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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

1.1. Témas izklasts, promocijas darba struktiira un apjoms

Farmaceitiskas industrijas, materialzinatnes un citu starpdisciplinaro zinatnes nozaru strauja
attistiba pedéjas desmitgades ir biitiski ietekmg€jusi ,,tradicionalo” zinatnes nozaru p&tjjumu raksturu
un virzienus. Ta, organiskaja kimija pakapeniski sak dominét pielietojama rakstura petijumi, kuri
versti uz citu, radniecigo zinatnes nozaru problému risinajumiem. Tadgjadi, lidztekus analitiskajai
Kimijai, arT organiska kimija pakapeniski parvér$as par sava veida ,,instrumentu” jeb metodologiju
kopumu starpdisciplinaro zinatnes nozaru mérku sasniegSanai. Piemé&ram, viens no svarigakajiem
organiskas kimijas p&tfjumu virzieniem ir jaunu sint€zes metodologiju izstrade medicinas kimijas,
agroktmijas un farmaceitiskas industrijas vajadzibam. Latvija kimiski-farmaceitiska nozare ir viens
no prioritarajiem tautsaimniecibas virzieniem, un tapéc promocijas darbu izstrade medicinas kimijas
joma ir svarigs ieguldijums nozares specialistu sagatavoSana.

Promocijas darbu veido pielietojamo pétijumu kopums, un darbs veltits medicinas kimijas
problému risinasanai. Viens no promocijas darba ieklautajiem petijjumiem versts uz jauna darbibas
mehanisma nesteroidalo pretickaisuma Iidzeklu izstradi, par farmakologisko mérki izmantojot
mikrosomalo prostaglandina sintazi 1 (mPGES-1). mPGES-1 sintazes inhibitoru dizaina lidztekus
tradicionalajiem struktiiras-aktivitates likumsakaribu pétijjumiem izmantota ari datormodel&sana.
Farmakofora datormodela izstrade paatrinaja potencialo pretiekaisuma lidzeklu izstradi, un darbs ir
vainagojies ar vairakiem augsti efektiviem lidersavienojumiem talakai virzibai in vivo pétijumos.
Intelektualais ieguldijums mPGES-1 inhibitoru izstrad€ aizsargats ar 4 starptautiskajiem patentiem.

Otrs promocijas darba ieklautais p@tijums vérsts uz jaunu organiskas sint€zes metozu
izstradi, kuras biitu pieme@rotas potencialo zalvielu struktiiras modifikacijai sintézes shémas pedgjas
stadijas. Strukturalas daudzveidibas radiSana p&tamaja bazes struktiira sint€zes beigu posma jeb t.s.
,Vvelna modifikacija” iev€rojami paatrina struktiiras-aktivitates likumsakaribu pétijumus un
racionalizé sintétisko darbu. Promocijas darba ietvaros ir izstradatas uz C-H saites aktivaciju
balstitas aromatisko un heteroaromatisko savienojumu regioselektivas amingSanas un oksidéSanas
metodes. Metodes balstas uz viena reaktora secigu reakciju virkni un ieklauj sakotngju C-H saiSu
aktivaciju, izmantojot hipervalentos joda(IIl) savienojumus un talaku /13—joda?1nu starpsavienojumu
reakciju ar strukturali daudzveidigiem slapekla un skabekla nukleofiliem. Izstradatas metodes
public@tas trijas zinatniskajas publikacijas.

Promocijas darbs sagatavots ka tematiski vienotu zinatnisko publikaciju un patentu kopums,
un kopsavilkums sniedz paveikta darba kopskatu. Publikacijas un patentu pieteikumi uzrakstiti

anglu valoda.



1.2. Pétijuma meérkis un uzdevumi

Promocijas darbam ir divi savstarpé&ji saistiti merki:

1.

plasas savienojumu bibliotékas skrininga rezultata atrasto mPGES-1 sintazes inhibitoru (/it)
parveérst par lidersavienojumu (lead) ta talakai attistibai par jauna darbibas mehanisma

nesteroidalo pretiekaisuma Iidzekli;

izstradat jaunu sintézes metodologiju potencialo zalvielu bazes struktiiras ,,vélinai
modifikacijai”. Sintézes metodologijas izstrade balstama uz C—H saiSu aktivacijas pieeju,
kura neprasa bazes struktiiras iepriek$eju modifikaciju un lauj veikt tieSu C-H saiSu

apmainu pret C—O un C—N sait€m.

Darba mérku istenoSanai izvirziti $adi uzdevumi:

sintezet strukturali daudzveidigus aktiva savienojuma (4it) analogus un uz to bazes izstradat

pirmas paaudzes mPGES-1 inhibitoru farmakoforo datormodeli;
uzlabot farmakoforo datormodeli un veikt struktiiras —aktivitates likumsakaribu p&tijumus;

izmantot optimizeéto farmakoforo modeli virtualo mPGES-1 inhibitoru aktivitates prognozei,

sintez&t prognozgetos aktivakos savienojumus un parbaudit to biologisko aktivitati;

izstradat metodi elektroniem bagatu heteroaromatisko savienojumu regioselektivai C—H

oksid@Sanai, izmantojot hipervalentos joda(IIl) savienojumus;

izstradat metodi elektroniem bagatu heteroaromatisko savienojumu regioselektivai C—H
azidéSanai un C—H amin&Sanai, izmantojot hipervalentos joda(Ill) savienojumus un Cu(l)

salu katalizi.



PROMOCIJAS DARBA GALVENIE REZULTATI

2.1. Mikrosomalas prostaglandina sintazes 1 (mPGES-1) inhibitoru izstrade

2004. Gada aptiekas partrauca tirgot vairakus pretiekaisuma lidzeklus, pieméram,
rofekoksibu, jo §1 preparata ilgstosa lietoSana daudziem pacientiem izraisija smagas, bieZi pat letalas
kardiovaskularas komplikacijas. Jaatzimé, ka rofekoksiba pardosanas apjomi 2003. gada sasniedza
2,5 miljardus ASV dolaru, liecinot par pretiekaisuma Iidzeklu augsto pieprasijumu. Lai aizstatu no
pardoSanas atsauktos preparatus, daudzas pasaules vadoSas farmaceitiskas kompanijas uzsaka

jaunas darbibas mehanisma pretiekaisuma lidzeklu izstrades petijumus.

2.1.1. Arahidonskabes metabolisms

Vairumam no misdienas lietotajam nenarkotiskajam pretiekaisuma, pretdrudza un pretsapju
zalvielam farmakologiskas darbibas mehanisms ir saistits ar prostaglandina PGE, veidoSanas
inhib&sanu. Prostaglandins PGE, ir nepiesatinatas taukskabes — arahidonskabes (AA) metabolits,
kur§ audos pastiprinati veidojas dazadu kaitigu faktoru (mehanisku, kimisku, termisku, neiralu vai
humoralu) ietekmé. Prostaglandina PGE, uzkraSanas audos ir saistita arT ar sapju rasanos, jo PGE;
paaugstina nociceptoru (sapju receptoru) jutibu pret kairinatajiem, Iidz ar to izsaucot hiperalgéziju.
PGE; Ietekmé notiek ar1 asinsvadu paplaSinasanas, palielinas kapilaru sieninu caurlaidiba, un rodas
tiska — pazimes, kuras raksturigas iekaisumam. Tadel prostaglandinu PGE, uzskata par iekaisuma
mediatoru.

Prostaglandina PGE, veidoSanos principa iesp&ams kavét dazados arahidonskabes
metabolisma posmos (1. att.). Pieméram, glikokortikoidi (prednizolons, metilprednizalons 2. att.) ar
proteina lipokortina-1 starpniecibu bloké Fosfolipazi A, (PLA)), tadgadi kavejot pasas
arahidonskabes veidoSanos. Vairums zalvielu tomér ir meérkétas uz ciklooksigenazu, seviski
iekaisuma jeb induc€jama izoenzima COX-2 inhib&Sanu (aspirins, paracetamols, nesteroidalie
pretiekaisuma lidzekli (NPL), pieméram, ibuprofens, diklofenaks ka ar1 t.s. koksibi — celekoksibs un
rofekoksibs; sk. 2. att.). Interesanti, ka COX-2 darbojas ka mPGES-1 kokatalizators un mediators.
Normalos fiziologiskos apstaklos mPGES-1 Iimenis ir loti zems. Turpretim, paaugstinoties COX-2
koncentracijai, attiecigi palielinas ari mPGES-1 koncentracija, kas nodroSina strauju PGE;
veidoSanos.

Bitiski, ka praktiski visam Iidz Sim lietotajam pretiekaisuma zalvielam raksturigas
ievérojamas blaknes. To c&lonis ir citu arahidonskabes metabolitu — leikotrienu (LTA4),
tromboksana (TXA;) un pargjo prostaglandinu (PGF,,, PGD, un PGI,) biosintézes inhib&Sana.

Arahidonskabes metaboliti ir bioregulatori daudzos fiziologiski svarigos procesos. Tie ietekmé



sirds-asinsvadu, gremosanas, elpoSanas un reproduktivo sistému, un to biosintézes kaveésana var
izraisit nevélamas fiziologiskas sekas. Interesanti, ka arahidonskabes metabolitiem bieZi ir pretgji
fiziologiskie efekti. Tromboksans A, (TXA,) saSaurina asinsvadu sieninas un paaugstina arterialo
spiedienu, bet prostaglandins I, (PGI,) izraisa pret&jo efektu — paplaSina asinsvadus. TXA, un PGI,
antagonistiskie efekti izpauzas ar1 iedarbiba uz asins sarec€Sanu: TXA, ir spécigs trombocitu
agregacijas induktors, bet PGI, kavé trombocttu agregaciju un adhéziju. Lidzigi, prostaglandini

PGF,, un PGD; izraisa bronhu saSaurinasanos, bet prostaglandinam PGE, raksturigs bronholitiskais

efekts.
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1. att. Arahidonskabes metabolisms

Ar prostaglandina PGE, biosintézes neselektivo inhib&Sanu saistitas blaknes ir bijuSas par
celoni vairaku plasi lietotu pretiekaisuma un pretsapju zalvielu atsaukSanai no tirgus. Pieméram,
2004. gada aptiekas partrauca tirgot COX-2 inhibitoru rofekoksibu, jo daudziem pacientiem S$1

preparata ilgstoSa lietoSana izraisija smagas, biezi pat letalas kardiovaskularas komplikacijas.
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2. att. Reprezentativi pretiekaisuma Iidzekli

Arahidonskabes metabolisma kaskades analize (1. att.) rada, ka iekaisuma mediatora PGE,
biosintézi var inhib&t selektivi, iedarbojoties uz mPGES-1. PGES Fermentu grupu veido citosola
lokalizetais ferments cPGES un membransaistitie proteini mPGES-1 un mPGES-2, kuri katalizé
PGH; parvérsanu par PGE,. Jaatzime, ka cPGES un mPGES-2 ir pastavigi funkciongjosSie enzimi,
kuri nodro$ina homeostatisko PGE, Iimeni. Turprett mPGES-1 sintaze ir inducgjamais enzims, kura
pastiprinatu ekspresiju izraisa COX-2 limena paaugstinasanas iekaisuma faktoru ietekmé&. Tapéc
mPGES-1 ir piem@rots terapeitiskais merkis pretiekaisuma, pretdrudza un pretsapju zalvielu
izstradei.

Cilveka mPGES-1 sintazes un glutationa (GSH) kompleksa struktiira ir noteikta ar
rentgenstruktiiras difrakcijas metodi (3.5 A izskirtspgja). Cilveka mPGES-1 sastav no 3 vienadam
subvienibam, un katru subvienibu veido 4 transmembranas spirales. Kompleksa uzbiives
noskaidro$ana lava izprast mPGES-1 lomu PGH, parvertiba par PGE,. Ta, sakotn&ji notiek GSH
tiolata anjona uzbrukums PGH; endoperoksida C—9 skabeklim. Uzbrukumam seko protona parnese
no mPGES-1 sintazes (Arg—126) uz C-11 skabekli, un veidojas hidroksilgrupa. Kaskades reakcijas
nosléguma mPGES-1 sintaze (Arg—126) deprotoné C-9 oglekli, veidojot ketonu un regenergjot
GSH tiolata anjonu (3. att.).

H
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3. att. Postuletais mPGES-1 katalizetas PGE, veidoSanas mehanisms



Uz PGE, biosintézes mehanismu tika balstits vairaku mPGES-1 inhibitoru dizains.
Piem&ram, prostaglandinam PGH, strukturali Iidzigaja modificétaja taukskab& 1 peroksida cikls
aizstats ar biciklu (4. att.). Tomer lielakajai dalai no mPGES-1 inhibitoriem nav acimredzamas
strukturalas lidzibas ar endogéno substratu PGH,. Starp visplasak sastopamajiem mPGES-1
inhibitoru strukttrelementiem jaatzimé indola un tam radnieciga tienopirola heterocikli (Kanadas
firmas Merck Frosst raditais indola atvasinajums 2, Italijas uznémuma Aziende Chimiche Riunite
izstradatais savienojums 3, Zviedrijas uznémuma Biolipox(Orexo) un Latvijas OSI kopigi
izstradatie indols 4 un tienopirols 5), 2-arilimidazoli un 2-arilbenzimidazoli (imidazols 6, Vacijas
uznémuma Boeringer-Ingelheim raditais diarilimidazola atvasinajums 7, benzimidazols 8), ka ar1
sulfonamida funkcionalo grupu saturo$i mPGES-1 inhibitori (Zviedrijas uznémuma ASTRA
ZENECA 1izstradatais bis-sulfonamids 9 un Biolipox(Orexo)/LOSI raditais bis-sulfonamids 10).
Starp patentétajiem mPGES-1 inhibitoriem japiemin ari treSaja klinisko pétfjumu fazé€ esoSais
licofelons 11, karbazola atvasinajums 12, 2,4-dihidro-pirazolons 13, pirimidina atvasinajums 14,
tienilkarbonskabes amids 15, Zviedrijas kompanijas NOVA-SAID izstradatais izoftalskabes diamids
16 un benzoksazols 17 (4. att.).
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4. att. Patentétic mPGES-1 inhibitori

2.1.2. Farmakoforais modelis
Lai paatrinatu zalvielu izstradi un paaugstinatu sint€zes darba mérktiecibu, medicinas kimija
plasi izmanto datormodeléSanu. Datormodeli lauj kvantitativi paredz€t kimisko savienojumu un

mérkproteina saistibas efektivitati un sniedz informaciju par mérkproteina—liganda mijiedarbibas
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telpiskajiem, fizikalajiem un kimiskajam raksturlielumiem. Datormodelu izstradei visbiezak
izmanto savienojuma receptorsaistibas (aktivitates) raksturlielumus, kurus korel€ ar savienojuma
trisdimensiju struktiiru vai specifiski izvéletiem struktiirelementiem, izmantojot matematiko
statistiku. Sadi iegist t.s. kvalitativos struktiiras-aktivitates kopsakaribu (Quantitative Structure-
Activity Relationship jeb OSAR) modelus. QSAR apzimgjums biezi tiek lietots plasaka nozime, ar to
apzim&jot jebkuru ,struktiiras-Tpasibas” modeli. Starp plasak lietotajiem QSAR modeliem ir t.s.
farmakoforie modeli, kuri 1pasi noderigi nenoskaidrotas struktiiras meérkproteinu gadijuma.
Farmakofora modela strukturelements ir farmakofors — zalvielas fragments vai funkcionala
grupa, kura nodroSina receptorsaistibu. Pieméram, farmakofors var biit spirta vai amina funkcionala
grupa, aromatiskais cikls vai karboksilata anjons. Katra farmakofora (un ari zalvielu molekulas)
steriskas un elektroniskas 1pasibas apraksta ar deskriptoriem. Deskriptors ir, pieméram, tidenraza
saites donora vai akceptora veidoSanas virziens, hidrofobas virsmas laukums, aizvietotaja
dipolmomenta vérsums, 1adins, rezonanses formas, aromatiskas m-sist€émas esamiba u.c. funkcijas.
Vienam farmakoforam parasti cenSas atrast pec iesp€jas vairak dazadu deskriptoru, lai ar
matematiskas analizes palidzibu atrastu visam analiz€jamajam zalvielu molekulam kopigos
deskriptorus. Pieméram, aromatiska m-sistémas esamiba ir deskriptors. Tomér zinams, ka
aromatiskiem gredzeniem piemit hidrofobas ipaSibas, tadel aromatiskajos gredzenos ka papildus

deskriptors tiek izmantota hidrofoba virsma (5. att.).

5. att. Farmakoforais modelis (aromatiskiem gredzeniem pievieno hidrofobo 1pasibu; zalas-
hidrofobas, sarkanas-protonu akceptoras, zilas-protonu donoras 1pasibas, oranzas-aromatiska -
sistémas esamiba)

Farmakofora modeli parasti gener€, izmantojot ligandu kopumu ar eksperimentali ieprieks
noteiktu afinitati pret meérkproteinu. Viss ligandu kopums tiek nejausa kartiba sadalits divas grupas:
darba grupa un testa grupa (fraining set). Grupas var buit gan skaitliski vienadas, gan atskirigas.
Darba grupu izmanto, lai izveidotu farmakoforo modeli, bet testa grupu — lai parbauditu izveidota

modela sp&ju prognozet afinitati. Sakotné&ji katrai darba grupas molekulai tiek aprékinatas zemakas
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energijas konformacijas, kuras pienem par bioaktivajam konformacijam. Turpmaka modela
izstrades merkis ir atrast pec iesp&jas vairak deskriptorus, kuri raksturigi visiem aktivajiem
ligandiem, bet iztrikst visam darba grupas neaktivajam molekulam. Modela izstrades gaita tiek
generétas daudzas farmakoforu modelu hipotézes, kuru precizitates parbaudei izmanto testa grupu.
Vislabakas farmakofora modela hipotézes sp&j pareizi prognozet testa grupa esoSo molekulu
saistibas afinitati 70-85% gadijumos, un tas ir loti labs raditajs. Izveidoto farmakoforo modeli talak

pielieto, lai prognozeétu konstrugjamo ligandu saistibas afinitati.

2.1.3. mPGES-1 Inhibitoru struktiiras-aktivitates likumsakaribu pétijumi. Pirmas paaudzes
farmakoforais modelis

Jaunu patentsp&jigu mPGES-1 inhibitoru izstrades programmas pamata bija plaSas
savienojumu bibliotekas (~ 2 milj. individualu kimisko vielu) skrininga rezultata atrasts aktivs
savienojums (4it) — aciléts aminometilanilins 19 ar ICs5,=832 mM inhibgjoSo aktivitati pret mPGES-
1 (6. att.). Augstas caurlaides sp&jas skrinings tika veikts Vacijas uzn€muma Boehringer Ingelheim.
Lai atvieglotu un paatrinatu jaunu mPGES-1 inhibitoru izstradi un paaugstinatu sintézes darba
meérktiecibu, aktiva savienojuma attistiSanai par t.s. ,lidersavienojumu” jeb ,hit-to-lead”
programmai nolémam pielietot kompleksu pieeju: tradicionalos struktiiras-aktivitates likumsakaribu
(SAR) pétijumus apvienojam ar datormodeléSanu. Ta ka darba uzsaksanas bridi truka informacijas
par savienojuma 19 saistibas vietu ar enzimu, ka arT par mPGES-1 un liganda-enzima kompleksa
uzbiivi, no plasa QSAR datormodelu klasta izvelgjamies farmakoforo modeléSanu, kura ipasi
noderiga nenoskaidrotas struktiiras mérkproteinu gadijjuma. Farmakofora modela izmantoS$ana lauj

prognozet inhibgjoso aktivitati un sniegt informaciju par enzima-liganda mijiedarbibu.

19

6. att. Savienojumu bibliotekas aktivitates parbaudé atrastais aktivais savienojums 19

Farmakofora modela izstradei nepiecieSams strukturali daudzveidigs ligandu klasts ar
eksperimentali noteiktu katra liganda afinitati pret mérkproteinu. Tadel sakotngji sintezgjam plasu
liganda 19 analogu klastu ar dazadiem aizvietotdjiem R', R? un R® centralaja gredzend. Kopuma
sintez€jam 120 savienojumus, kuriem noteikta inhib&josa aktivitate pret mPGES-1 bija robezas no

ICso=1 uM Iidz pat 1Cs5p=60 uM. Visaktivakie ligandi ar submikromolaro inhib&joSo koncentraciju
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saturgja 2-aminooksazola, 2-aminobenzoksazola un 2-aminobenzimidazola struktiirelementus (7.

att.).
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7. att. Farmakofora modela izveidei un sakotngjiem SAR pétijjumiem sintez&tie savienojumi

No sintezéta 120 savienojumu klasta 60 savienojumi bija neaktivi (ICs5o>10 uM), 35
savienojumiem piemita vid€ja inhib&josa aktivitate (ICso robezas no 1 lidz 10 puM), bet 25 ligandi
bija aktivi, jo to inhib&josa aktivitate bija zemaka par 1 pM. Farmakofora modela darba datubazes
izveidei izvelgjamies 15 visaktivakas struktiras un 15 visneaktivakas. Ar Schroedinger Suite 2012
programmu izvélétajiem 30 savienojumiem aprékinajam zemakas energijas konformacijas un
veicam aprékinato struktiru savietoSanu, izmantojot Schroedinger programmu paketé iebiivéto

Maestro 9.3 superpozicijas funkciju (8. att.).

8. att. Vairaku darba datubazes struktiiru superpozicija
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Talak, izmantojot Phase 3.7 moduli, katram savienojumam atradam farmakoforus, kuru
ipasibas aprakstam izmantojam deskriptorus (9. att.; ligandam 20 automatiski generétais deskriptoru
komplekts attelots struktiira 2A). Phase modult iebiivétais deskriptoru redaktors lauj mainit gan
programmas generétos deskriptorus, gan ari pievienot jaunus. Aromatiskiem gredzeniem piemit
hidrofobas 1pasibas, un, lai uzlabotu aromatiska gredzena farmakofora efektivitati, ta raksturoSanai
pievienojam hidrofobitati ka jaunu deskriptoru (9. att., struktira 2B). P&c darba datubazes

sken€Sanas ieguvam jaunu datubazi ar savienojumu farmakoforiem un to deskriptoriem.

9. att. Ligandam 20 atrastie deskriptori (zala krasa—hidrofobitate, sarkana—protonu akceptors, zila—
protonu donors, oranza-aromatiska n-sist€éma)

Péc farmakoforu deskriptoru generéSanas veicam statistiskos aprékinus, lai atrastu péc
iespejas vairak deskriptorus, kuri raksturigi visiem aktivajiem ligandiem, bet iztrikst visam
neaktivajam molekulam. Modela izstrades gaita tika generétas 240 farmakofora modela hipotézes.
Talak modelu hipotéz€m parbaudijam sp&ju prognozet savienojumu aktivitati, proti, sp&ju sadalit
visus 120 sintez€tos savienojumus 3 grupas: aktivajos, vid€ji aktivajos un neaktivajos
savienojumos. Jo lielaks ir aktivo savienojumu skaits, kuriem farmakoforu ipaSibas (radiuss,
vektors, tilpums) sakrit ar analiz€jama modela attiecigo farmakoforu ipasibam un jo mazaka ir
videja kvadratiska novirze no modela, jo labaks ir modelis. Parbaudes rezultata nonacam pie
farmakofora modela, kur§ balstas uz Cetriem farmakoforajiem punktiem: vienu fidenraza saites
donoru un trijam hidrofoba tipa mijiedarbibam (10. att.). Atrastais farmakofora modelis sintez&to
120 savienojumu klasta identific€ja visus 25 aktivos savienojumus, tos atlasot no neaktivajiem un
vidgji aktivajiem. Tom&r modelis nepareizi prognoz€ja 17 vidgjas aktivitates savienojumus un 5

neaktivos savienojumus.
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10. att. Pirmas paaudzes farmakoforais modelis

2.1.4. Otras paaudzes farmakofora modela izstrade

Izveidota farmakofora modela precizitates uzlaboSanai nolémam ieviest papildus
farmakoforus. Modela pilnveidosana lautu precizak atlasit neaktivus un vidgji aktivus ligandus.
Jaunu farmakoforu identific€Sana biitu javeic heterocikla (benzimidazola, benzoksazola) dala, kura
actmredzami trikkst farmakoforo punktu (10. att.). Turklat SAR likumsakaribu analize liecina, ka 2-
aminobenzimidazola vai 2-aminobenzoksazola struktiirelementa ievadiSana lauj iegit mPGES-1
inhibitorus ar submikromolaru aktivitati (7. att.). Tad€]l turpmakaja p&tijumu posma pieveérsamies
benzazolu heterociklus saturoSu ligandu sintézei.

Sintezgjot virkni 2-aminobenzimidazolu 21-34, noskaidrojam, ka lipofilu aizvietotaju
ievadiSana benzimidazola 5. stavokli heterocikla uzlaboja mPGES-1 inhib&joSo aktivitati
(savienojumi 23-24, 32-34 salidzinajuma ar neaizvietoto benzimidazolu 21; sk. 11. att). Polara
slapekla atoma ievadiSana benzimidazola 5. pozicija samazinaja inhib&joSo aktivitati (savienojums
25), bet benzimidazoli ar slapekla atomu 4. pozicija saglabaja augsto inhib&joSo aktivitati
(savienojums 26, 11. att.). Noskaidrojam, ka tdenraza saites donora klatbiitne benzimidazola
fragamenta neietekmé inhib&oSo aktivitati, kura N-H benzimidazoliem 21, 24 un to

struktiiranalogiem — N-metilbenzimidazolam 28 un benzoksazoliem 29-30 praktiski ir vienada.
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11. att. mPGES-1 inhibitoru struktiuras-aktivitates likumsakaribas benzazolu 21-34 rinda

Telpiski lielaku lipofilo aizvietotaju ievadiSana benzimidazola kopuma saglabaja augsto
inhib&joso aktivitati (savienojumi 36, 40), liecinot par to, ka benzimidazolu 5. un 6. pozicijas
apgabala enzima aktivaja centra ir salidzinosi liela telpiska briviba (11. att.). Polarie heteroatomi
ievérojami samazina inhibgjoSo aktivitati (savienojumi 37, 39 salidzinot ar 36, 38 un 40), kas

liecina par $aja apgabala domingjoSo lipofilo sadabibu starp ligandu un mPGES-1.

4 406
IC5, (NM)

35 36 37 38 39 40

12. att. mPGES-1 inhibitoru strukturas-aktivitates likumsakaribas aminobenzimidazolu 35-40 rinda



Saskana ar pirmas paaudzes farmakofora modela hipotézi (10. att.) slapekla atoma tiltins
starp centralo benzola gredzenu un benzimidazola heterociklu nav farmakoforais elements, un tapec
ta aizvietojuma pakapei nebitu jaietekmé mPGES-1 inhib&josa aktivitate. Lai parbauditu
farmakofora modela pareizibu, otr€jo amina grupu tiltina nolémam aizstat ar tre$€jo amina grupu,
ka arT ar ketogrupu. DiemzZ€l sintezetais treS€jais amins 41 izradijas arkartigi nestabils, un reakcija
ar gaisa mitrumu tas spontani sadalijas par N-metilanilinu 42 un N-metilfeniléndiaminu (13. att.).
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13. att. Aminobenzimidazola 41 sadaliSanas

Savukart ketogrupas tiltinu saturoSie savienojumi ir stabili, turklat tie nodrosina nanomolara
Iimena inhib&Sanas aktivitati (14. att.), kas apstiprina 1. paaudzes farmakofora modela pareizibu:
tiltin$ starp centralo gredzenu un benzimidazola fragmentu nenodroSina receptorsaistibu un, tatad,
nav farmakoforais elements. Aktivakie s@rijas savienojumi satur izteikti lipofilus aizvietotajus

benzimidazola gredzena 43-48 (14. att.).
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14. att. Ketoatvasinajumu 43-48 mPGES-1 inhibitora aktivitate

Diemzel vairumam ketoatvasinajumu (14. att.) piemit zema in vitro metaboliska stabilitate
(tip no 2 lidz 15 minttém), tapec ketogrupu saturoSie inhibitori talakajos petijumos netika

izmantoti. Zema metaboliska stabilitate raksturiga ari vairakiem aminobenzimidazola
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atvasinajumiem, piem&ram, savienojumiem 26 (¢;,=1 min), 30 (¢,,=7 min), 31 (¢;,=5 min), 34
(t12=6 min), 35 (t;,=7 min), 40 (¢;,=7 min) un 43 (¢;,=4 min). Tika noskaidrots, ka zema

metaboliska stabilitate saistita ar 1-metilcikloheksilgrupas oksidésanos. Aktivakie no sintez€tajiem
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15. att. mPGES-1 inhibitori 49-58 ar paaugstinatu metabolisko stabilitati

Pirmas paaudzes farmakofora modela optimizacijai tika izmantoti visi papildus sintezetie
mPGES-1 inhibitori, kopskaita vairak neka 180 savienojumu. Péc papildus farmakoforu deskriptoru
generésanas un statistiskajiem aprékiniem ieguvam 35 farmakofora modela hipotézes. No tam par
otras paaudzes farmakoforo modeli tika izveleta hipotéze ar 5 farmakoforiem: vienu tidenraza saites
donoru un Cetram hidrofobam mijiedarbibam (16. att.). Otras paaudzes modelis spgja ievérojami
precizak atlasit aktivakus savienojumus no neaktiviem, tomér 4 vidgji aktivi un 1 neaktivs
savienojums tika prognozeti kliidaini. Farmakofora modela talakai uzlaboSanai izvélgjamies
nesarezgit modeli ar papildus farmakoforiem, bet izmainit esoSo farmakoforu sféru radiusus.
Parbaudot dazadus farmakoforu sféru radiusus, atradam, ka lipofilo farmakaforu radiusu
palielinasana par 0.3 A (no 1.0A uz 1.3A) un neliela attalumu izmainiSana starp farmakoforiem lava
izveidot modeli, kur§ veiksmigi un gandriz kvantitativi sp€ atlasit aktivus savienojumus no

neaktivajiem un vidgji aktivajiem (16. att.).
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16. att. mPGES-1 inhibitoru otras paaudzes farmakoforais modelis

Farmakoforais modelis uzskatami rada, ka mPGES-1 enzima aktivaja centra benzimidazolu
5. un 6. pozicijas apgabala ir salidzino$i maz telpisko apgrutinajumu. Tas pavéra celu savienojumu
inhib&Sanas aktivitates talakajai paaugstinaSanai, ievadot benzimidazola heterocikla 5. un 6.
stavoklos steriski lielus hidrofobus aizvietotajus. Pamatojoties uz So atzinu, izveidojam plasu
hipotétisku inhibitoru strukttiru klastu, kuru ievietojam otras paaudzes farmakoforaja modeli. Starp
hipotétiskajam struktiiram augstu aktivitati farmakoforais modelis prognoz€ja benzimidazola
atvasinajumiem ar konformacionali ierobezotu amida grupu benzimidazola gredzena 5. stavoklt
(savienojumi 59-63, 17. att.).

Visi savienojumi ar augstu prognozeto aktivitati tika sintez&ti, un eksperimentali noteiktas
loti augstas inhib&josas aktivitates (17. att.) apstiprindja otrds paaudzes farmakofora modela

pareizibu.

ICs, (nM) T

17. att. Amida grupu saturosie benzimidazolu rindas mPGES-1 inhibitori 59-63



Turklat jaatzime, ka, atSkiriba no ieprieks iegiitajiem aktivakajiem inhibitoriem 45, 47 un
64, amida grupu saturoSiem benzimidazola atvasinajumi 60-63 saglaba augstu inhib&joso aktivitati
ar1 cilvéka seruma albumina klatbiitne ("A549+50% HSA” tests) un cilvéka pilnasinu parauga
klatbiitne ("hWB” tests) (18. att.). Tas liecina, ka savienojumiem 60-63 ir ievérojami zemaka

afinitate pret asins plazmas proteiniem un, tatad, potenciali augstaka biopieejamiba.
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18. att. Izveletu mPGES-1 inhibitoru aktivitate asins seruma un pilnasinu parauga klatbtitné
Aktivako amidu 61-62 strukturas papildus optimizacija lava uzlabot gan inhibitoras
aktivitates asins seruma un pilnasinu parauga klatbuitng, gan ari biitiski paaugstinat savienojumu

metabolisko stabilitati. Darba rezultata tika izveidoti Cetri Iidersavienojuma kandidati 6568 talakai

izmantoSanai in vivo pétijumos (19. att.).

JETRpRC NI & -

. CFs . CFs}
67 65 66 68
IC5o (nM) = 0,4 ICs0 (NM) = 0,5 ICs (NM) = 0,6 ICs0 (NM) = 0,7 CF,
ICso (A549+50% HS, nM) =5 1C5q (A549+50% HS, nM) =7  IC5 (A549+50% HS, nM) = 89  IC5 (A549+50% HS, nM) = 175
I1C50 (\WB, nM) =9 IC50 (\WWB, nM) = 10 ICsp (h\WB, nM) = 350 IC5p (WB, nM) = 220
Met. stab.: >90 min Met. stab.: t1/;>90 min Met. stab.: >90 min Met. stab.: 70 min

19. att. Identific@tie lidersavienojumu kandidati mPGES-1 inhibitoru rinda

21



2.1.5. mPGES-1 inhibitoru sintéze

Jaunu mPGES-1 inhibitoru sint€zi balstijam uz buvbloku stratégiju. Bavblokus izvélgjamies
ta, lai inhibitora molekulas optimiz€jama struktiirclementa modifikaciju varétu veikt sint€zes
nosléguma posma. Ta ka inhibitoru struktiiras modifikacijas neskara centralo benzilamina
strukttirelementu, bet bija verstas galvenokart uz aizvietotaju R, R2,R3 un R* variéSanu, inhibitoru
sint€zei sakotngja aktiva savienojuma optimizacijas posma izmantojam 3 pamatbuvbloku tipus: A,

B un C (20. att.).

NH,
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20. att. Pamatbuivbloku veidi aktivas vielas 19 analogu sintézei

Biivblokus A un B ieguvam no komerciali pieejamiem 3-nitrobenzonitriliem 69. Nitrilu
reducgjot ar boranu, ieguvam benzilaminus 70, kurus talak parveértam par N-metilatvasinajumiem
71, deproton&jot ar NaH un alkil§jot ar Mel. Aminus 70, 71 acilgjam ar skabju hloridiem un
nitrogrupu amidos 72 reduc€jam ar dzelzi etanola un piesatinata NH4Cl tidens $kiduma maisijuma
(21. att.). Iegiitos anilinu biivblokus A talak izmantojam 17 inhibitoru sintézei (22. att.). Savukart
anilinu A reakcija ar tiokarbonildiimidazolu ieguvam izotiocianatu biivblokus B, no kuriem
pagatavojam 166 mPGES-1 inhibitorus (23. att.). Biivblokus C sintez€jam palladija katalizétaja
metoksikarboniléSanas reakcija no brombenzoliem 75, kurus ieguvam reducéSanas un sekojoSajas
N-acilésanas reakcijas no cianobenzoliem 73, vai arl brombenzola 76 Manniha-tipa reakcija ar
amidu 77 un sekojoSu trifluoracetamida SkelSanu/N-aciléSanu (21. att.). No buvblokiem C ieguvam
35 mPGES-1 inhibitorus (25. att.). Kopuma no 3 pamatbivblokiem A, B, un C tika sintezeti 218
mPGES-1 inhibitori.
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21. att. Pamatbiivbloku A-C iegiiSana

Biivbloku A izmantojam «,f-nepiesatinato karbonskabes amidu 79, attiecigo reducéto
atvasinajumu 80, diarilaminu 83 un N-cianoguanidinu 86 iegtiSanai (22. att.). a,f-Nepiesatinatos
amidus 79 sintez&jam biuivbloka A reakcija ar akroilhloridu un sekojosaja palladija katalizeéta Heka
reakcija ar arilbromidiem. Palladija katalizéta hidrogen&$ana no a,f-nepiesatinatajiem amidiem 79
ieguvam amidus 80. Aminopiridina atvasinajumi tika iegtti buvbloka A reakcija ar 2-hlor-5-
nitropiridinu 81, sekojoSaja nitrogrupas reducéSana un, visbeidzot, reduc€josas aminésanas reakcija
ar dazadiem aldehidiem. Savukart aizvietotus N-ciano-guanidina atvasinajumus 86 sintez&jam
biivbloka A reakcija ar N-ciano-S,S-dimetilditioimido-karbonatu 84 NaH klatbiitng, S-
metiltiourinvielas starpsavienojumam 85 talak reaggjot ar dazadiem alifatiskajiem aminiem (22.

att.).
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22. att. mPGES-1 inhibitoru iegiiSanas shéma no biivbloka A

Biivbloks B tika izmantots tiourinvielu 94 un to bioizostéru — diamino-nitroetenu 93
sintézei, 2-aminotiazolu 90 ka ari 2-aminobenzoksazolu 87 un 2-aminobenzimidazolu 88, 89
legliSanai (23. att.). Ta, nitrometana anjona pievienoSanas izotiocianatam un sekojoSaja S-
metiléSana tika iegiits 2-(nitrovinil)anilins 92, kura reakcija ar dazadiem alifatiskajiem aminiem,
veidojas mérksavienojumus 93. Biivbloka B reakcija ar aminiem veidojas tiourinvielas 91, kuras
reakcija ar [J-bromketoniem parvértam par aminotiazoliem 90. Visbeidzot, biivbloka B reakcija ar
buvbloku D (aizvietotajiem orto-feniléndiaminiem, orto-aminofenoliem, 2,3-diamino— un 3,4-
diaminopiridiniem, sk. 5. att.) ieguvam attiecigas tiourinvielas, kuras neizdalot ciklizéjam EDCI

klatbiitn€ par aizvietotiem 2-aminobenzoksazoliem 87 un 2-aminobenzimidazoliem 88, 89 (23. att.).
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23. att. mPGES-1 inhibitoru iegiiSanas shéma no biivbloka B

Bavbloku D

sintezéjam no aizvietotiem 2,4-difluor-nitrobenzoliem

94 (24. att).

Nitrobenzola 94 orto-fluora atoma selektivu aizvietoSanu ar dazadiem aminiem vai alkoksidiem

veicam zemas temperatiras (—30 °C). Savukart otra fluora atoma aizvieto$anai ar dazadiem

nukleofiliem bija nepiecieSama paaugstinata temperatiira. Nitrogrupu reducgjam ar dzelzi amonija

hlorida skiduma (24. att.).
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24. att. Buvbloku D iegiisana.

Bivblokus C un D izmantojam ketogrupu saturoSu mPGES-1 inhibitoru sinté€zei. Orfo-

feniléndiaminus reakcija ar trimetilortoformiatu parveértam par benzoksazoliem 97, kuru 2. pozicija

ar LDA ievadijam litiju un pievienojam esteriem 98 (25. att.).
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25. att. mPGES-1 inhibitoru iegiis$anas sh€ma no biivblokiem C un D.

2.2. Sintezes metoZu izstrade zalvielu molekulu ,,velinai modifikacijai”

Zalvielu molekulu dizaina plass pielietojums ir ,,v€linas modifikacijas” pieejai, kura paredz
strukturalo daudzveidibas ievieSanu p&tamaja bazes struktira sint€zes beigu posma. Pieeja lauj
ieveérojami paatrinat struktiiras-aktivitates likumsakaribu p€tijumus un racionalizet sintétisko darbu.
Potencialo zalvielu molekulu ,,vélinam modifikacijam” konceptuali vispiemérotakas ir sint€zes
metodes, kuras lauj ievadit veélamo aizvietotaju (potencialo farmakoforu) optimiz€jamaja
pamatstruktira tieS§i bez tas iepriek$€jas funkcionaliz€Sanas. Piem&ram, tradicionala pieeja
aromatisko un heteroaromatisko aminu veidoSanai paredz sakotn€ju halogéna atoma vai analogas
funkcionalas grupas (ClL, Br, I, OTf, OMs) ievadiSanu cikla un sekojoSu tas apmainu pret amina
grupu. TieSa, nepastarpinata aminogrupas ievadiSana aromatiskaja vai heteroaromatiskaja cikla (C—
H saisu funkcionalizacijas celd) lautu ne tikai saisinat sint€zes celu, bet art risinat funkcionalo grupu
savietojamibas problému. Pieméram, tiesas C—H aming&Sanas metodes visbiezak neskar molekula
esosus halogé€na atomus. Tai pat laika butisks tiesas C—H funkcionaliz€Sanas metodes trikums ir
zema regioselektivitate, jo aromatiskajos vai heteroaromatiskajos savienojumos ir vairakas
potenciali funkcionaliz§jamas C-H saites. C—H SaiSu funkcionaliz€Sanas regioselektivitates
nodroS$inaSanai visbiezak izmanto t.s. ,,virzo$as grupas” — aizvietotajus, kuri nodroSina orto-vai
meta-pozicijas esoSu C—H saiSu aktiveéSanu. ,,Virzosas grupas” péc aizvietotdja ievadiSanas
visbiezak jaaizvac, kas daudzos gadijumos nav trivials uzdevums. Promocijas darba ir piedavata
alternativa C—H aktivéSanas pieeja, kura C—H saiSu funkcionaliz&$anas regioselektivitati kontrole
substrata reagétspeja elektrofilas aromatiskas aizvieto$anas apstaklos. Attiecigi C—H aktivésana
notiks elektrofilakaja aromatiska vai heteroaromatiska cikla pozicija, un reakcijai nav nepiecieSama
,virzosa grupa”. Sada pieeja biezi nodrosina no ,virzitas” C-H funkcionalizé$anas atskirigu
regioselektivitati, un tap&c ta ir nozimiga komplimentara metode ar potenciali plasu pielietojumu
zalvielu molekulu ,,ve€liajai modifikacijai”. Elektroniem bagatu aromatisko un heteroaromatisko

ciklu C-H aktivéSsanas metodologijas izstradi nolémam balstit uz hipervalento joda(III)
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savienojumu kimiju. Ka petijumu mérki izvélgjamies medicinas kimijai svarigu C—H aminéSanas un

C—H oksidésanas metozu izstradi.

2.2.1. Hipervalenta joda(III) kimijas pamatprincipi.

Hipervalentos joda savienojumus veido trisvertigs jods un tris ligandi. Ja divi no ligandiem
ir aromatiskie savienojumi, tos sauc par diariljodonija saliem. Termins ,,jodonija sali” ir neprecizs,
jo ,onija saliem”, pieméram, amonija un sulfonija saliem raksturiga tetracdriska geometrija.
Turpreti joda(IIl) savienojumiem raksturiga T-veida geometrija (pseidotrigonala bipiramida), kuru
nosaka divas atSkirigas kimiskas saites jodanos. Saite starp ekvatoriali novietoto ligandu un
joda(Ill) atomu ir kovalenta c-saite, bet saite starp aksialajos stavoklos novietotajiem ligandiem un
joda centru ir t.s. hipervalenta saite (26. att.). Uzskata, ka hipervalentajiem joda(IIl) savienojumiem
T-veida geometrija saglabajas arT $kidumos, un tadgl joda(IIl) savienojumus pareizak biitu saukt par
A*-jodaniem un attiecigi diariljodonija salus 100 par diaril-1*~jodaniem.

R
X2 | \—RZ Q
® = =
| —
l/; \©RZ - R1//_\ i\ - @71\
R? X

R 100 X T-geometrija
diaril-A3-jodans

\ G/

X=Cl, Br, I, OTf, OTs, BF,

tetraedra geometrija
diariljodonija sals

26. att. Diaril-A*-jodani.

Hipervalento saiti veido 2 elektroni no joda 5p orbitales un pa vienam elektronam no katra
liganda. Lidz ar to hipervalentajai saitei raksturiga 4 elektronu tris centru konfiguracija, un ta ir
lineara. Hipervalentas saites divas zemakas energijas orbitales, saiti veidojo$a un nesaistosa
orbitale, ir aizpilditas. Uz centrala joda atoma ir gandriz vienu vienibu liels pozitivs dalladins
(o1~ +1), bet uz aksiali novietotajiem hipervalentas saites ligandiem ir negativs dalladins. Sadu
ladinpu sadalfjumu saité nosaka mezgla punkts (node) aizpilditas nesaistos$as orbitales centra.
Pozitivais dallading uz joda atbildigs par aril-1’-jodanilaizvietotdja izteikti elektrofilo raksturu. Ta,
fenil-A’-jodanilgrupa Ph(BF4)I" induktivi ir loti speéciga elektronakceptora grupa (o1 =1.34). Tas
aizvietotdja induktivais efekts ir salidzinams ar diazonija saliem N, —BF, (o7 = 1.48), un tas ir pat

spécigaks neka nitroaizvietotajam (o1 =0.64). Stipri polarizéta hipervalenta saite nosaka
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viselektronegativako ligandu novietojumu aksialajos stavoklos (hipervalentas saites galos). Paradits,

ka aksialos stavoklos esosu ligandu Hammeta aizvietote‘tju indukcijas konstantes tiesi korelg ar 1°-

aksialais |_—|/— s OCQCAOD  —  irdinosa orbitale
stavoklis A?Jr Q- 6O % nesaisto$a orbitale
A QOO ﬁ saiti veidojo$a orbitale
ekvatorialais L ' L
stavoklis

27. att. Hipervalenta orbitale A>—jodanos.

Hipervalento savienojumu elektroniskas struktiiras att€loSanai biezi izmanto [N-X-L]
apzim&jumu, kur N ir elektronu skaits, kas formali pieder centralajam atomam X, bet L ir
centralajam atomam piesaistito ligandu skaits. Attiecigi A’~jodani ir [10-I-3] dalinas, bet ariljodonija
sali ir savienojumi ar [8-I-2] konfiguraciju.

A3-Jodaniem raksturigas divas pamatreakcijas: ligandu apmaina, kura neietekmé joda(III)
oksideésanas pakapi un reducgjosa eliminé$anas, kuras rezultata A’-jodans reducgjas lidz jodidam.
Pateicoties joda(III) jona elektrofilajam raksturam, A*-jodani reagé ar dazadiem nukleofiliem.
Nukleofils uzbriik C-1 saites irdino$ajai * orbitalei A*-jodana 101, un veidojas trans-tetrakoordinéts
jodats 102 [12-1-4] (28. att.). Trans-jodats 102 izomerizgjas par cis-jodatu 103, un heteroatoma
liganda L disociacijas rezultata veidojas jauns hipervalenta joda savienojums 104. Ligandu apmaina
ir atra un apgriezeniska. Jodans 104 var staties art talakaja ligandu apmainas reakcija.

o5—

\ W |
I \ \. L» Ar/I_NU —_— Ar/e)l—l_ 7 Ar_!\\\\
'g Nu 1° N
101 102 103 104

28. att. Ligandu apmaina 4 *—jodanos.

Par nukleofilu reakcija ar elektrofilo aril-2’-jodanu 101 var kalpot ari elektroniem bagats
(hetero)aromatiskais cikls. Pieméram, diacetoksijodbenzols (PhI(OAc),) 105 reagé ar anizolu,
veidojot nesimetrisko diaril-1*~jodanu 106 (29. att.). Lai gan formali jodana 106 veidoganas notiek
saskana ar elektrofilas aromatiskas aizvietoSanas SgAr jeb Fridela-Kraftsa (Friedel-Crafts)
mehanismu, padzilinati pétjjumi, izmantojot elektronu paramagnétiskas rezonanses metodi, liecina
par sakotngju katjonradikala 107 veidoSanos viena elektrona parnesé (SET) no elektroniem bagata

aréna uz elektrofilo joda(IIl) centru (29. att.).
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29. att. Diaril-A’-jodanu veido$anas Fridela-Kraftsa tipa reakcija.

No sintétiska viedokla vissvarigaka 23-jodanu, pasi diaril-1’-jodanu, reakcija ir reducgjosa
elimingsanas, kuras rezultatd starp diviem diaril-A>-jodana ligandiem (nukleofilo ligandu un
arilligandu) veidojas saite, bet hipervalentais joda(IIl) centrs reducgjas lidz joda(I) savienojumam.
Reducgjosas elimingsanas virzitajspeks diaril-A’-jodanos ir okteta elektronu konfiguracijas joda(I)
produktu veidoSanas. Saskana ar visparpienemto mehanismu, elektronakceptorais nukleofilais
ligands X polariz€ hipervalento saiti un izraisa tas heterolitisku SkelSanos. Vienlaicigi notiek
nukleofila liganda X uzbrukums ekvatoriali novietota arilliganda ipso-stavoklim caur parejas
stavokli 108 vai 109, veidojoties reducgjosas elimin€Sanas produktam un ariljodidam (Ar-I) ka

neitralai aizejosajai grupai (30. att.).
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30. att. Reducgjosa eliminéanas diaril-41’—jodanos.

Nesimetrisko diaril-A’-jodanu gadijuma reducgjosds eliminésanas reakcija teorgtiski var
veidoties divu produktu maistijums. Saskana ar ab initio DFT kvantu kimiskajiem aprékiniem,

reducgjosas eliminéSanas selektivitate atkariga no dalladinu &,” un &, lielumiem uz arilligandu ipso-
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oglekla atomiem (30. att.). Ar nukleofilu reag€s arilligands ar mazaku negativo dalladinu jeb
elektroniem nabadzigaka aromatiska sistéma. Biutiski, ka reducg€joSas eliminéSanas notiek no
lidzsvara eso$iem diaril-A’-jodanu izomériem. Ta ka lidzsvara reakcijas aktivacijas barjera ir
ievérojami zemaka par reducgjosas eliminé€Sanas reakcijas aktivacijas barjeru (K; >> k; un k),
reducgjosds eliminéSanas selektivitati nesimetriskajos diaril-A’-jodanos saskana ar Kurtina-
Hammeta principu (Curtin-Hammett principle) nosaka reducgjosas eliming€Sanas aktivacijas barjeru
atSkiribas (k; pret k; sk. 30. att.).

Interesanti, ka reducgjosas eliminéSanas selektivitates elektroniska kontrole nav spéka
gadijumos, kad viens no arilligandiem satur orto-aizvietotaju. Sados nesimetriskajos diaril-A*-
jodanos nukleofilais ligands X veido saiti ar orfo-aizvietoto ligandu neatkarigi no dalladinu
lielumiem uz arilligandu ipso-oglekla atomiem. So paradibu sauc par ,,orto-efektu” un visbiezak to
skaidro ar telpiskajiem faktoriem. Uzskata, ka sterisko efektu del orto-aizvietotais arilligands
vienmg@r atradisies termodinamiski izdevigakaja ekvatorialaja stavokli un tapéc reagés ar nukleofilo
ligandu X.

Biitiski, ka reducgjodas eliminé$anas parejas stavokli diaril-A’-jodaniem raksturiga planara
T-veida geometrija tiek izjaukta. Novirze no planaras geometrijas energétiski ir ipasi neizdeviga
gadijumos, kad divi no A*-jodanu ligandiem ir saistiti ar tiltinu, pieméram, cikliskaja diaril-1’-
jodana 110 (sk. 31. att.). Uzskata, ka $ados gadijumos reduc€josa eliminéSanas notiek ar radikalu
starpsavienojumu veido$anos. Jaatzime, ka reducg€josa eliminé$anas ar radikalu iesaistiSanos tiek
biezi postuléta ari neciklisko diaril-1’-jodanu gadijuma. Radikalu mehanisms paredz sakotn&ju
hipervalentas saites homolitisku SkelSanu, veidojoties diariljoda radikalim 111 ar [9-I-2] elektronu
konfiguraciju un heteroatoma radikalim 112. Radikalis 111 sabriik par jodbenzolu un arilradikali
113, kurs veido produktu 114. Radikalis 113 var iesaistities arT blakusreakcijas, dimeriz€joties vai

rekombingjoties ar tidenraza atomu (31. att.).
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31. att. Reduc€josa eliminéSanas caur radikalu mehanismu.

Diaril-A>-jodani ir starp visefektivakajiem elektrofiliem oksidgjosas pievienoanas reakcijas
parejas metaliem. Augsto oksid&josas pievienosanas reagétspéju galvenokart nosaka labas aizejosas

grupas — neitrald jodbenzola veidoSanas. Bitiski, ka nesimetrisko diaril-A*-jodanu oksidgjosas
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pievienoSanas reakcija saiti ar parejas metalu veido telpiski mazakais vai ar1 elektroniem bagatakais
no diviem arilligandiem. Lidz ar to nesimetrisko diaril-1’~joddnu un parejas metalu reakcijas

selektivitate ir pret&ja nesimetrisko diaril-1’-jodanu reducgjosas elimingianas selektivitatei.

2.2.2. Uz hipervalenta joda(III) savienojumiem balstita C—H saiSu aktiveSanas koncepcija

Aromatisko un heteroaromatisko savienojumu C—H funkcionaliz€Sanas metodes izstrades
koncepcija balstas uz tris secigu viena reaktora reakciju virkni (32. att.):
1) elektroniem bagatu aromatisko vai heteroaromatisko savienojumu reakcija ar joda(IIl) reagentu
PhI(OH)OTs 115 un nesimetriska diaril-1*-jodana 116 veidoganas;
2) diaril-A’-jodana 116 tozilata heteroatoma liganda in situ apmaina pret citu nukleofilu heteroatoma
ligandu;
3) produktu veidojosa reducgjosa eliminé$anas no nukleofilo ligandu saturo$a nesimetriska diaril-A>-

jodana 117.
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32. att. Uz hipervalenta joda(III) savienojumiem balstita C—H aktivéSanas koncepcija.

Diaril-A’-jodanu 116 veido$anas reakcija starp PhI(OH)OTs 115 un elektroniem bagatu
(hetero)aromatisko savienojumu (1. reakcija), ka ari heteroatoma ligandu apmaina diaril-1*-jodanos
116 (2. reakcija) ir plasi pétitas kimiskas norises (sk. 2.2.1. nodalu). Ari simetrisko diaril-A’-jodanu
reakcijas ar dazadiem nukleofiliem, piem&ram, ar aminiem, azoliem un amidiem, ir plasi p&titas ka
parejas metalu katalizatoru (Pd(0) un Cu(l)) klatieng, ta arT bez katalizatoru pievienosanas. Turpreti
reducéjosa elimindlands nesimetriskajos diaril-A>-jodanos 117 lidz §im nav atradusi praktisku
pielietojumu selektivitates problému dgl: ta ka nesimetriskie diaril-A>-jodani satur divus dazadus
aromatiskos aizvietotajus, to reakcijas ar slapekla un skabekla nukeofiliem biezi veidojas produktu
maistjums. Turklat elektroniem bagatu (hetero)aromatisko savienojumu saturosSo nesimetrisko diaril-
A*-jodanu 117 gadijuma sagaidama nevélama reducgjosas eliminéanas selektivitate: nukleofilais
heteroatoma ligands vieglak veidos saiti ar elektroniem nabadzigako arilligandu, nevis ar
elektroniem bagatako (hetero)aromatisko ligandu (sk. reducgjosas eliming€Sanas likumsakaribu

aprakstu 2.2.1. nodala).
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Nemot Véra nesimetrisko diaril-A’-jodanu un parejas metalu reakcijas selektivitati, més
izvirzijam hipotézi, ka parejas metala klatbiitne varétu mainit ,.tradicionalo” nesimetrisko diaril-A>-
jodanu reducgjosas elimin€Sanas selektivitati. Lidz ar to koncepcijas novitate balstas uz Pd(II) un
Cu(I) katalizatoru izmanto$anu nukleofila uzbrukuma selektivitates kontrolei nesimetrisku diaril-A>-

jodanu molekulas.

2.2.3. Elektroniem bagatu heteroaromatisko savienojumu C—H oksidéSanas metode
Elektroniem bagatu heteroaromatisko ciklu acetoksiléSanas reakcijas izstradi balstijam uz
viena reaktora divstadiju procesu: sakotngju heteroaril(fenil)-4’-jodana 118 veidosanos un talaku

produktu veidojoso reducgjoso eliminéSanos Pd(II) katalizatora klatbiitne (33. att.).
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33. att. Elektroniem bagatu heteroaromatisko savienojumu C—H oksidéSanas metode

23-Jodana 118 starpsavienojumus iesp&jams izdalit un attirit, tomér no pielietojama viedokla
értak ir veikt viena reaktora divstadiju procesu. Palladija(Il) katalizators nodroSina v&lamo
selektivitati A’-jodana 118 reducgjosds eliming$ands reakcija. AcetoksiléSana notiek maigos
apstaklos (istabas temperatiird), un reakcijas apstakli ir savietojami ar plasu funkcionalo grupu
klastu: broma un pat joda atomu heterociklos, ka ar1 ar N-alkil-, N-aril-, N-benzoil-, N-benzil-, N-
tozil- un N-karbamoilaizsarggrupam. Ta ka 4’-jodans 118 reakcijas gaita netiek izdalits, izstradataja
viena reaktora divstadiju procesa C-H saite tiek parveérsta par C-O saiti, un tapéc formali to var

uzskatit par C-H oksidéSanas reakciju.
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2.2.4. Elektroniem bagatu heteroaromatisko savienojumu C—H azideéSanas metode

Nukleofila acetata liganda nomaina pret azida ligandu nesimetriskajos /13—jod'21nos (118 uz
119) lava izstradat metodi elektroniem bagatu heteroaromatisko savienojumu C—H azid&Sanai (34.

att.).
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istabas istabas
temperatira 118: X=OAc ) - 120 temperatira 122
a
119: X=N;, 3 (NHy),S
MeCN

Z Y _NH,
121

34. att. Elektroniem bagatu heteroaromatisko savienojumu C—H azidéSanas metode

Atsleégas parveértiba viena reaktora 3 stadiju procesa ir azidu saturoSu nesimetrisko
heteroaril(fenil)-A>-jodanu 119 reducgjosd elimingsanas, kuras regioselektivitati kontrole Cu(I)
kompleksi. IzveidojuSies heteroarilazidi 120 diemz€l ir nestabili, un tos ir arkartigi gruti izdalit un
attirit. Heteroarilazidus 120 tomer ir iesp&jams iesaistit talakajas parvertibas, tos neizdalot no
reakcijas maisijuma. Pieméram, heteroarilazidi 120 viegli reducgjas par atbilstoSajiem

aminoheterocikliem 121 (35. att.).

1. Phi(OAc), / TsOH ) 1.CuCl (5 mol%) -~
F N _H 2.NaNg F 2. (NHg)S { Z/ \)/\NHZ
MeCN 2 Ph MeCN N
1
119 121

netiek izdalits

Br. = Cl " NH, NH,
2 Cla
\ N—co,Et R
N~ “CO.Et cl N N~ N
|

SEM \
84% 79% 75%

/ H,N 0

Br—~ 7 N 2 - NH,

STNACo,Et H,N [ /Y N |

2 2 N~ CO,Et l}l CO,Et O)\N

NH, I Tol |

66% 60% 62% 50%

35. att. Heteroaromatisko aminu iegiisana C—H azid&Sanas-reduc@sanas reakcija

Heteroarilazidi 120 stajas ar1 vara katalizétaja 1,3-dipolaras ciklopievienoSanas reakcija ar

acetiléniem, veidojot 1,2,3-triazolus 122. Lidz ar to vara(l) sali ne tikai kataliz€ azidu saturoSu
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heteroaril(fenil)-A*-jodanu 119 reducgjoso elimindsanos, bet ari veicina sekojoso azidu 120 1,3-
dipolaras ciklopievienosanas reakciju (36. att.). Izstradata sint€zes metode ir piemé&rota plasa

elektroniem bagatu heterociklu klasta ,,v€linai modific€Sanai”.

SN 1. Phl(OAc), / TsOH ) 1. CuCl (5 mol%) R?
oo 2. NaN 2 rN ~
Y sH 2 aNs (aa.) / ‘ R AN
.- N) " ) Ph AL TN

\ eCN MeCN, rt N

R R

119 122
netiek izdaltts

COzEt

N'N N
COzEt N°

90% I 539 55% 75%
HO
EtO,C EtO,C
/N N
/-N SN 2 CO,Et
‘II N cl N‘N o
N Nx N
Br N | A\ N ~N N.n'
| N Z N l Pz |
N~ N ‘ N" N O)\N
\ SEM B |
70% 42% 47% 65%

36. att. Viena reaktora seciga heteroaromatisko C—H azidésanas-1,3-dipolaras ciklopievienoSanas

reakcija

2.2.5. Elektroniem bagatu aromatisko un heteroaromatisko savienojumu C-H aminéSanas
metode

Attistot koncepciju par nesimetrisko diaril-4>-jodanu reducgjosas eliminé$anas selektivitates
mainu parejas metalu klatiené, noskaidrojam, ka vara(l) sali nodroSina vélamo selektivitati ari
aminu reakcija ar nesimetriskajiem heteroaril(fenil)-4’-jodaniem. Sis novérojums pavéra celu

heteroaromatisko savienojumu C—H amin&Sanas reakcijas izstradei (37. att.).

Mes—!—OTs 102
T OH Mes—I—OTs R'R*NH R1-ril—R2
Het(Ar) Het(Ar) Cu(MeCN),BF, Het(Ar)
(10 mol%)

istabas netiek izdalits 37 amini
temperatira

28 (hetero)aréni

37. att. Heteroaromatisko savienojumu C—H amingSanas reakcija

C-H AminéSanas metodes izstradei sakotngji sintez&jam, izdalijam un attirfjam
meziltil(indolil)jodonija tozilatu 123, kura uzbiivi viennozimigi pieradijam ar rentgenstruktiiras
analizes metodi. A>-Jodana 123 reakcija ar morfolinu bez pievienotd katalizatora veidojas tikai

nevélamais jodindols 124. Savukart Cu(l) katalizatora pievienoSana pilniba izmainija reakcijas
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selektivitati, un ka pamatprodukts tika izdalits v€lamais indolilamins 125 (38. att.). P&c dazadu vara
salu katalitiskas aktivitates parbaudes turpmakajiem petijjumiem izvel§jamies salidzinosi [&tu un

komerciali pieejamu Cu(MeCN)4BF,.

O
u () katalizators
Mes—|—OTs E j (10m0|/0
+ Et t
AN COQEt EtN I Pr)2 AN C02 t AN COzEt
(2 ekv.)
123

Mes=2,4,6-trimetilfenil

38. att. C-H AmingSanas apstaklu optimizacija.

Talakaja darba atradam apstaklus, kuros A’-jodanu 123 bez izdaliSanas un attiridanas
iesp&jams iesaistit reakcija ar morfolinu. Atrastajos reakcijas apstaklos parbaudijam aminu klastu,
kuri pieméroti reakcijai ar /13-jod€1nu 123 (1. Tabula). Ka redzams, C-H amingSanas metode ir

savietojama ar loti plasu pirmé&jo un otr&jo alifatisko ka arT aromatisko aminu klastu.
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R'R2NH

H Mes—|—0OTs R1-N-R2
Br { Mes|(OH)OTs Br N Cu(MeCN)4BF4 (10 mol%) g
—_—

N

0 COE G coon ot EING-PT), COEt

\ CH,Cl, \ 4:1 CH,Cl,:DMSO N

15 min, ist.t. ;
123 2 h, ist.t.

Mes=2,4,6-trimetilfenil

Nr. R'RNH Izn. [Nr. R'R’NH Izn. |Nr. R'R’NH Izn.
(%) (%) (%0)
—
1 i 74 |13 /\NHA 70 |25 | @ANHQ 77
2 [;’@NH 66 |14 -, 76 | 26 @”NHZ 79
3 @Qﬁ 7501150 NS, 63 |27 Hw, 73
4 >N w716 o, 67 28 e Hwm, 74
5 A w76 |17 K 329 weod Hwm, 54
O
>' ~— o)\N/\/NHZ
I
/N
6 o w 76|18 o e 40 |30 veoc— Hnw, 69
o
/N F
7w 70 |19 ¢ | e 75131 o N, 67
F F
8 Joove 3571200 et 73| 32 HZN_SS?@NH 62
H o ’
9 NP 65 |21 o 80 |33 NHz 79
H/\/ \O)\/NHZ ©_<
10 N 67 |22 N2 80 |34 j 76
\\_/NH NH,
11 @ " 65 |23 =z Tww 7135 hneme 77
12 NH, 71 |24 Ve 83 136 g\ 65
v/\ C|/©/\/ <;N>—NH2

1. Tabula. C-H amingSanas reakcija izmantojamo aminu klasts.

Parbaudijam ar1 arénu un heteroarénu klastu, kuri piemeéroti izstradatajai C-H amin&Sanas
metodei (39. att.). C-H AmingSanas reakcija stajas plass elektroniem relativi bagatu heterociklu
klasts, tai skaita indoli, piroli, pirolopiridini, tienopiroli, pirolopirimidins, pirazoli un N,N-
dimetiluracils. Jauzsver, ka C-H amin&Sanas apstaklos reagg ne tikai heterocikli, bet ari elektroniem

relativi bagatie aromatiskie savienojumi.
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R'R2NH
H  Mesl(OH)OTs Mes—I—OTs Cu(MeCN),BF, (10 mol%)  R™N-R?

e —— e

I
Het(Ar) CH,Cl, Het(Ar) EtN(i-Pr), Het(Ar)

. 4:1 CH,Cl,:DMSO
istabas
temperatidra istabas temperatira

o
( ) \ V" HNO’B' _?
N _> Br O—é Br HN
Br 0 N A N S
D N o N Br— [ )—COsEt
N O \ N

\ \ \

69% 79% 84% 62% o

(o]
Br- [)
I\
Qe e o P28
Ho\ o m

I/
N° N I\N N
\ Bn
60% 71% 62% 60%
0
Q 2
) ot > S
- L N
ot AT oy v
| MeO
52% 65% 41% 52%
OMe (0 H
H
N ~ i N /@EMA
MeO © o) O\Br MeO H-Boc
NHMe
71% 49% 40%

39. att. (Hetero)aromatisko savienojumu klasts C-H amin&Sanas reakcija.

C—H Amingsanas reakcijas apstakli ir savietojami ar O-alil-, O-terc-butil- un O-alkil esteru
funkcionalajam grupam, ka ari ar broma un hlora aizvietotajiem. Heterocikls vai aromatiskais
savienojums var saturét N—alkil-, N—aril-, N-benzoil-, N-benzilaizvietotaju, N-Boc ka ari N~SEM

aizsarggrupas.

2.2.6. (Hetero)aromatisko savienojumu C-H funkcionalizacijas mehanisms

Aromatisko un heteroaromatisko savienojumu C—H funkcionaliz€Sanas metozu pirma stadija
ir nesimetrisko heteroaril(aril)-4*-jodanu veidoganas elektrofilas aromatiskas aizvietoganas (Fridela-
Kraftsa) reakcija. ST stadija nosaka C—H funkcionaliz&$anas regioselektivitati, jo nakamaja soli
skabekla vai slapekla nukleofils aizvieto A’-jodana funkcionalo grupu. Lidz ar to izstradatajam C—H
funkcionaliz€sanas metodém raksturiga elektrofilas aromatiskas aizvietoSanas reakcijam raksturiga
regioselektivitate. Ta, indolos un kondensétos pirolos C—H funkcionalizé$ana notiek B-stavokli,
pirolos nukleofils stajas a-stavokli, bet 2,5-diaizvietotajos pirolos — -stavokli. Aromatiskajos
savienojumos C—H funkcionaliz€Sanas regioselektivitati nosaka spécigakais elektrondonorais
aizvietotajs, kurs f-jodéna veidoSanos un, Iidz ar to, arT nukleofila uzbrukumu virza para stavokli.

Jaatzimé, ka funkcionaliz€jamajam aromatiskajam vai heteroaromatiskajam savienojumam jabiit
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relativi elektroniem bagatam. C—H Aming&Sanas metodes izstrades gaita noskaidrots, ka par toluolu
elektroniem mazak bagatie aréni ar A’-jodaniem neregé. Bitiski, ka visos C—H funkcionaliz&$anas
piemeéros veidojas tiri regioizoméri, liecinot par reakcijas augsto regioselektivitati.

C—H FunkcionalizéSanas reakcijas noslédzosa stadija ir produktu veidojosa Cu(I) vai Pd(II)-
kataliz&ta nesimetrisko heteroaril(aril)-f-jodénu reducgjosa eliminésanas. Lai gan heteroarénu C-H
acetoksiléSanas reakcija par katalizatoru sakotngji tika izmantoti Pd(II) sali, kontroles eksperimenti
paradija, ka Cu(I) sali tikpat efektivi katalizé C—O saiti veidojoSo reducgjoso eliminéSanos. DiemzZel
plaSie Cu(l) katalizétas reduc€josas elimin€Sanas pétijumi nesniedz viennozimigu atbildi par
reakcijas mehanismu. Pieméram, nukleofilo pretjonu saturoSie nesimetriskie heteroaril(aril)-A°-
jodanu starpsavienojumi 126 un 127 ir izdaliti un raksturoti tikai acetoksiléSanas un azidéSanas
reakciju gadijuma (40 att.), bet C—H aminéSanas gadijuma atbilstoSo aminu saturoSu heteroaril(aril)-
2-jodanu 128 veidosanos reakcijas gaita novérot neizdevas. Tai pat laika jodanu 128 iesaisti§anos
C—H amingianas katalitiskaja cikla izslégt nevar, jo aminu saturo§i A’-jodani ir arkartigi nestabili,

un tie nav izdaliti.

126

40. att. Nesimetriskie heteroaril(aril)-A’-jodanu starpsavienojumi un to rentgenstruktiiras atteli

C-H AmingSanas mehanisma pétijumos noskaidrots, ka radikali visticamak nav iesaistiti
reakcijas Kkatalitiskaja cikla. Sads atzinums izriet no orfo-aliloksifenil-A*-jodana 129 C-H
aminéSanas eksperimenta rezultatiem (41. att.), kad no jodana 129 tika iegiits v€lamais amins 130
un jodida blaskuprodukts 131, bet dihidrobenzfurana 134 veidoSanas netika novérota. Heterocikls
134 veidotos tad, ja Cu(I)-katalizéta reducgjosa elimin€Sanas jodana 129 norisinatos caur viena
elektrona parnesi no Cu(l) centra uz jodanu 129 un attieciga diariljoda radikala 132 veidoSanos (sk.
ar1 2.2.1. nodalu un 31. att.). SekojoSaja nestabila radikala 132 fragmentacija un fenilradikala 133

ciklizacija veidotos dihidrobenzofurans 134.
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41. att. Orto-aliloksifenola C—H amingéSanas eksperiments.

Noskaidrots, ka Cu(I) saliem piemit ieveérojami augstaka katalitiska aktivitate neka
atbilstoSajiem Cu(Il) kompleksiem. Cu(I) Salu katalitiskais efekts acimredzot nav saistits ar to
Luisa skabju 1pasibam, jo citas Luisa skabes nekataliz&ja nedz C—H azid&Sanas reakciju (pieméram,
(PhsP)AuCl, Zn(OTf), un Sc(OTf);), nedz ari C—H aming&Sanu (Pd(OCOCF3;),, Ni(OTf), un
Sc(OTY)3). Vertigas atzinas par reakcijas mehanismu sniedza reakcijas atruma mérijjumi. Pieméram,
noskaidrojam, ka C-H azidéSana ir pirmas kartas reakcija attieciba pret Cu(l) katalizatoru, bet
nulltas kartas attieciba pret azida anjonu. Rezultati liecina, ka Cu(l) sali ir iesaistiti katalitiska cikla
reakcijas atrumu limit§josaja stadija, bet reducgjosa elimin€Sanas un heteroarilazida produktu
veidoSanas ir iekSmolekulars process. Turprett C—H amin&Sanas reakcijas atruma pétijumi liecina,
ka reakcija ir pirmas kartas pret Cu(l) katalizatoru un pret aminu (morfolinu), bet nulltas kartas
attieciba pret A’-jodanu 123. Tatad, C—H aming3anas katalitiska cikla atrumu limitgjosaja stadija
iesaistiti tikai Cu(I) katalizators un amins, bet visas talakas A*-jodana 123 parvértibas ir atrs process.
S atzina ievérojami apgriitina reakcijas mehanisma pétijumus.

Reakcijas mehanisma pétijjumi lauj izvirzit hipotétisku C—H funkcionalizéSanas mehanismu,
kur§ katalitiska cikla nosléguma paredz produktu veidojoSo reducgjoSo elimin&Sanos no Cu(III)
kompleksa 136 (42. att.). Reakcijas mehanisma pirma stadija ir viena elektrona parnese no Cu(I)
katalizatora uz A°-jodanu 123 vai 127, veidojoties anjonradikalim 135. Pienemot, ka anjonradikali
135 elektrons lokaliz&jas indola-joda(IIl) saites irdinosaja o*—orbital€ un to pavajina, anjonradikalis
135 var sabrukt par Ar-I un indolilradikali, kur§ rekombingjas ar Cu(Il)-amina vai Cu(Il)-azida

kompleksu un veido Cu(IIl) dalinu 136.
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42. att. Hipotetiskais C—H funkcionalizéSanas mehanisms
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GALVENIE REZULTATI

I dala. mPGES-1 inhibitoru sinteze
Struktiiras-aktivitates likumsakaribu pétijumiem un farmakofora modela izstradei sintezeti

254 mPGES-1 inhibitori;

Izveidots mPGES-1 inhibitoru un meérkenzima farmakoforais modelis, ar kura palidzibu

veiksmigi prognozeta inhibitora aktivitate virtuali dizain€tiem savienojumiem;

Darba rezultata iegiiti Cetri lidersavienojuma kandidati talakai izmantoSanai in vivo

pétijumos.

II dala. C—H funkcionalizeSanas metoZu izstrade
Izstradata metode elektroniem bagatu heteroaromatisko savienojumu regioselektivai C—H

acetoksilésanai, izmanojot hipervalentos joda(IIl) savienojumus un Pd(II) katalizatorus;

Izstradata metode elektroniem bagatu aromatisko un heteroaromatisko savienojumu
regioselektivai C-H azidéSanai un C-H aming&Sanai istabas temperatlira, izmanojot
hipervalentos joda(Ill) savienojumus un Cu(l) salu katalizi. Metode savietojama ar plasu

aminu klastu.
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SECINAJUMI

I dala. mPGES-1 inhibitoru sinteze
Ar otras paaudzes farmakoforo modeli prognozeétas mPGES-1 inhib&josas aktivitates labi
korele ar eksperimentali noteiktam vértibam, tadéjadi apstiprinot farmakofora modela

pareizibu;

Saskana ar izstradato farmakoforo modeli, saistibu ar mPGES-1 enzimu nodroSina pieci
farmakoforie struktiirelementi liganda: otréja amida N-H protona udenraza saite un

hidrofoba tipa mijiedarbiba ar liganda Cetriem lipofilajiem fragmentiem;

Savienotajelements starp liganda centralo gredzenu un benzimidazola fragmentu nav

iesaistits liganda—enzima mijiedarbibas nodrosinasana.

II dala. C-H funkcionalizéSanas metoZu izstrade
Palladija(Il) un vara(I) katalizatoru klatbiitné reducgjosa eliminé$anas nesimetriskajos diaril-
A>-jodanos notiek ar pretgju selektivitati nekd nekatalizéta procesa gadijuma: diaril-A’-
jodanos heteroatoma ligands veidos saiti ar telpiski mazak trauc€to vai elektroniem bagatako

no diviem arilligandiem;

C-H FunkcionalizéSanas regioselektivitati aromatiskajos un heteroaromatiskajos
savienojumos nosaka nesimetriskd A’-jodana veidoSands elektrofildis aromatiskas
aizvietoSanas (Fridela-Kraftsa) reakcija. Arénos C—O un C-N saite veidosies para stavokli
pret elektrondonoro aizvietotaju. Vairaku elektrondonoro aizvietotaju gadijuma A’-jodanu
veidoSanos un lidz ar to ari C—H funkcionalizé$anas regioselektivitati arénos noteiks
specigakais no elektrondonorajiem aizvietotajiem. Heteroaromatiskie savienojumi reages

saskana ar tiem raksturigo reagétspéja Fridela-Kraftsa reakcijas apstaklos.
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GENERAL DESCRIPTION OF THE DISSERTATION THESIS

1.1. Description of the topic, structure and volume of the paper

The prompt development of pharmaceutical, material science and other interdisciplinary
sciences over the recent decades has significantly influenced research character and directions of
"traditional" sciences. For example, organic chemistry has increasingly become oriented toward
solving problems of other sciences. Consequently, organic chemistry alike analytical chemistry,
gradually turns into a sort of "tool" or a set of methodologies for the achievement of
interdisciplinary research goals. Important research directions in contemporary organic chemistry is
development of new synthetic methodologies for medical chemistry, agrochemistry and
pharmaceutical industry. Because chemical-pharmaceutical industry is among top priority fields of
Latvian economy, this dissertation thesis in the field of medical chemistry contributes to the
preparation of industry specialists.

The dissertation thesis comprises a chapter describing medicinal chemistry case study and
another chapter focused on the development of synthetic methodologies for medicinal chemistry.
The medicinal chemistry case study is directed to the development of non-steroidal anti-
inflammatory drugs with a new mechanism of action. The pharmacological target in the study is
microsomal prostaglandin synthase 1 (mPGES-1). Computer modelling along with traditional
structure-activity relationship (SAR) studies has been used in the design of the enzyme inhibitor.
Development of a pharmacophore model facilitated the development of inhibitors and the work has
resulted in several lead structures for further in vivo studies. The intellectual contribution in the
development of mPGES-1 inhibitors is summarized in 4 international patent applications.

The synthetic methodology part of the dissertation thesis is directed toward the development
of new organic synthesis methods for the late—stage functionalization of a lead structure in drug
discovery. Introduction of structural diversity at the final stages of the synthesis of the lead structure
i.e. "late modification" substantially speeds up SAR studies and streamlines synthetic work.
Methods for regioselective amination and oxidation of aromatic and heteroaromatic compounds
based on C-H bond activation approach have been developed in the dissertation thesis. The
developed one-pot sequential methodology comprises an initial activation of C-H bonds with
hypervalent iodine (IIT) compounds, followed by intermolecular reaction of intermediate A iodanes
with structurally diverse nitrogen and oxygen nucleophiles Developed methods have been published
in three scientific publications. The dissertation thesis is based on three scientific publication and a
four PCT Patent Applications, all of them written in English. The thesis summary provides a

general overview of the complete work.
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1.2. Research objectives and tasks

The present dissertation has two mutually related objectives:

1.

Elaboration of an initial 4it of mPGES-1 synthase inhibitor into a /ead structure for further
in vivo development;

Development of a new synthetic methodology for "late modification" of a core structure of
potential drug compounds. The development is to be based on a C—H bond activation
approach which does not require prior modification of the core structure and, hence, allows for

a direct transformation of C-H bonds to C-O and C-N bonds.

The following tasks have been set forth for achievement of the objectives:

1.

synthesize structurally diverse analogues of the hir and develop a preliminary
pharmacophore model of mPGES-1 inhibitors;

elaborate the pharmacophore model and perform structure-activity relationship (SAR)
studies;

employ the optimized pharmacophore model for the in silico prediction of mPGES-1
inhibitor activity; synthesize the predicted, most active compounds and test their inhibitory
activity;

develop a method for regioselective C—H oxidation of electron-rich heteroaromatic
compounds using hypervalent iodine (IIT) compounds;

develop a method for regioselective C—H azidation and C—H amination of electron-rich

heteroaromatic compounds employing hypervalent iodine (IIT) compounds
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PRINCIPAL RESULTS OF THE DISSERTATION

2.1. Development of microsomal prostaglandin synthase 1 (mPGES-1) inhibitors

In 2004, pharmacies discontinued sale of a number of anti-inflammatory drugs, for example,
rofecoxib due to the fact that a prolonged use of the drug caused severe, often lethal cardiovascular
complications to a number of patients. It must be noted that the sales of rofecoxib in 2003 reached
2.5 billion US dollars thus indicating on the high demand for anti-inflammatory drugs. In order to
replace the drugs withdrawn from market, many of the global leading pharmaceutical companies

commenced research on development of inflammatory drugs with a new mechanism of action.

2.1.1. Arachidonic acid metabolism

For most of the non-narcotic anti-inflammatory, anti-fever and pain-relief drug compounds
used today the pharmacological mechanism of action is based on inhibition of the formation of
prostaglandin PGE,. Prostaglandin PGE; is a metabolite of arachidonic acid (AA), an unsaturated
fatty acid which forms in tissues as a response to adverse proinflammatory stimuli (mechanical,
chemical, thermal, neural or humoral). Accumulation of prostaglandin PGE; in tissues is associated
also with pain, because PGE, increases the sensitivity of nocireceptors (pain receptors) to irritants
and causes hyperalgesia. Furthermore, PGE, effects dilatation of blood vessels, increases
permeability of capillary walls and causes swelling. All these —symptoms are characteristic of
inflammation. Therefore prostaglandin PGE; is considered to be the mediator of inflammation.

Formation of prostaglandin PGE, in principle could be inhibited at various steps of
arachidonic acid metabolism (Figure 1). For example, blocking of the phospholipase A, (PLA;)
with glucocorticoids (prednisolone, methylprednisolone, Figure 2) inhibits the release of
arachidonic acid. However, most of drug compounds (such as aspirin, paracetamol, non-steroidal
anti-inflammatory drugs (NSAIDs) ibuprofen, diclofenac as well as so-called coxibs - celecoxib and
rofecoxib, see Figure 2) are aimed at inhibition of cyclooxygenase, particularly an inducible
isoenzyme COX-2. It is noteworthy that COX-2 acts as a cocatalyst and mediator of mPGES-1.
Thus, under normal physiological conditions, the level of mPGES-1 is low. However, increased
expression of COX-2 brings about up-regulation of mPGES-1, which in turn ensures prompt
formation of PGE,.

It is important to note that virtually all marketed anti-inflammatory drugs possess side
effects. The reason for this is concomitant inhibition of biosynthesis of other arachidonic acid
metabolites - leukotriene (LTA4), thromboxane (TXA;) and prostaglandins (PGF,,, PGD, and

PGI,). Arachidonic acid metabolites are bioregulators in many physiologically important processes.
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They affect cardiac, digestive, respiratory and reproductive systems and the inhibition of their
biosynthesis may cause undesirable physiological consequences. It should be emphasized that
metabolites of arachidonic acid often have the opposite physiological effects. For instance,
thromboxane A, (TXA;) constricts blood vessel walls and increases arterial pressure, whereas
prostaglandin I, (PGL,) effects dilatation of blood vessels. The antagonistic effects of TXA; and
PGI; is also present is blood clotting: TXA,; is a powerful inducer of platelet aggregation whereas
PGI, inhibits platelet aggregation and adhesion. Similarly, prostaglandin PGF,, and PGD, cause
bronchial constriction while prostaglandin PGE, is known for its bronchodilator effect.
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Figure 1. Arachidonic acid metabolism

The side-effects of the non-selective prostaglandin PGE, inhibition have caused withdrawal
of several marketed anti-inflammatory and pain-relief drugs. For example, in 2014, pharmacies
discontinued the sale of COX-2 inhibitor rofecoxib, because a prolonged use of this medicament

caused severe often even lethal cardiovascular complications.
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Figure 2. Representative anti-inflammatory drugs

Analysis of arachidonic acid’s metabolic pathway (Figure 1) shows that the biosynthesis of
the anti-inflammatory mediator PGE; can be blocked selectively by inhibitory mPGES-1, a group of
enzymes comprising a cytosole-localized cPGES and a membrane—bound proteins mPGES-1 and
mPGES-2. It should be noted that cPGES and mPGES-2 are constitutive enzymes which ensure the
homoeostatic level of PGE,. On the contrary, mPGES-1 synthase is an inducible enzyme, which
expression is caused by increase of COX-2 levels due to presence of proinflammatory stimuli.
Therefore mPGES-1 is suitable therapeutic target for the development of anti-inflammatory, anti-
fever and pain-relief drugs.

The structure of human's mPGES-1 synthase complex with glutathione (GSH) has been
determined by X-ray method (at 3.5 A resolution). Human’s mPGES-1 possesses 3 identical
subunits and each of the subunit forms 4 transmembrane domains. The identification of complex
structure rendered feasible understanding the role of mPGES-1 in PGH,; transformation to PGE,.
Accordingly, an initial attack of GSH thiolate anion to the oxygen of PGH; endoperoxide C-9 is
followed by proton transfer from mPGES-1 synthase (Arg—126) to C-11 oxygen, resulting in
hydroxy group formation. Subsequently, the C-9 position undergoes deprotonation with mPGES-1
synthase (Arg—126) thus forming ketone and regenerating GSH thiolate anion (Figure 3).
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HoN__N. - HoN_N H N
ZYeoH O O H 2 GSH\S 2 Ss-asH
— HO
NH R1 NH /

woC R W

mPGES-1 PGH, mPGES-1 mPGES-1 PGE,
GSH=Glutathione

Figure 3. The postulated mechanism of mPGES-1—catalyzed formation of PGE-.
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Design of several mPGES-1 inhibitors was based on the mechanism of PGE, biosynthesis.
For example, a fatty acid 1 was designed as an analogue of prostaglandin PGH; so that the peroxide
cycle was replaced by a bicyclic moiety (Figure 4). Most of the mPGES-1 inhibitors, however, do
not have apparent structural similarities to the endogenous substrate PGH,. Among the most
common structural motifs in mPGES-1 inhibitors are indoles and related hetorocycle -
thienopyrroles (indole derivative 2, developed by the Canadian company Merck Frosst , compound
3, developed in an Italian company Aziende Chimiche Riunite, the indole 4 and thienopyrrole 5
jointly developed by the Swedish company Biolipox(Orexo) and Latvian OSI). Among other
scaffolds there is 2-arylimidazole and 2-arylbenzimidazole (imidazole 6, 2-aryl imidazole's
derivative created by the German company Boeringer-Ingelheim 7, and benzimidazole 8). Several
mPGES-1 inhibitors possess sulfonamide functional group (bis-sulfonamide 9 developed by the
Swedish company ASTRA ZENECA and Biolipox(Orexo)/LOSI developed bis-sulfonamide 10).
Among the patented mPGES-1 inhibitors there is licofelone 11 (currently undergoes 3rd-phase
clinical trials), carbazole derivative 12, 2,4-dehydro-pyrazolone 13, pyrimidine derivative 14,
thienylcarboxylic acid amide 15, isophthalic acid diamide 16 developed by the Swedish company
NOVA-SAID and benzoxazole 17 (Figure 4).

Figure 4. Patented mPGES-1 inhibitors

2.1.2. Pharmacophore model
Computer modelling is widely used to streamline drug development because modelling

helps to predict efficiency of interactions between a chemical compound and target protein.
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Modelling also provides information about electronic, geometric, or steric properties of target
protein—ligand complex. Majority of models correlate biological activity with 3-D chemical
structure or specifically selected structural elements of ligand. They are called Quantitative
Structure-Activity Relationship models or OSAR models. The term QSAR model often is used in a
broader context, for example to describe any "structure-property" relationship. Pharmacophore
models are among the most popular QSAR models. Pharmacophore modeling is used for target
proteins of unknown spacial (tertiary or quaternary) structure.

Structural element of the pharmacophore model is pharmacophore — steric or electronic
feature of a ligand that ensure binding with target protein. For example, the pharmacophore can be
an aromatic ring in a ligand or a functional group such as hydroxy, amine functional group or
carboxylate anion. Steric and electronic properties of each of the pharmacophore (as well as of a
drug compound) are described by descriptors. A descriptor is, for example, hydrogen bond vector,
hydrophobic surface area, substituent’s dipole moment, charge, resonance forms, presence of
aromatic m-system etc. In the pharmacophore modelling each of pharmacophores is described with
as many different descriptors as possible. This helps to find common descriptors for all ligands
using mathematics analysis. For example, the presence of an aromatic m-system itself is a
descriptor. However, aromatic rings possess hydrophobic properties, so an additional descriptor for

aromatic rings is hydrophobic surface (Figure 5).

Figure 5. Pharmacophore model (hydrophobic property is added to aromatic rings, green-
hydrophobic, red-proton acceptor, blue-proton donor, orange—aromatic n-system).

The pharmacophore model is usually generated using a set of ligands with experimentally -
determined affinity toward the target protein. The entire set of ligands is divided randomly in two:
working set and training set. Sets may be either equal or different in numbers. The working set is
used to create the pharmacophore model, whereas the training set is used to test the prediction
ability of the created model. Development of pharmacophore model starts with calculation of lowest

energy conformation for each of the working set molecule. It is assumed that the lowest energy
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conformation corresponds to bioactive conformation. The next step is to find as many descriptors as
possible that are common for all of active ligands but are not present in all of non-active molecules
of the working set. During the model development, a number of pharmacophore model hypotheses
are generated. Their respective accuracy is tested using the training set. The best pharmacophore
model hypotheses are able to predict the binding affinity for 70-85% of ligands in the test group,
and this is a very good indicator. The developed pharmacophore model is further used to predict the

binding affinity of ligands.

2.1.3. SAR studies. First generation pharmacophore model.

Starting point for the development of a new patentable mPGES-1 inhibitor was a hit
structure— acylated amino methyl aniline 19, discovered during high-throughput screening (HTS) at
German pharmaceutical company Boehringer Ingelheim. The hit structure exerted micromolar
inhibitory activity against mPGES-1 (IC50=832 mM; Figure 6). In order to simplify the
development of new mPGES-1 inhibitors and streamline synthetic work, we decided to combine a
“traditional” SAR studies with computer modelling in our "hit-to-lead" optimization program.
When our work was commenced, there were no information available regarding structure of
mPGES-1 and enzyme active site. Therefore, pharmacophore modelling was selected from the
range of QSAR models as this type of QSAR is especially useful in the case of target proteins with
unknown structure. The use of pharmacophore model helps to predict inhibitory activity and

provides information on the interaction between the enzyme and ligand.

N
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o o)
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H 19

Figure 6. Hit structure 19 from HTS at Boehringer Ingelheim

A structurally diverse array of ligands with experimentally determined affinity toward the
target protein is necessary for development of the pharmacophore model. Therefore, we initially
synthesized a wide array of ligand 19 analogues with various substituents R', R? and R® in the
central ring. A total of 120 compounds were synthesized and their inhibitory activity toward
mPGES-1 was determined to be in the rang from ICso=1 uM up to ICs5o=60 uM. The most active
ligands with submicromolar inhibitory concentration contained 2-aminooxazole, 2-

aminobenzoxazole and 2-aminobezimidazole structural elements (Figure 7).
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Figure 7. A set of ligands for development of pharmacophore model and initial SAR studies.

From 120 synthesized compounds, 60 were inactive (ICs0>10 uM), 35 compounds had
average inhibitory activity (ICso ranged from 1 to 10 uM), and 25 ligands were active (IC50<I1uM).
15 Most active and 15 most inactive compounds were selected as a working set for the development
of pharmacophore model. Lowest energy conformations were calculated for these 30 compounds
using Schroedinger Suite 2012 software. Matching of the calculated compound was performed by

Maestro 9.3 superposition function built into the Schroedinger software (Figure 8).

Figure 8. Superposition of a number of structures in a working set

Next, we applied Phase 3.7 module to find pharmacophores for each of compounds. Set of
descriptors was generated for each of pharmacophore (Figure 9, the automatically generated set of

descriptors for ligand 20 is presented in structure 2A). Built-in descriptor editor of the Phase
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module permits both to modify descriptors generated by the software and to add manually new
descriptors. For example, arenes possess hydrophobic properties. To thoroughly describe the
aromatic ring pharmacophore, a hydrophobic property was added as an additional (new) descriptor
(Figure 9, structure 2B). Subsequent scanning of the working set provided a new database with

compound pharmacophores and their descriptors.

Figure 9. Descriptors for ligand 20 (green - hydrophobic, red - proton acceptor, blue - proton donor,
orange - existence of aromatic m-system).

After generation of pharmacophore descriptors, we performed statistical calculations to find
as many descriptors as possible that are present in all active ligands, and are absent in all inactive
molecules. A total of 240 pharmacophore model hypothesis were generated in the model
development phase. Further, we tested ability of multiple model hypothesis to predict compound
inhibitory activity by sorting all of 120 synthesised compounds in three ligand groups: active,
moderately active and inactive compounds. The larger the number of active compounds whose
pharmacophore properties (radius, vector, volume) matches that of the model, and the lower the
root-mean-square deviation from the model, the better the model is. Based on the prediction test, a
pharmacophore model relying on four pharmacophore points has been chosen. Pharmacophore
points were as follows: one hydrogen bond donor and three hydrophobic type interactions (Figure
10). The pharmacophore model successfully picked-up all 25 active compounds from the entire
array of 120 synthesised compounds and separated them from moderately active and non-active
ligands. However, the model incorrectly predicted 17 compounds of moderate activity and 5

inactive compounds.
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Figure 10. The first generation pharmacophore model

2.1.4. Development of second generation pharmacophore model

To improve the accuracy of the developed pharmacophore model, we decided to add extra
pharmacophores. Improvement of the model would enable a more accurate selection of inactive and
moderately active ligands. Search for new pharmacophore points had to be performed in the
heterocycle part of ligands (e.g. benzimidazole, benzoxazole rings) as these moieties had not been
characterized by pharmacophore points in the first generation model (Figure 10). Furthermore, SAR
analysis indicated that the introduction of 2-aminobenzimidazole or 2-aminobenzoxazole moieties
allowed for obtaining mPGES-1 inhibitors with submicromolar activity (Figure 7). Thus, in the
subsequent work we focused on synthesis of benzimidazole subunit-containing heterocycles.

Synthesis of 2-aminobezimidazoles 21-34 evidenced that introduction of lipophilic
substituents at the 5™ position of benzimidazole improved inhibitory activity of mPGES-1
(compounds 23-24, 32-34; to be compared with the non-substituted benzimidazole 21, see Figure
11). Introduction of nitrogen atom in the 5™ position of benzimidazole reduced the inhibitory
activity (compound 25), whereas bezimidazoles with nitrogen atom in 4™ position retained their
inhibitory activity (compound 26, Figure 11). We also found that the presence of hydrogen bond
donor in benzimidazole did not affect the inhibitory activity, which was similar for N-H
benzimidazoles 21, 24 and their structural analogues — N-methylbenzimidazole 28 and benzoxazole

29-30.
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Figure 11. SAR studies in benzazoles 21-34 series.

Introduction of bulky lipophilic substituent in benzimidazole retained high inhibitory
activity (compounds 36, 40) indicating that there is relatively large space in the active centre of the
enzyme around 5" and 6" position of benzimidazoles (Figure 11). The presence of polar
heteroatoms substantially reduced the inhibitory activity (compounds 37, 39 compared to 36, 38 and
40). These results suggest the lipophilic interaction between the benzimidazoles moiety of ligand

and mPGES-1.
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Figure 12. SAR studies in aminobenzimidazole 35-40 series

According to the first generation pharmacophore model (Figure 19), nitrogen atom between
the central benzole ring and benzimidazole is merely a linker and not a pharmacophore element.
Therefore its substitution degree should not affect the inhibitory activity of mPGES-1. To verify
this hypothesis, we decided to replace the secondary amine linker with tertiary amine moiety as well
as with a keto group. Unfortunately, tertiary amine 41 turned out to be highly unstable: it

spontaneously decomposed into N-methyl aniline 42 and N-methyl phenylenediamine (Figure 13).
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Figure 13. Decomposition of aminobezimidazole 41

In sharp contrast, a ketone linker—containing ligands 43-48 were stable, Furthermore, they
exerted low nanomolar inhibitory activity (Figure 14). These results confirm that the linker between
the central ring and benzimidazole moiety does not interact with the active site of enzyme and,
hence, it is not a pharmacophore element. The absence of interactions between the linker and
mPGES-1 confirmed prediction accuracy of the 1¥' generation pharmacophore model. It should be
noted that the most active compounds in a series contain highly lipophilic substituents in the

benzimidazole ring 43-48 (Figure 14).
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Figure 14. mPGES-1 inhibitory activity of 43-48 keto derivatives



Unfortunately, most of keto derivatives (Figure 14) feature low in vitro metabolic stability
(ti2 from 2 to 15 minutes). Therefore, ketone linker containing inhibitors were not employed in
further studies. Low metabolic stability was observed also for many aminobenzimidazole
derivatives, such as ligands 26 (#;,=1 min), 30 (¢;,,=7 min), 31 (¢;,=5 min), 34 (¢;,=6 min), 35
(t12=7 min), 40 (¢,,=7 min) and 43 (¢;,=4 min). It was found that the low metabolic activity is
related to the oxidation of I-methylcyclohexyl group. Therefore, a series of metabolically more

stable analogs 49-58 have been synthezied (Figure 15).
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Figure 15. mPGES-1 inhibitors 49-58 with increased metabolic stability

All mPGES-1 inhibitors synthesised for SAR studies (more than 180 compounds) were used
for optimization of the 1* generation pharmacophore model. After the generation of additional
pharmacophore descriptors and statistical calculations, 35 new pharmacophore model hypotheses
were obtained. From these, a model hypothesis involving 5 pharmacophore points was selected as
the 2™ generation pharmacophore model. These 5 pharmacophore points are as follows: one
hydrogen bond donor and four hydrophobic interactions (Figure 16). Although the 2nd generation
model featured enhanced accuracy and better ability to select the most active compounds from
inactive ones, 4 moderately active and 1 non active compound were predicted incorrectly. For the
model improvement we opted to change the radii of the existing pharmacophore spheres rather than
to introduce even more pharmacophores, which would result in too complex model. Upon testing

various pharmacophore sphere radii, we found that the increase of lipophilic pharmacophore radius

56



by 0.3 A (from 1.0A to1.3A) and slight change of distances between pharmacophores provided an

improved model which almost quantitatively separated all active compounds from the inactive and

moderately active ones (Figure 16).

Figure 16. The second generation pharmacophore model

The pharmacophore model clearly shows the absence of steric hindrance in the mPGES-1
active site around bezimidazole 5™ and 6™ position. This opened the door for introduction of
sterically large hydrophobic substituents at the 5™ and 6" position of benzimidazole moiety in
attempt to increase further the inhibitory activity. Consequently, a series of hypothetical inhibitors
were designed in silico and examined by the second generation pharmacophore model. Among the
designed structures, high inhibitory activity was predicted for bezimidazole derivatives possessing
conformationally restricted amide moiety at the 5t position of bezimidazole (compounds 59-63,
Figure 17). All of compounds with predicted high activity were synthesized, and experimentally
determined high inhibitory activities (Figure 17) confirmed the accuracy of the 2nd generation

pharmacophore model.
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Figure 17. Amide-containing benzimidazole-based mPGES-1 inhibitors 59-63

Notably, in contrast to the previously synthesized active inhibitors 45, 47 and 64, amide
group—containing benzimidazoles 60-63 maintained high inhibitory activity even in the presence of
human serum albumin ("A549+50% HSA” test) and also in human whole blood sample ("hWB"
test) (Figure 18). These result evidence that ligands 60-63 have substantially lower affinity towards

plasma proteins and, hence, feature higher bioavailability.
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Figure 18. Inhibitory activity of the selected mPGES-1 inhibitors in the presence of plasma proteins
and in a whole blood sample
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Further optimization of the most active amide-containing ligands 61-62 helped not only to
improve even more the inhibitory activity in the presence of plasma proteins and whole blood
sample, but also to increase metabolic stability. As a result of the hit-to-lead program, four

development candidates 65-68 have been nominated for further in vivo studies (Figure 19).
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Figure 19. Development candidates for in vivo studies

2.1.5. Synthesis of mPGES-1 inhibitors
Synthesis of new mPGES-1 inhibitors was based on a building block strategy. Building
blocks were designed so that the desired modifications of the core structure could be done at the late
stages of the synthesis. Because structural modifications of inhibitors were focused mainly on
variation of R', R* R’ and R” substituents without affecting the core benzylamine scaffold, three
types of building blocks A, B and C (Figure 20) have been employed at the initial stages of hit-to-
lead

TP program..

Figure 20. Building blocks for the synthesis of ligand 19 analogues
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Building blocks A and B were prepared from commercially available 3-nitro benzonitrile 69.
Benzylamine 70 was obtained by reducing nitrile 69 with borane. Benzylamines 70 were converted
into N-methyl derivatives 71 by deprotonation with NaH and further alkylation with Mel. Amines
70 and 71 were acylated with acid chlorides, whereas nitro group in amides 72 was reduced with Fe
in a mixture of ethanol and saturated aqueous NH4Cl solution (Figure 21). Aniline building blocks
A were used for synthesis of 17 inhibitors (Figure 22). Isothiocyanate building blocks B were
synthesized in the reaction of aniline A with thiocarbonyldiimidazole, and they were used for
synthesis of 166 mPGES-1 inhibitors (Figure 23). Building blocks C were prepared in the Pd—
catalyzed methoxycarbonylation of bromobenzene 75, which was obtained by reduction of
cyanobenzenes 73, followed by N-acylation. Alternatively, building blocks C were prepared from
bromobenzene 76 in a Mannih—type reaction with amide 77, followed by trifluoroacetamide
hydrolysis/N-acylation sequence (Figure 21). Building blocks C were used to synthesize 35
mPGES-1 inhibitors (Figure 25). A total of 254 mPGES-1 inhibitors were prepared from the
starting building blocks A, B and C.
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Figure 21. Synthetic approach to starting building blocks A-C

Building block A was used to obtain ¢ f-unsaturated carboxylic acid amides 79,
corresponding reduced derivatives 80, diarylamines 83 and N-cyanoguanidines 86 (Figure 22). o,/-
Unsaturated amides 79 were prepared by the reaction of building block A with acrylic acid chloride,
followed by Pd—catalyzed Heck reaction with arylbromide. Amide derivatives 80 were obtained via
Pd—catalyzed hydrogenation of a,f-non-saturated amides 79. Aminopyridine derivatives 83 were
synthesized in the reaction between building block A and 2-chloro-5-nitropyridine 81, followed by

nitro group reduction and reductive amination reaction. Substituted N-cyanoguanidine derivatives
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86 were accessible from building block A and N-cyano-S,S-dimethylditioimidocarbonate 84 in the

presence of NaH. Obtained intermediates 85 were converted to target N-cyanoguanidines 86 in the

reaction with various aliphatic amines (Figure 22).
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Figure 22. Synthesis of mPGES-1 inhibitors from building block A

Building block B was utilized for preparation of thiourea 91 and its bioisosters - diamino-
nitroethenes 93, 2-aminothiazoles 90 as well as for synthesis of 2-aminobenzoxazoles 87 and 2-
aminobenzimidazoles 88, 89 (Figure 23). Thus, 2-(nitro-vinyl)-aniline 92 was obtained by the
addition of nitromethane anion to the isothiocyanate B, followed by S-metylation. Target
compounds 93 were formed in the reaction with various aliphatic amines. Reaction of building
block B and amines yielded thiourea derivatives 91, which were converted into aminothiazoles 90
in a subsequent reaction with a-bromoketones. Finally, the reaction between building blocks B and
building blocks D (substituted ortho-phenylendiamines, ortho-aminophenoles, 2,3-diamino and 3,4-
diaminopyridines, see Figure 24) delivered the corresponding thiourea intermediates, which were
cyclized in situ into substituted 2-aminobenzoxazoles 87 and 2-aminobenzimidazoles 88, 89 (Figure
23).
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Figure 23. Synthesis of mPGES-1 inhibitors from building blocks B

Building block D was prepared from substituted

Ortho-fluorine of nitrobenzene 94 was selectively substituted with various amines and alkoxides at

low temperatures (—30 °C). However, higher temperature

fluorine atom with various nucleophiles. The nitro group was reduced with Fe in a mixture of

2,4-difluoro-nitrobenzene 94 (Figure 24).

was required for the reaction of the second

ethanol and aqueous ammonium chloride solution (Figure 24).
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Figure 24. Synthetic approach for preparation of building block D

Building blocks C and D were used for the synthesis of ketone linker-containing mPGES-1
inhibitors 99. Initially, ortho-phenylendiamines were converted into benzimidazoles 97 in the

reaction with trimethyl orthoformate. Subsequent treatment with LDA formed 2-lithiated

benzimidazoles 97, which were reacted in situ with esters 98 (Figure 25).
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Figure 25. Synthetic approach for mPGES-1 inhibitors synthesis from building blocks C and D

2.2. Development of methods for "late-stage'" modification of drug compounds

"Late-stage" modification is widely employed in the design of drug compounds, because this
approach allows for introduction of structural diversity at the final stages of synthesis. As such, the
"late-stage" modification substantially speeds up structure-activity relationship studies and
streamlines synthetic work. Ideally, introduction of structural diversity is to be accomplished
without a preactivation of the lead compound. This differs form traditional approach which relies on
an initial introduction of halogen atom or similar functional group (Cl, Br, I, OTf, OMs) and
subsequent reaction with the desired nucleophile, for instance, amine to construct the new C-N
bond. Therefore, the most suitable approach to the late-stage modification relies on
functionalization of C—H bonds. Furthermore, a direct introduction of amino group in aromatic or
heteroaromatic cycle would permit not only to shorten the synthesis but also to address functional
group compatibility issues. For example, direct C-H amination methods usually are compatible with
the presence of halogen atoms. At the same time, the C-H functionalization suffers from low
regioselectivity because there are a number of C-H bonds in the arenes or heteroarenes that
potentially can be functionalized. To control the regioselectivity of the C-H bond functionalization,
"directing groups" are introduced. They are substituents that direct the C-H bond activation to
ortho- or meta-positions. Such directing groups in most cases need to be removed after the C-H
functionalization event. The cleavage of the directing group in many cases is a challenging task. We
propose an alternative C-H activation methodology where the regioselectivity of C-H bond
functionalization is controlled by intrinsic reactivity of substrates under conditions of electrophilic
aromatic substitution. Accordingly, the C-H activation will take place at the more electrophilic
position of aromatic or heteroaromatic cycle. Consequently, this approach does not require the
presence of a "directing group". Furthermore, our C-H functionalization approach often provides a

complementary regioselectivity to that of the "directed" C-H activation. As such it could find broad

application for the late-stage modification of drug compounds. Our work toward the development of
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methodologies for C-H amination and oxidation of electron-rich arenes and heteroarenes was based

on the hypervalent iodine(IIl) chemistry.

2.2.1. Hypervalent iodine(IIT) chemistry

Hypervalent iodine compounds possess a central iodine atom and three ligands. If two of the
ligands are arenes, these species are called diaryliodoninum salts. Correctness of the latter term has
been questioned because "onium salts" such as ammonium and sulfonium exists in tetrahedral
geometry. On the contrary, iodine(III) compounds possess a T-shaped geometry (pseudotrigonal
bipyramid), which is due to the presence of two different chemical bonds. Thus, a bond between the
central iodine atom and equatorially located ligand in the T-shaped complex is a covalent 6-bond
whereas a bond between the two axially-positioned ligands and the iodine atom is so-called
hypervalent bond (Figure 26). It has been suggested that hypervalent iodine(IIl) species retain the
T-shape geometry also in solutions. Hence, it is more correct to name the iodine(Ill) compounds as

23-iodanes and diaryliodonium salts 100 as diaryl-4*-iodanes, respectively.
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@
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R’ 100 T-geometry

diaryl-2%-iodane

\\Q//
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X=Cl, Br, I, OTf, OTs, BF4

tetrahedral geometry
diaryliodane salt

Figure 26. Diaryl-1’-iodanes.

The linear hypervalent bond is a three-center four-electron bond formed from the doubly
occupied 5p orbital of iodine and one orbital from each of the axial ligands. The hypervalent bond is
weaker than the normal covalent 6-bonds. The two lowest-energy orbitals of the hypervalent bonds
(bonding and non-bonding orbitals) are filled. There is almost a full positive charge (o1 = +1) on the
central iodine atom and partial negative charges on both of the axially located ligands at termini of
the hypervalent bond. Such charge distribution in the hypervalent bond is determined by the node in
centre of the filled non-bonding orbital. The positive charge on the iodine(IIl) is responsible for
strongly electrophilic character of aryl-A’-iodanyl substituent. Thus, phenyl-A*-iodanyl group
Ph(BF4)I" is a very strong inductive electron-withdrawing group (oy=1.34). Strength of it’s

64



inductive effect is comparable to that of diazonium salts N, —BF,; (o= 1.48) and is even more
stronger than that of nitro-substituent (o7 = 0.64). Due to the high polarization of the hypervalent
bond, the most electronegatives ligands are located in axial positions (at both ends of the
hypervalent bond). It has been demonstrated that Hammet c-constants of the axially located ligands
correlate will with stability of 2*-iodanes: the higher the electronegativity of ligands, the more stable

the /*-iodane is.

axial __,5]__"'»/_ > O —  antibonding orbital
position A?“L oo - OO % non-bonding orbital
A OCAOOOCA ﬁ bonding orbital
equatorial L—1—1L
position

Figure 27. Hypervalent orbital in A*-iodanes.

The [N-X-L] designation is often used to illustrate electronic structure of the hypervalent
compounds. According to this designation, N is number of valence electrons at central atom X,
whereas L is number of ligands attached to the central atom. Accordingly, A*-iodanes are [10-I-3]
species, whereas aryliodonium compounds possess a [8-I-2] configuration.

There are two relevant reactions of A*-iodanes: ligand exchange reaction, which does not
affect oxidation state of iodine(IlI), and reductive elimination of ligands which results in reduction
of I(IIT) center to iodide. A*-Iodanes react with a variety of nucleophiles due to the strongly
electrophilic nature of iodine (III) cation. A nucleophile attacks the antibonding c* orbital of C-I
bond in A*-iodane 101 and forms frans-tetracoordinated [12-1-4] iodate 102 (Figure 28). The trans-
iodate 102 undergoes isomerization to cis-iodate 103. Subsequent dissociation of heteroatom-
containing ligand L forms a new hypervalent iodine compound 104. Exchange of ligands is fast and

reversible. lodane 104 can undergo also further ligand exchange reactions.

5_
8+IJ_ @ L L L
\\\ A @_ _I \\\
| L—»Ar/l Nu—»Ar/I L%Ar |\
% Nu L Nu
101 102 103 104

Figure 28. Exchange of ligands in A*-iodanes

Electron-rich (hetero)arene can also serve as a nucleophile in the reaction with electrophilic
aryl—f—iodanes 101. For example, (diacetoxyiodo)benzene (PhI(OAc),) 105 reacts with anizole,
forming a unsymmetrical diayl-2>-iodane 106 (Figure 29). Although formation of iodane 106
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formally proceeds according to mechanism of the electrophilic aromatic substitution SgAr or
Friedel-Crafts reaction, an initial formation of cation radical species 107 by single electron transfer
(SET) from the electron-rich arene to the electrophilic iodine(IIl) center was observed by electron

paramagnetic resonance method.
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Figure 29. Formation of diaryl-A*-iodane in Friedel-Crafts reaction

From a synthetic application viewpoint, the most important reaction of A*-iodanes and
especially of diaryl-*-iodanes is reductive elimination. It leads to formation of a new bond between
two ligands (nucleophilic ligand X and the aryl moiety). Concomitantly, the hypervalent iodine(III)
centre is reduced to a iodide. The driving force for the reductive elimination from diaryl-A’-iodanes
is the formation of iodine(I) with octet electronic configuration. According to widely accepted
mechanism, the electron-withdrawing nucleophilic ligand X polarises the hypervalent bond and
triggers heterolytic bond fission. Subsequently, the nucleophilic ligand X attacks the ipso-position
of equatorial aryl ligand via the transition state 108 or 109, thus forming the reductive elimination

product and aryl-iodide (Ar-I) as the neutral leaving group (Figure 30).
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Figure 30. Reductive elimination in diaryl-4*-iodanes
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For diaryl-1*-iodanes possessing two differently substituted aryl moieties, a mixture of two
products can be formed in the reductive elimination reaction. In accordance to ab initio DFT
calculations, selectivity of the reductive elimination depends on the values of partial charges &;” and
dy'on ipso-carbons of aryl ligands (Figure 30). From the two arene moieties, aryl ligands with
lowest partial negative charge or the most electron-poor aromatic system will undergo reaction with
nucleophile. Importantly, the reductive elimination takes place from equilibrating diaryl-A*-iodane
isomers. Because equilibrium barrier is considerably lower than activation energy for reductive
elimination reaction (K; >>k; andk;), selectivity of the reductive elimination in unsymmetrical
diaryl-A’-iodanes follows the Curtin-Hammett principle. Accordingly, the selectivity is determined
by differences in activation energies of two competing transition states of the reductive elimination
(k; against k;; see Figure 30).

Noteworthy, the electronic factors do not control selectivity of the reductive elimination if
one of the aryl ligands possesses an ortho-substituent. In such unsymmetrical diaryl-A’-iodanes, the
nucleophilic ligand X forms a bond with the ortho-substituted ligand regardless of the strength of
relative charges on the ipso-carbons of the two aryl groups. This phenomenon is called an “ortho-
effect” and it is steric by origin. It has been suggested that due to a higher steric hindrance, the
ortho-substituted aryl ligand will always occupy sterically less hindered equatorial position and,
hence will react with the nucleophilic ligand X.

Importantly, the planar T-type geometry of diaryl-A*-iodanes in not preserved in the
transition state of the reductive elimination. Deviation from the planar geometry energetically is
disfavoured, especially in cases when two of ligands of A*-iodane are mutually connected with a
linker, such as in cyclic diaryl-2*-iodane 110 (see Figure 31). It has been shown that in such cases
the reductive elimination involves formation of radical intermediates. It is often postulated that the
reductive elimination occurs with the involvement of radicals also in the case of non-cyclic diaryl-
A-iodanes. Accordingly, an initial homolytic fission of the hypervalent bond results in the
formation of diaryliodine radical 111 of [9-1-2] electron configuration and heteroatom radical 112.
Radical 111 dissociates to iodobenzene and aryl-radical 113 which subsequently forms product 114.
Radical 113 can be also involved in side reactions, such as dimerization and recombination with the

hydrogen atom (Figure 31).
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Figure 31. Reductive elimination via radical mechanism

Diaryl-1*-iodanes are among the most efficient electrophiles in oxidative addition reactions
with transition metals. Their high reactivity in oxidative addition reaction is rationalized by the
formation of iodobenzene as an excellent leaving group. Importantly, sterically smallest or the most
electron-rich of the two aryl-ligands forms a bond with a transition metal in cases when
unsymmetrical diaryl-1*-iodane is employed in the oxidative additions reaction. Thus, selectivity in
transition metal-catalyzed reactions of unsymmetrical diaryl-A*-iodanes is opposite to that of the

reaction with heteroatom nucleophiles.

2.2.2. C-H bond activation concept based on hypervalent iodine(I1I) compounds

Conceptually, the development of method for C-H functionalization of arenes and
heteroarenes is based on a three sequential one-pot reactions (See Figure 32):
1) reaction of electron-rich arenes or heteroarenes with iodine(Ill) reactant PhI(OH)OTs 115 to
form an unsymmetrical diaryl-1*-iodane 116;
2) in situ exchange of tosylate ligand in the diaryl-A*-iodane 116 for another nucleophilic ligand
117;
3) product forming reductive elimination from the unsymmetrical diaryl-*-iodane 117 containing

the nucleophilic ligand.

OTs o XVNu
H Arl(OH)OTs A Nu Ar i\)
~. TN
A 115 PN P cu(l)
(Ar(Het),; 1Ar(Het): 'Ar(Het)! vai Pd(ll)

TsO ©

116 117

o
Nu : HNR'RZ (1° un 2° aliphatic and aromatic amines), @\13, DAc

Figure 32. C-H activation concept based on hypervalent iodine(III) compounds

Formation of diaryl-1*-iodane 116 in the reaction between PhI(OH)OTs 115 and electron-
rich (hetero) aromatic compound (1* reaction) as well as the exchange of heteroatom ligands in

diaryl-A*-iodanes 116 (2™ reaction) are well-known chemical processes (See Section 2.2.1).
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Likewise, the reactions of symmetrical diaryl-2*-iodanes with various nucleophiles such as amines,
azoles and amides have been reported. They proceed both in the presence of transition metal
catalysts (Pd(0) and Cu(l)) and without the catalysts. In sharp contrast, reductive elimination in
unsymmetrical diaryl-A>-iodanes 117 has not found synthetic application apparently because of
selectivity issues. Thus, unsymmetrical diaryl-1’-iodanes contain two different aromatic
substituents, and their reactions with nitrogen or oxygen nucleophiles usually provide mixture of
regioisomers. Furthermore, undesirable selectivity of reductive elimination is anticipated for
unsymmetrical diaryl-4*-iodanes 117 containing electron-rich aryl ligand: nucleophilic heteroatom
ligand will form a bond with electron-poor aryl ligand rather than with the electron-rich aryl- or
heteroarylligand (see description of reductive elimination in Section 2.2.1).

Considering the selectivity of the reaction between unsymmetrical diaryl-A’-iodanes and
transition metals, we hypothesized that the presence of a transition metal catalyst could change the
traditional selectivity of the reductive elimination in unsymmetrical diaryl-1*-iodanes. Thus the
novelty of our concept is based on the use of Pd(II) and Cu(I) catalysts to control the selectivity of

reductive elimination in unsymmetrical-A*-iodane.

2.2.3. C-H Oxidation method for electron-rich heteroarenes

The development of catalytic C-H acetoxylation of electron-rich heteroarenes was based on
one-pot two-stage sequential process: an initial formation of heteroaryl(phenyl)-A’-iodane 118,
followed by Pd-catalyzed conversion of the intermediate A*-iodane 118 to acetoxylated product (See

Figure 33).
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Figure 33. C-H Oxidation of electron-rich heteroaromatic compounds.
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Intermediate A*-iodanes 118 were sufficiently stable to be isolated and purified. However,
from a practical viewpoint, the use of one-pot sequential process is more convenient. Pd(II) catalyst
provides the desired selectivity of the reduction-elimination in A*-iodanes 118. The Pd-catalyzed
acetoxylation reaction occurs under mild reaction conditions (ambient temperature) and is
compatible with different functional groups such as bromine and iodine, and N-alkyl, N-aryl, N-
benzoyl, N-benzyl, N-tosyl, and N-carbamoyl protecting groups. Given that the intermediate 1’
iodane 118 is not isolated during reaction, the developed one-pot two-stage sequential process
effects the conversion of C-H bond into a C-O bond. Hence, the developed method formally may be

considered as C-H oxidation reaction.

2.2.4. C-H Azidation methodology for electron-rich heteroarenes
Replacement of nucleophilic acetate ligand for an azide ligand in unsymmetrical 1*-iodanes
(118 to 119) allowed for development of a method for C-H azidation of electron-rich heteroarenes

(Figure 34).
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a
119: X=N; 3 (NH4),S
MeCN

Z—\ T _NH,

121

Figure 34. C-H Azidation of electron-rich heteroarenes

Reductive elimination of heteroarylazideazide from unsymmetrical heteroaryl(phenyl)-A’-
iodanes 119 is a key transformation of the one-pot 3-step process. The selectivity of the reductive
elimination is controlled by Cu(I) complexes. It was found that the formed heteroarylazides 120 are
unstable to be isolated and purified. However, heteroarylazides 120 can be involved in further
transformations without isolation. For example, they can be easily reduced to the corresponding

aminoheterocycles 121 (See Figure 35).
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Figure 35. Synthesis of heteroaromatic amines in the C-H azidation-reduction reaction

Heteroarylazides 120 can also react in a copper catalysed 1,3-dipolar cycloaddition reaction
with acetylenes to form 1,2,3-triazoles 122. Copper(I) salts not only catalyze the reductive
elimination of hetoeroarylazide from intermediate heteroaryl(phenyl)—f—iodanes 119, but also
promote subsequent 1,3-dipolar cycloaddition reaction (Figure 36). The developed methodology is

suitable for the late-stage functionalization of a wide range of electron-rich heterocycles.
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Figure 36. One-pot sequential C-H azidation-1,3-dipolar cycloaddition reaction.

71



2.2.5. C-H Amination of electron rich arenes and heteroarenes

The desired selectivity of the C-N bond forming reductive elimination from unsymmetrical
heteroaryl(phenyl)-4*-iodanes in the presence of Cu(I) salts opened the door to further development
of C-N amination methodology. Thus, we have found that copper(I) salts provide the proper
selectivity also when in amine is employed as a nucleophile in the reaction with unsymmetrical
heteroaryl-(phenyl)-A*-iodanes (See Figure 37).

Mes—!—OTs 102
H OH Mes—|—OTs R'R*NH R'-N-R2

I
Het(Ar) Het(Ar) Cu(MeCN),BF, Het(Ar)
(10 mol%)

ambient not isolated 37 amines
temperature

28 (hetero)arenes

Figure 37. C-H Amination of heteroarenes

At the outset of our investigation we synthesized mesityl(indolyl) iodonium tosylate 123 in a
pure form. The structure of 123 was determined by X-ray crystallographic analysis. The reaction of
A*-iodane 123 with morpholine without catalyst provided only the undesired iodoindole 125. In
striking contrast, addition of Cu(I) catalyst resulted in complete reversal of selectivity favouring the
formation of the desired indolylamine 124 (Figure 38). The catalytic activity of various copper salts

was subsequently tested and Cu(MeCN)4BF4 was selected as the most efficient catalyst.

O
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(10 mol%)
Et + [ j CO,Et * E
Br Ny CO:E EtN(i-Pr), Ny t02 Ny~ COE
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123

Mes=2,4,6-trimethylphenyl

Figure 38. Development of C-H amination conditions

Indolylamine 124 could also be synthesized in a sequential one-pot approach without
isolation of the iodonium salt 123. The one-pot sequential C-H amination approach afforded lower
yields of 124 as compared to the two-step synthesis, but avoided the isolation and handling of
potentially unstable intermediate A’-iodanes. This adv during the further work, we optimized
conditions, in which A*-iodane 123 without separation and purification may be involved in a
following reaction with morpholine. In the optimized conditions we checked the scope of amines
that are suitable forantage compensates for decreased yields. Next scope of amines was examined
(Table 1). It was found that the C-H amination method is compatible with a wide scope of primary

and secondary aliphatic amines and aromatic amines.
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Table 1. Scope of amines for the C-H amination reaction

The scope of substrates for the C-H amination was surveyed employing morpholine,
cyclopropylmethylamine, and 4-bromoanilines as representative amines (Figure 39). A series of
relatively electron-rich heterocycles undergo C-H amination reaction, including indoles, pyrroles,
pyrrolopyridines, thienopyrroles, pyrrolo-pyrimidine, pyrazoles and N,N-dimethyluracil. We were

pleased to find that electron-rich carbocyclic arenes also undergo C-H amination (Figure 39).
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Figure 39. Scope of substrates in C-H amination reaction

The C-H amination conditions are compatible with O-aryl-, O-fert-butyl- and O-alkyl ether
groups as well as with bromine and chlorine substituents. The substrate may also contain N-alkyl-,

N-aryl-, N-benzoyl-, N-benzyl- substituents, as well as N-Boc and N-SEM protective groups.

2.2.6. Mechanistic studies of the C-H functionalization of (hetero)arenes

The first stage of the C-H functionalization of aromatic and heteroaromtic compounds is the
formation of unsymmetrical heteroaryl(aryl)-A’-iodanes in the electrophilic aromatic substitution
reaction. Because this step determines the regioselectivity of the C-H functionalization, the
regioselectivity of the C-H functionalization is consistent with that of the electrophilic aromatic
substitution reactions. Accordingly, C—H functionalization takes place at B-position in indoles and
fused pyrroles, at a-position of pyrroles, and in B-position of 2,5-disubstituted pyrroles. In arenes
the regioselectivity of the C-H functionalization is directed to para-position with respect to the
strongest electron donating substituent. It must be noted that arene or heteroarene needs to be
relatively electron-rich. During the development of the C—H amination method, it was found that

arenes less electron—rich than toluene do no react with A’-iodanes. Importantly, in all of C-H
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functionalization examples, individual regioisomers are formed thus indicating high regioselectivity
of the reaction.

The final step of the C-H functionalization methodology is the formation of product in Cu(I)
or Pd(Il)-catalyzed reductive elimination from unsymmetrical heteroaryl(aryl)-A*-iodane.Initially
Pd(II) salts were used as catalyst for C—H acetoxylation of heteroarenes. Subsequently, control
experiments showed that Cu(I) salts are equally efficient as catalysts for the C—O bond—forming
reductive elimination. Unfortunately, extensive studies do not provide convincing evidence for the
mechanism of the Cu(I)—catalysed reductive elimination. For example, unsymmetrical
heteroaryl(aryl)-/13-iodane intermediates 126 and 127 have been isolated and characterized only for
—C—H acetoxylation and C—H azidation reactions (Figure 40). In the meantime, the formation of the
structurally related amine—containing heteroaryl(aryl)-1*-iodane 128 has not been observed in the
C—H amination reaction. However, the involvement of °>-iodane 128 in the catalytic cycle of the C—
H amination can not be excluded given that A*-iodanes such as 128 are known to be highly unstable

and they can not be isolated.

127

126

Figure 40. X-ray analysis of unsymmetrical heteroaryl(aryl)-A*-iodane intermediates

Mechanistic studies of the C—H amination pointed against involvement of radicals in the
catalytic cycle of the reaction. The evidence stems from the C-H amination of the ortho-
alliloxyphenyl-A*-iodane 129, which resulted in the formation of the desired amine 130 and iodide
side-product 131. Importantly, formation of dihydrobenzofuran 134 was not observed (Figure 41).
The heterocycle 134 should be a major product if Cu(I)-catalysed reductive elimination from A°-
iodane 129 occurred through a single electron transfer from Cu(I) to iodane 129 and formation of
the corresponding diaryliodine radical 132 (see also Section 2.2.1 and Figure 41). The subsequent
fragmentation of the unstable radical 132 to phenyl radical 133, followed by extremely fast
cyclization would deliver the dihydrobenzofuran 134.
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Figure 41. C-H amination of ortho-alliloxyphenol

It was found that Cu(I) salts possess significantly higher catalytic activity than the
corresponding Cu(II) complexes. The catalytic activity of Cu(I) salts apparently is not related to it’s
Lewis acid properties because other Lewis acids such as (Ph;P)AuCl, Zn(OTf),, Sc(OTf),),
Pd(OCOCF3),, Ni(OTf), and Sc(OTf); did not catalyze the C—H azidation and the C—H amination
reactions. Kinetic studies provided valuable information about the mechanism of these reactions.
Thus we found that the C—H azidation is a first-order in Cu(I) catalyst and a zeroth-order in azide
anion. These results show that Cu(]) salts are involved in the rate-limiting step of the catalytic cycle
and that the formation of the heteroarylazide is an interamolecular process. Kinetic studies were
also carried out to establish the kinetic order of Cu(I)-catalyzed C—H amination in each reaction
component. They demnostrated that the reaction is the first-order in Cu(l) catalyst and amine
(morpholine) but zeroth-order in A*-iodane 123. Apparently only Cu(l) catalyst and amine are
involved in the rate-limiting step of the catalytic cycle of the C—H amination, and that the
subsequent reactions of 2*-iodane 123 are fast. The observed differencies in the kinetics of the two
mechanistically closely related C-H functionalization reactions renders difficult understanding of
the mechanism.

A working mechanism for the C-H functionalization has been proposed based on
mechanistic studies. Accordingly, the catalytic cycle starts with single-electron transfer from Cu(I)
catalyst to A*-iodane 123 (or 127) to form anion radical 135. Assuming that electron is transferred
into antibonding c*—orbital of indole-I(IIT) bond of the radical 135, the partial occupationof the o*—
orbital weakens the indole-I(IIT) bond. As a result, the anion radical 135 collapses into Ar-I and
indole radical, which then undergoes a radical recombination with Cu(Il)-amine or Cu(Il)-azide
complex to form Cu(IIl) species 136. The final step of the catalytic cycle is the product forming
reductive elimination from the highly electrophilic Cu(Ill) complex 136 (Figure 42).
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Figure 42. Working mechanism of the C-H functionalization

77



GENERAL RESULTS

Chapter I. Synthesis of mPGES-1 inhibitor
1. In total 254 mPGES-1 inhibitors were synthesized for structure-activity relationship studies
and for the development of a pharmacophore model;
2. The pharmacophore model of enzyme-inhibitor complex was developed to predict mPGES-1
inhibitory activity of virtually designed compounds;

3. Four lead structures were identified for further in vivo studies.

Chapter II. Development of C-H functionalization methods
1. A method for Pd—catalyzed regioselective C—H acetoxylation of electron-rich heteroarenes
with hypervalent I(IIT) reagents has been developed;
2. A method for room—temperature regioselective C—H azidation and C-H amination of
electron-rich arenes and heteroarenes was developed. The methodology relies on the use of
hypervalent iodine(IIT) compounds together with Cu(I) salt catalyst, and it is compatible with

a wide scope of amines.
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CONCLUSIONS

Chapter I. Synthesis of mPGES-1 inhibitors

1.

mPGES-1 Inhibitory activities predicted by the second generation pharmacophore model
correlate well with experimentally determined values thus confirming the precision of the
developed pharmacophore model.

Interaction between mPGES-1 and inhibitors is ensured by five pharmacophore points:
hydrogen bond donor-type interactions involving N-H proton of the secondary amide moiety
and four hydrophobic—type interactions involving lipophilic fragments of ligand;

A linker between central ring of the ligand and benzimidazole moiety is not involved in the

ligand-enzyme interaction.

Chapter II. Development of C-H functionalization methods

1.

Pd(IT) and Cu(l) catalysts provide opposite selectivity in reductive elimination from
unsymmetrical diaryl-A*-iodanes when compared to the uncatalyzed process. Thus, in the
catalyzed reductive elimination, a heteroatom ligand of the unsymmetrical diaryl-A*-iodanes
forms a bond with the less sterically hindered or the most electron-rich of the two aryl
ligands;

The regioselectivity of the C-H functionalization in arenes and heteroarenes is determined at
the stage of the formation of unsymmetrical A’-iodanes in the electrophile aromatic
substitution reaction. In carbocyclic arenes, the new C—O and C—N bond will form in a para—
position to the strongest electron donating substituent. Regioselectivity of heteroarenes is
determined by their intrinsic reactivity under conditions of electrophilic aromatic substitution

reaction.
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