were dominant in polar solvents – DMSO-d6, MeCN, MeNO2, and MeOD-d4, and the intensities of signals at stronger fields (azide tautomeric form) increased in less polar solvents (CDCl3, MTBE, C6D6). 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.





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.
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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).





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

The SNAr studies on diazide 66 began using thiols and the K2CO3/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 chloride and the base to triethylamine (condition b) yielded the product 67 with the same C(4) selectivity.





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, CHCl3, 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.





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.





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.





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 CuSO4·5H2O/sodium ascorbate system can reduce azido heterocycles to amines, which was also observed in this case.69





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.70, 71





Scheme 29. Synthesis of iminophosphorane 72 and its HCl 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.





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.72 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. 





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 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.





Scheme 32. Proposed mechanism of diazide 66 formation

Further studies focused on the equilibrium of tetrazoles 67−69 with 1H  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-d6 solution for all compounds is entirely shifted towards the tetrazole tautomer. However, the azide tautomer and azide-tetrazole equilibrium were observed in CDCl3 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 1H NMR spectroscopy in different solvents (Figure 5). The high-order tautomeric equilibrium of 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‑d4 solution, where 7 tautomeric forms were observed, indicating the presence of one betaine form in the solution (Fig. 6).





Fig. 5. 1H 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.


Table 1.4

Equilibrium Constants and Thermodynamic Values of Tautomerization of Tetrazolo[1,5‑a]pyrido[2,3-e]pyrimidines 67–69  in CDCl3 Solutiona

		







		


Compound

		R

		T (K)

		Keq b

		ΔG298 (kJ/mol)

		ΔH298 (kJ/mol)

		ΔS298 (J/mol·K)



		67a

		



		298

		8.44

		−5.29 ± 0.11

		−32.11 ± 1.94

		−90.14 ± 6.24



		

		

		313

		4.32

		

		

		



		

		

		323

		3.11

		

		

		



		67b

		



		298

		6.26

		−4.54 ± 0.02

		−23.63 ± 0.38

		−64.08 ± 1.21



		

		

		313

		3.92

		

		

		



		

		

		323

		2.99

		

		

		



		67c

		



		298

		12.39

		−6.24 ± 0.02

		−30.53 ± 0.34

		−81.69 ± 1.11



		

		

		313

		6.37

		

		

		



		

		

		323

		4.81

		

		

		



		67d

		



		298

		6.53

		−4.65 ± 0.03

		−20.14 ± 0.61

		−51.96 ± 1.95



		

		

		313

		4.49

		

		

		



		

		

		323

		3.47

		

		

		



		67e

		



		298

		4.19

		−3.55 ± 0.28

		−31.75 ± 4.90

		−94.33 ± 15.74



		

		

		313

		2.57

		

		

		



		

		

		323

		1.53

		

		

		



		67f

		



		298

		15.08

		−6.11 ± 0.12

		−42.05 ± 2.13

		−120.72 ± 6.83



		

		

		313

		4.96

		

		

		



		

		

		323

		3.30

		

		

		



		68a

		



		298

		20.83

		−7.52 ± 0.22

		−21.91 ± 3.91

		−48.05 ± 12.53



		

		

		313

		15.05

		

		

		



		

		

		323

		10.39

		

		

		



		68b

		



		298

		3.89

		−3.36 ± 0.02

		−22.65 ± 0.32

		−64.71 ± 1.03



		

		

		313

		2.53

		

		

		



		

		

		323

		1.91

		

		

		



		68c

		



		298

		19.20

		−7.32 ± 0.03

		−20.35 ± 0.56

		−43.74 ± 1.78



		

		

		313

		12.77

		

		

		



		

		

		323

		10.19

		

		

		



		68d

		



		298

		5.92

		−4.40 ± 0.07

		−24.52 ± 1.31

		−67.42 ± 4.20



		

		

		313

		3.81

		

		

		



		

		

		323

		2.74

		

		

		



		68e

		



		298

		3.83

		−3.33 ± 0.01

		−19.92 ± 0.25

		−55.69 ± 0.79



		

		

		313

		2.59

		

		

		



		

		

		323

		2.06

		

		

		



		69a

		



		298

		8.59

		−5.33 ± 0.17

		−48.02 ± 2.95

		−143.27 ± 9.49



		

		

		313

		3.36

		

		

		



		

		

		323

		1.92

		

		

		



		69b

		



		298

		11.84

		−6.12 ± 0.16

		−31.55 ± 2.75

		−85.50 ± 8.83



		

		

		313

		6.00

		

		

		



		

		

		323

		4.45

		

		

		





a – A: azide tautomer; T: tetrazole tautomer; b – Keq = [T]/[A], expressed as a ratio of  1H NMR signal integrals.
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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 N2 are released.73, 74

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 bonds75 and high thermal stability.76 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).77



HN=NH → N≡N + H2   ΔH298 = −200 (kJ/mol)			(2.1)

H2C=CH2 → HC≡CH + H2   ΔH298 = 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.23, 24, 78–81 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.82 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 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.26, 27

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).74, 83 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





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 Klapötke’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 J and 60 N), which is the benchmark for the sensitivity threshold of primary explosives.84 So, compounds 83, 84, and 56 are categorized as primary explosives, and working with them in large quantities is dangerous.


Table 2.1 

Physical and Energetic Parameters of Fused Diazidopyrimidines







		Compound

		N balance (%)

		Friction sensitivity (N)

		Impact sensitivity (J)

		ESDa (mJ)

		m.p. (°C)

		Tdec.b



		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



		PETN85

		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 C6N16 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.86

From the commercially available 2,4,6,8-tetrachloropyrimido[5,4-d]pyrimidine in an SNAr reaction with NaN3, 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.





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

In collaboration with Professor Klapötke’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 explosive – Pb(N3)2. 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 EXPLO5 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(N3)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(N3)2

		Measured values

		87

		TAT78

		BDTDT23

		Pb(N3)2



		Impact sensitivity (J)

		< 1

		1.5

		5

		2.5−4



		Friction sensitivity (N)

		1

		< 5

		29

		0.1−1



		Electrostatic discharge sensitivity (mJ)

		13

		360

		174

		<5



		ρ (g/cm3)

		1.703a

		1.707

		1.763

		4.8



		N balance (%)

		75.7

		82.4

		79.13

		28.9



		Ω (%)b

		−64.8

		−47.0

		−55.7

		−11.0



		Tmelting (°C)

		decomposes

		94

		decomposes

		190



		Tdecomposition (°C)

		155

		187

		189

		315



		Calculated valuesd

		

		

		

		



		ΔHformation (kJ/kg)

		5095

		5159

		6130

		1546



		Tdetonation (K)

		3787

		3536

		4740

		3401



		PCJ (GPa)c

		20.8

		22.6

		29.4

		33.8



		Vdetonation (m/s)

		7477

		7866

		8602

		5920





a – from X-ray diffraction analysis recalculated to 298 K using ρ298 = ρT/(1 + αv(298 – T)) equation, where αv = 0.00015 and T = crystal analysis temperature; b – oxygen balance with respect to CO2 (ΩCO2 = (nO – 2xC – yH/2)(1600/FW)); c – detonation pressure at the Chapman–Jouguet point; d – calculated using Gaussian16 and EXPLO5 (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.74, 87, 88 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.





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).
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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.







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.







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.







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.







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.







2,4,6,8-Tetraazidopyrimido[5,4-d]pyrimidine (C6N16) 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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