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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

levads

Bakterialam infekcijam ir liela ietekme uz sabiedribas veselibu.! Kops 20. gadsimta vidus,
ievieSot antibiotikas, noversti daudzi naves gadijumi, un vid€jais paredzamais dzives ilgums ir
pieaudzis Iidz gandriz 79 gadiem.? Vairakas antibiotiku klases izveidotas laika posma no
1930. Iidz 1960. gadam, savukart pedgjas desmitgadés atklatas tikai dazas.® Vienu un to pasu
dzivibu glabjoso antibakterialo lidzeklu ilgsto$a lieto$ana ir kluvusi par nozimigu faktoru baktériju
sugu evoliicijai — baktériju izstradatie mehanismi palidz tam neitralizét antibiotikas,* pieméram,
baktgrijas attista rezistenci pret vairaku veidu antibakterialam zalém un klast par multirezistentam
baktérijam. Sadi mehanismi var rasties, uzkrajoties dazadiem géniem, kas ir atbildigi par rezistenci
pret konkrétu medikamentu, ka arT parmérigi ekspresgjot génus, kas kode bakteriju izplides
stiknus.® Rezistentu baktgriju izraisitu infekciju kliniskai terapijai parasti ir nepiecie$amas lielakas
zalu devas vai efektivakas, ta¢u vienlaikus arT toksiskakas, zales.>

Iepriek§ mingtie iemesli ir veicindjusi pétfjumus, lai atklatu jaunus un perspektivus
antibakterialos lidzeklus, kas ir aktivi pret antibiotikam rezistentiem celmiem. Sadu p&tfjumu
galvenais uzdevums ir potenciala mérka noteikSana jaunai zalu vielai. Lielaka dala tradicionalo
antibiotiku ir vérstas uz §tnu sieninu sint€zes (penicilini, cefalosporini, polipeptidi) vai baktériju
proteinu sintézes (tetraciklini, amfenikoli, makrolidi) kavésanu.” Visas §is zales izraisa bakteriju
navi, kas ir bitisks veicino$s faktors baktérijam pielagoties 3adai terapijai.® Perspektiva
savienojumi, kas tiktu vérsti pret baktériju sistémam, kas iesaistitas adaptacija pret antibiotikam,
vargtu bat risindgjums multirezistentu baktériju problémai. Viena $ada iesp&jama mérka sistému
grupa ir histidina kinazes divkomponentu sistémas (HK TCs).°

Bakteriju TCs ir atbildigas par signalu parneses celiem, tostarp virulences, sekrécijas
sistému un antibiotiku rezistences reguléSanu. Turklat TCs ir plasi izplatitas baktérijas un nav
sastopamas zidit3ju $tinas.'”
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Periplazma Citoplazma
Histidina kindzes Atbildes regulators

1. att. Histidina kinazes divkomponentu sisteému signalizacijas cel$: DHp — dimerizacijas un
histidina fosfoparneses doméns; CA — katalitiskais doméns; REC — uztvérgja domens; H —
histidina atlikums; D — aspartata atlikums; ATP — adenozina trifosfats; P — fosfats. Skaitli atbilst
signala parneses cela secibai: 1 — arpus$tnu signala uztverSana; 2 — ATP saistiSanas un fosfata
parneSana uz histidinu; 3 — fosfata parnesana uz aspartata atlikumu uztvéréja doména; 4 —
uztvergja domeéna struktiiras maina.

Signalu kaskade TCs sakas no sensora doména (1), kas atrodas periplazmatiskaja vai
arpus$iinu vidé (1. att.).!* Péc tam ATP saistas ar katalitisko doménu (CA), kam seko fosfata
grupas parneSana uz fiks€tu histidina atlikumu histidina fosfoparneses doména (DHp). P&éc tam
augstas energijas fosforilgrupa tiek parnesta uz fiksétu aspartata atlikumu atbildes regulatora
uztveérgja doména (REC). Savukart athildes regulatora notiek konformacijas izmainas, kas izraisa
specifisku atbildi.*?

Vispievilcigakais meérkis TCs signalizacijas cela ir katalitiskais doméns (CA), jo Sis
doméns jau ir gatavs, lai saistitu mazu ATP molekulu. Izmantojot pareizi izstradatus inhibitorus,
kas Tpas$i paredzeti CA, transdukcijas celu var partraukt, samazinot baktériju pielagosanas sp&ju
vai izraisot baktericidu efektu.'®

Promocijas darbs ir vérsts uz jaunu HK TCs inhibitoru izstradi un sintézi, sakot no
trapijuma molekulam, kas identificétas ar atbilstoSo proteina—ligandu struktiiru rentgena
kristalografiju. Savienojumi ar potencialu turpmakam modifikacijam paklauti datorizéta zalu
dizaina (CADD) pétijumiem, lai noskaidrotu strukttras funkcionalizéSanas iespgjas, kas var
uzlabot savienojumu iedarbibu. Pe&c CADD modelésanas sintézei atlasiti interesantakie
savienojumi. Lai noteiktu savienojumu biologisko aktivitati, veikti gan baktériju proteinu
enzimatiskie testi, gan bakt&riju kulttru in vitro testi.

Testiem atlasiti vairaki HK TCs saimei piederoSie proteini. Viens no proteiniem, kas tika
izmantots enzimatiskajos testos, ir kimotakses proteins (CheA), kas ir baktériju kimotakses
centralais regulators. Tas pieder proteinu grupai, kas kontrolé génu ekspresiju, reaggjot uz vides
apstaklu izmainam. CheA saistas ar ATP un katalizé fosforiléSanu viena no saviem histidina
atlikumiem.!* Vel viens promocijas darba pétijumos izmantotais proteins ir fosfata regulona
sensora proteins (PhoR), kas ir dala no divu komponentu signalu transdukcijas cela. Dziva §ina
PhoR netiesi sajiit un reagé uz arpusstinu neorganiska fosfata Iimeni, fosforiléjot un defosforil&jot
sev radniecigo atbildes regulatoru PhoB.%® Testiem izmantots art HK853 proteins. HK853 ir C-
gala katalitiskais un ATP saisto$ais doméns,'® kam in vitro ir pieradita no ATP atkarigas



autokindzes aktivitate un kas nodrogina fosfora parnesanu uz PhoP atbildes regulatoru.!’” No §is
proteinu saimes testos izmantots ari proteins EnvZ, kam ir liela nozime aktivatora proteina OmpR
fosforilésana. Fosfora parnesana starp EnvZ un OmpR E. Coli regulé bakterijas pielago$anos sp&ju
vides osmotiska spiediena izmainam.*®

In vitro bakteriju aug$anas inhib&8anas testiem izmantoti grampozitivo baktériju celmi S.
Aureus Newman®® un E. Faecalis.?’ Gramnegativos celmus parstavéja E. Coli.?! Bez tam izmantoti
antibiotiku rezistenti celmi — pret meticilinu rezistents celms (MRSA) S. Aureus® un pret
vankomicinu rezistentais E. Faecalis.??

Pétijums veikts sadarbiba ar profesora A. Marina grupu no El Instituto de Biomedicina de
Valencia es un centro propio del Consejo Superior de Investigaciones Cientificas (IBV CSIC)
Valensija (rentgenstaru kristalografijas un proteinu pétijumi), profesora J. Wells grupu (dzivo $tnu
pétijumi in vitro) un profesora P. Finn grupu (datorizétais zalu dizainais) no Oxford Drug Design
Oksforda.

Petljuma galvenais ieguldijums TCs inhibitoru pétfjumos bija biblioteku skrininga
rezultatd noskaidroto trapijuma savienojumu sintétiska cela izstrade. Tas ietvéra konkrétu
savienojumu biblioteku veidoSanu, pamatojoties uz atrasta hita savienojuma karkasu, ka ar1
fragmentu apvienoSanu un modificéSanu. Lai iegtu noteiktas savienojumu klases, pieméram,
hinazolinus un indazolus ar paplasinatu funkcionalo grupu klastu, tika izstradatas jaunas
sintetiskas metodes o heterociklu sintezei.

Petijjuma merkis un uzdevumi

Promocijas darba mérkis ir izstradat jaunus HK TCs inhibitorus, pamatojoties uz
fragmentos-balstitu Iidera savienojumu atklaganas pieeju un virtualaja skrininga iegiitajiem hita
savienojumiem. Bez tam tiks izstradatas jaunas aktivako heterociklu sintézes metodes. Darba
mérka Tsteno$anai definéti vairaki uzdevumi:

1) sintez&t projekta partneru izstradatos iesp&jamos HK TCs inhibitorus — pirazola,
hinazolina un indazola atvasinajumus un analizét to SAR, izmantojot sadarbibas
institliciju sniegtos datus;

2) izpétit jaunas, maigakas perspektivako 2-aminohinazolina un indazola atvasinajumu
sintézes metodes, sakot no viegli pieejamam 2-formilfenilborskabém;

3) sintez&t 3,4-difenilpirazola atvasinajumus ar pieraditu antibakterialo aktivitati, kas,
iespgjams, ir saistita ar HK TCs inhib&Sanu un analizet to SAR S. Aureus Newman
augsanas inhib&sana.



Zinatniska novitate un galvenie rezultati

Promocijas darba rezultata piedavati jauni HK TCs inhibitoru kemotipi:
1) indazola atvasinajumi, kas modificéti ar arilaizvietotaju heterocikla 4. pozicija;
2) 2-aminohinazolina atvasinajumi, kas modific&ti ar arilaizvietotaju heterocikla 7. pozicija.
Bez tam aprakstita arilazolu antibakteriala efektivitate pret S. Aureus Newman un to
struktiras—aktivitates likumsakaribas. Izstradatas jaunas mérka heterociklu sintézes metodes:
1) @rta un maiga vara katalizéta 2-aminohinazolinu sint€ze no 2-formilfenilborskabém un
guanidiniem;
2) indazolu  sinteze no  2-formilfenilborskabém  un  azodikarboksilatiem  vai
hidrazindikarboksilatiem vara klatbtitné.

Darba struktiira un apjoms

Promocijas darbs ietver literatiras apskatu, kas veltits 2-aminohinazolinu sint€zes
metodeém un lietojumam mediciniskaja kimija, iespgjamo HK TCs inhibitoru sintézes aprakstu un
to biologiskas aktivitates pétijumu rezultatus. Papildus aprakstita jauno fenilpirazolu un
fenilizoksazolu antibakteriala iedarbiba pret S. Aureus Newman un jaunu 2-aminohinazolinu un
indazolu sint€zes metodes.

Publikacijas un darba aprobacija

Promocijas darba galvenie rezultati apkopoti tris zinatniskajas publikacijas. P&tjjuma
rezultati prezentéti Cetras konferences.

Zinatniskas publikacijas

1. V. V. Solomin, A. Seins, and A. Jirgensons. 2-Aminoquinazolines by Chan—Evans—Lam
Coupling of Guanidines with (2-Formylphenyl)boronic Acids. Synlett, 2020, 31, 1507—
1510 (IF(2020): 2.454).

2. V. V. Solomin, A. Seins, and A. lJirgensons. Synthesis of indazoles from 2-
formylphenylboronic acids. RSC Advances, 2021, 11, 2271022714 (1F(2021): 4.036).

3. V. V. Solomin, B. Fernandez Ciruelos, N. Velikova, J. Wells, M. Albanese, A. Adhav and
A. Jirgensons. Synthesis and SAR of phenylazoles, active against Staphylococcus Aureus
Newman. Chemistry of Heterocyclic Compounds, 2022, 58 (12), 737-748 (IF(2021):
1.490).

Daliba konferencés
1. V. V. Solomin, A. Jirgensons. Synthesis of 2-Aminoquinazolines and Indazoles from 2-
Formylphenylboronic Acids. 80™ International Scientific Conference of the University of
Latvia, February 11, 2022, Riga, Latvia.



2. V. V. Solomin, A. Jirgensons. Synthesis of 2-Aminoquinazolines and Indazoles from 2-
Formylphenylboronic Acids. Balticum Organicum Syntheticum (BOS 2022), July 3-6,
2022, Vilnius, Lithuania.

3. V. V. Solomin, A. lJirgensons. Chan-Evans-Lam reaction inspired synthesis of 2-
aminoquinazolines and N-protected indazoles. SPRINGBOARD project Summer School:
Major milestones in design and development of novel antimicrobials, August 23-25, 2022,
Apsuciems, Latvia.

4. V. V. Solomin, D. Zaharova. Synthesis of Quinazolines and Indazoles from 2-
formylphenylboronic acids. 81" International Scientific Conference of the University of
Latvia, March 17, 2023, Riga, Latvia.
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PROMOCIJAS DARBA GALVENIE REZULTATI

1. Pirazola amidi un indazola atvasinajumi ka iespéjamie HK inhibitori

Vispirms tika veikts mazo savienojumu bibliotekas skrinings. Bibliotéka ietvéra tadus
savienojumus, kas potenciali varétu mijiedarboties ar p&tljuma interes€joSajiem proteiniem.
Rentgena kristalografijas skriningu veica profesora A. Marina grupa (IBV CSIC). Etil-1H-pirazol-

4-karboksilats 1 bija viens no pirmajiem savienojumiem, kas Iidzkristalizéts kopa ar CheA CA
domenu (2. att.).

2. att. T. Maritima CheA CA doména kristaliska struktiira kompleksa ar savienojumu 1.

Savienojums 1 $kita Tpasi pievilcigs turpmakai atvasinasanai molekulas karboksilgrupu
plaso modifikacijas iesp&ju del. Sadarbiba ar Marko Albanese (Oxford Drug Design) izveidota
pirazolamidu virtuala biblioteéka, kas izmantota dokinga pé&tijumiem ar datoriz&tu zalu dizaina
(CADD) pieeju. Péc vairakiem rezultatu preciz&umiem sint€zei atlasiti daudzsolosakie
savienojumi 4a—j. Amidi 4a—j iegiiti no pirazol-4-karbonskabes 2 un atbilsto$ajiem aminiem 3a—
Jj kondensacijas agentu EDCI un HOBL klatbaitng (3. att.).

1,1 ekviv. HOBt,
o 2 ekviv. EDCI, o

Alk 4 ekviv. TEA
N\%OH * NH, "!%N'A'k
HN HN

MeCN, 25 °C, 14 st

H
2 3a-j 4a-j
o] —/
HN
P ’>
NN ‘ N /\/N? —"\/NYO -’\/Q\N\
o o
4a, 93 % 4b, 16 % 4c,39 % 4d, 36 % 4e, 25 %
Alk =
/\/m N-N Me NN N—NH
. bl ANA e - o A A~pe
[e] S o = N
45,47 % 49,29 % 4h, 55 % 4i, 38 % 4j,32%

3. att. Amidu 4a-j sintéze.
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Amidi 4a—j parbauditi enzimatiskaja testa un bakteriju augsanas testa. Diemzgl neviena no
parbaudém savienojumi 4a—j neuzradija detekt&jamu aktivitati. Sakotn&jie neveiksmigie rezultati
mudinaja izstradat “stingrakus” savienojumus bez kustigas k&des starp molekulas strukturalajiem
elementiem. Izmantojot CADD, ka potencialie histidina kinazu inhibitori izveidoti pirazolamidi
6a—i. Izmantojot EDCI ka kondensacijas reagentu un piridinu ka $kidinataju, anilini 5a—i parversti
par atbilstosajiem amidiem 6a—i (4. att.).

o] 1,6 ekviv. EDCI o]
Ar R »
Néj)( + “NH N7 _Ar
\ OH 2 . N
-2 Py, 25 °C, 16 st N /A
2 5a—i 6a—i
1 1 : :
o]
) o)
HzN\“/© M © Meop MeOT(©/
S Me” "N
5 H EtO
o o o)
A 6a,33 % 6b, 37 % 6c, 41 % 6d, 68 % 6e, 72 %
‘=
° © °© @
Me”™ H
6f, 97 % 69, 46 % 6h, 78 % 6i, 34 %

4. att. Anilidu 6a—i sintéze.

Savienojumiem 6a—i bija vaja inhibgjosa iedarbiba mérka proteinu PhoR un EnvZ
gadljuma.  Autofosforilésanas TNP-ATP 3 un radikikola
aizvietoganas?* testi neuzradija pétitas savienojumu klases aktivitati. Savienojumiem nekavéja art
grampozitivo un gramnegativo bakt&riju kultiru augsanu. Jaatzime, ka Anmol Adhav (IBV CSIC)
veikto kristalografisko pétijumu razultata iegita savienojuma 4f kristaliska struktira ar CheA
proteinu (5. A att.), kas apstiprinaja CADD prognozes. Reala struktiiras konformacija (sarkana
kras@) un paredzama saistiSanas konformacija (zala krasa) ir gandriz identiskas (5. B att.).

inhibé$anas, aizvietoSanas

oL )

| lle4as4 )
A ]

’ Aspd55
! (‘\ WSite7

G\WSite6

-

o]

A;::,
S .
(0]

NH L, - R
N‘ ’ g & \v_

A\
\
N N p N
H 7 0 @ g i)
~ANS 'Y s {’Q{ Met507
af wz/‘ ‘«‘W3 L )

5. att. Savienojuma 4f un CheA kompleksa kristala rentgenstruktaranalizes dati. A) Savienojuma
4f (sarkanas saites) saistiSanas veids kompleksa ar CheA. B) Augsa — kristala saistita
savienojuma 4f konformacija (sarkanas saites). Apaksa — kristala saistitas konformacijas
(sarkanas saites) parklajums ar energgétiski minimiz&tu kristala konformaciju (zalas saites).
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P&c ne parak perspektivajiem rezultatiem ar pirazolamida atvasinajumiem tika analiz&tas
citas savienojuma 1 funkcionalizé$anas iesp&jas. Savienojums 1 tika virtuali apvienots ar citu
savienojumu — 4-[4-(4-hlorfenil)-5-(trifluormetil)-1H-pirazol-3-il]benzol-1,3-diolu (7), kas ari
iegiits rentgena kristalografijas pétijumos (Anmol Adhav, IBV CSIC) (6. att.).

OEt

OH

6. att. Savienojumu 1 un 7 apvieno$ana, lai iegiitu savienojuma 8 struktaru.

Tika noskaidrots, ka indazolu saturo$ais savienojums 8, iesp&ams, saglaba galvenas
pazimes saistiSanai ar CA. Veikta virtuala fragmenta 8 iespg&jamo modific€sanas variantu analize
un piedavats indazola 4. pozicija ieviest arilaizvietotaju. Loti v€lams butu arT Gdenraza saites
akceptors, pieméram, piridina slapeklis (papildu mijiedarbibas paraditas ar bultinam). Lidz ar to
indazols 9 noteikts ka perspektivs savienojums turpmakai izp&tei baktériju augSanas testos (7. att.).

OH

7. att. 4-(Piridin-3-il)-1H-indazol-6-ola 9 iespgjamais saistisanas veids ar CheA.

Lai indazola struktora ieviestu arilgrupu, izvéléta bromoindazola 11 Suzuki-Miyaura
reakcija ar arilborskab&m (8. att.). Galvena starpprodukta bromoindazola 11 sintéze veikta, sakot
no 2-fluorbenzaldehida 10, kas cikliz&ts reakcija ar hidrazinu paaugstinata temperatiira.?® Talak
savienojums 11 stajas Suzuki—-Miyaura reakcijai ar arilborskabém, dodot savienojumus 12a—c. Péc
tam savienojumos 12 hidroksigrupas aizsarggrupa tika noskelta, izmantojot bora tribromidu, un
iegiti indazoli 9, 13a,b.
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o) 1,4 ekviv. R-B(OH),,

- Br 7 mol% Pd(dppfCl, R
F. Br 22 ekviv. NoH4-H,0 ; 4 ekviv. K,COy 5 ekviv. BBr3
—— N —_—

Dioksans, 110 °C, \ij\o Dioksans:H,0 4:1, o DCM 0°C, N, I lOH

12 st, 93% H [ 100°C,12st 15t

10 " 12a-c 9,13ab

Rehsle

9,23 % 13a,24%  13b,40%
8. att. Indazolu 9, 13a,b sintéze.

Indazoli 9, 13a,b parbauditi bakteriju augsanas testos. Savienojumi 9, 13a,b neuzradija S.
Aureus Newman (kas parstav grampozitivas baktérijas) aug$anas inhibéSanu. Tomér tika
konstatéts, ka indazoli 9, 13a,b ir vaji E. Coli (kas parstav gramnegativas baktérijas) aug$anas
inhibitori ar MIC vértibam 250 pg/mL savienojumiem 9 un 13a un 62,5 pg/mL savienojumam
13b. Diemzgl indazoli 9, 13a,b neinhibgja interesgjoso PhoR enzimu (ICso lielaks par 2 mM). Ir
2%
visticamak, ari citus $ada veida proteinus nevar inhibgt. Sis fakts nozimé, ka indazolu
antibakteriala aktivitate ir saistita ar citu darbibas mehanismu, kas neietver HK TCs inhibiciju.

zinams, ka $ada veida olbaltumvielas pieder strukturali nelokanai proteinu saimei,

Otraja indazolu saturo$u savienojumu sérija ar saglabatu galveno karkasu tika modificéta
4. pozicija, izmantojot Buchwald—Hartwig amin&Sanas reakciju ar anilinu 5d. Boc aizsargati
indazoli 14a,b tika lietoti ka izejas savienojumi (9. att.). P&dgja soli savienojumam 15a, vienlaikus
noskelot Boc aizsarggrupu un metilesteri, tika iegiits savienojums 16. Vienkar$ots analogs 18, kam
nebija OH grupas indazola 6. pozicija, sintezéts no bromoindazola 14b. Tas tika sametinats ar
anilinu 5d amin&$anas reakcijas apstaklos, lai ieglitu starpproduktu 15b. P& Boc grupas
noskelSanas iegiita savienojuma 17 estera grupa tika hidroliz&ta ar natrija hidroksidu, iegistot
savienojumu 18 (9. att.).

»L 3 mol % Pdy(dba)s, % N Me

Me D 0, / R =0OMe
d N= 6 mol% ?(antphos, >fN H .
N HoN 1,5 ekviv. K3PO, 48% HBrud
>// Br 0
(o] + o bez Skidinataja,
PhMe, 100 °C, 100 °C, 3 st,

48 st R
R 07 >OMe ° 07 "OMe  20%
14a, R = OMe, 5d 15a, R = OMe, 16
14b,R=H 15b,R=H

30 ekviv. TFA

R=H | DCMm, 25 °C,
18 st, 80 %

/N_ H Me
3 ekviv. NaOH HN N
MeOH/H,0, 70 °C,
16 st, 84 %
18 07 “OH

9. att. Indazola atvasinajumu 16 un 18 sintéze.
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Savienojums 20 sintez&ts lidziga veida — bromoindazolu 14a,b reakcija ar aminopirazolu
5e (10. att.). Visas tris savienojuma 19a aizsarggrupas noSkeltas viena stadija, izmantojot HBr
tdens $kidumu, kas lava iegiit savienojumu 20. VienkarSots analogs 22, kam nebija OH grupas
indazola 6. pozicija, sintezéts, sakot no savienojumiem 14b un 5e, lai vispirms iegfitu savienojumu
19b. Taja ar TFA no$kelta Boc aizsarggrupa, iegastot savienojums 21. Talak estera grupa
hidrolizéta baziskos apstaklos, lai iegfitu savienojumu 22 (10. att.).

N=
3 mol% Pda(dba)s, »L N= HN N

HoN
- e, o K
N— i 6 mol% Xantphos, N e N
) r N YN§

o) ; . |
%N ar N 1,5 ekviv. K3POy, N\ N\ 48% HBrgq N~
4 n _ N ——

Kfo PhMe, 100 °C, ) bizogli'gm;ga’ OH HO\(
R EtO 48 st EtO 49% o}
o]
5,
14a, R = OMe, © 19a, R = OMe, 20
14b,R=H 19b,R=H
30 ekviv. TFA
R=H | DCM, 25 °C,
18st, 71 %
N= N=
; H / H
HN N . HN N
3 ekviv. NaOH
N-N MeOH/H,0, 70 °C, N-N
16 st, 44 %
EtO HO
o] o]
21 22

10. att. Indazolu 20 un 22 sintéze.

Savienojumiem 16-18, 20-22 izpétita to sp&ju saistit bakteriju proteinu PhoR no E. Coli
un S. Aureus celmiem un strukturali Iidzigu cilvéka karstuma Soka proteinu 90 (Hsp90), izmantojot
mikrom@roga termoforézes (MST) testu. MST eksperimentu rezultati apkopoti 1. tabula.
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1. tabula
Sintezéto indazolu 16-18, 20-22 ICso dati

R1

R2

Iz, /E
z

Savienojuma R R2 | S. AureusPhoR | E. Coli PhoR | Hsp90 Ka
numurs
H (o]
16 /NDAOH OH >1mM >1mM 241 nM
Me
H (6]
17 ,fND)kOMe H > 500 M > 500 M 474 M
Me
H (o]
18 /ND)LOH H > 500 uM > 500 uM 327 nM
Me
.
20 A on | oH >1mM >1mM 187 nM
(o]
H
21 AN o H 67 UM 162 pM 457 nM
[e]
.
22 Ay | H 86 UM 143 uM 689 M
(o]

Savienojumi 16 un 20, kas satur hidroksigrupu indazola gredzena 6. pozicija, neuzradija
izm€ramu saistiSanos ar S. Aureus PhoR un E. Coli PhoR — abos gadijumos biologiskie testi
liecingja, ka aktivitates Iimenis bija augstaks par | mM. Neskatoties uz to, Kq dati testos ar Hsp90
§iem savienojumiem konstatéta afinitate nanomolara limeni — 241 nM savienojumam 16 un
187 nM savienojumam 20. Vienkarsoti analogi 17, 18, 21 un 22 bez OH grupas indazola 6. pozicija
arT uzradija Hsp90 afinitati 300-700 nM diapazona. Tacu tikai savienojumi 21 un 22 uzradija
aktivitati, veicot testus ar S. Aureus PhoR un E. Coli PhoR. Augstaka iedarbiba bija S. Aureus
PhoR proteina gadijuma (67 uM savienojumam 21 un 86 pM savienojumam 22), nedaudz zemaka
—E. Coli PhoR gadijuma (attiecigi 162 pM un 143 pM).
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2. 2-Aminohinazolina atvasinajumi ka iespéjamie HK inhibitori

Pirazolu saturo$ais savienojums 1 nebija vienigais savienojums ar potencialu mijiedarbibai
ar HK TCs. Plasa fragmentu bibliotekas skrininga ar rentgenstaru kristalografijas metodi
noskaidrots, ka 2-aminohinazolins 23 sp&j mijiedarboties ar CheA proteina ATP saisto$o doménu
(11. att.).

11. att. 2-Aminohinazolins 23 kompleksa ar CheA proteinu. Tirozina atlikums — zila krasa,
modificésanas vektori — ar zalam bultinam.

Liganda—proteina kompleksa kristaliskas struktiiras analize noradija vairakus savienojuma
23 modificésanas vektorus molekulas afinitates uzlaboSanai (zalas bultinas 11. att.). Pamatojoties
uz noveérojumiem un saskana ar CADD model&Sanas datiem, 2-aminohinazolina 23 7. pozicija
prioritari tika izvéléta ka labaka papildu strukturala elementa ievadiSanas vieta. Pirma
aminohinazolinu analogu sérija saturgja aizvietotajus, kas pievienoti heterociklam 7. pozicija caur
skabekla atomu ka tiltinu. Sakot no komerciali pieejama 2-fluor-4-hidroksibenzaldehida (24),
sintezéta virkne savienojumu 25a-e. Otraja sintézes stadija savienojumu 25a-e 2-
fluorbenzaldehida fragments tika parversts par 2-aminohinazoliniem 26a—€, izmantojot ciklizaciju
ar guanidinu 150 °C temperattra (12. att.).

o) . Ox . . -
AN 1,2 ekviv. R-Hal, 1,4 ekviv. guanidina karbonats,
F 1.5 ekviv. K,CO3 F 1,4 ekviv. Na,CO3 N7
= _—
OH
24

DMF, 25 °C DMA, 150 °C HoN™ SN o

26a, 32 % 26b, 33 % 26¢, 12 % 26d,9 % 26e, 76 %
12. att. AlkiléSanas un ciklizacijas reakciju kaskade 2-aminohinazolinu 26a—¢ sintézei.

Sintezgétie savienojumi 26a,b kristaliz&éti kopa ar CheA proteinu, iegitie proteina—liganda
kompleksi analiz&ti ar rentgena kristalografiju (profesora A. Marina grupa; 13. att.). Tika secinats,
ka labakas afinitates pret intereséjoSo proteinu sasnieg$anai savienojumiem ka aizvietotajus jasatur
arilgrupas.
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13. att. CheA rentgena kristalu struktiiras kompleksa ar savienojumiem 26a (A) un 26b (B).
Kristala modeli izveidotas divas iesp&jamas savienojuma 26b pozicijas: tumsi roza saites
(1. pozicija) un roza saites (2. pozicija). Galvenie aminoskabju atlikumi — zala krasa.

y

V

% w4 ﬁ--’

Diemz&l aminohinazoliniem 26a—e nebija inhibg&josas iedarbibas uz PhoR (S. Aureus) un
EnvZ (E. Coli) histidina kinazém. Negativi rezultati iegiti arT S. Aureus Newman un E. Coli §tinu
augSanas inhibé$anos testos. Saskana ar CADD rezultatiem (M. Albanese, Oxford Drug Design),
potencialiem HK TCs inhibitoriem jasatur papildu strukturals elements, kas piestiprinats
hinazolina gredzena 7. pozicija caur kustigu tiltinu. Lai savienotu strukturalus elementus, ka
vispiemérotaka $ada tipa savienojumu iegiisanai tika izvéleta Heck reakcija. Sim nolikam no 4-
brom-2-fluorbenzaldehida reakcija ar guanidinu tika sintez&ts 7-bromhinazolin-2-amins (27).%8
Heck reakcija no bromhinazolina 27 un terminalajiem alkéniem 28a—g tika ieguti diaizvietoti
alkéni 29a—g. Nakamaja soli alkéni tika reducéti par savienojumiem 30a—g ar alkiltiltiniem.
Precizs reducé$anas reagenta ekvivalentu daudzums bija bitisks, lai izvairitos no vienlaicigas pasa
2-aminohinazolina reducésanas (14. att.).

10 mol% tris-(o-tolyl)P, 10 mol% Pd(OAc),,

X 3 ekviv. TEA S S
Br N NH, DMF, 100 °C,8st R N7 ONH, DMF, 80 °C,2st g N

NH,
27 28a—g 29a—g 30a—g

o]

MeO, N7(Z))(
// N

EtO o@ @\ OFt
N
o /
R 30a, 39 % 30b, 57 % 30c,48% .

- e} N)
Me.  ~._ \*/ \ 0
! 0 St °
071" Me W/ ﬁ/ 0
(o} O
o >(
30d, 43 % 30e, 35 % 30f, 50 % 30g, 27 %

14. att. 2-Aminohinazolinu 30a—g sintéze izmantojot Heck reakciju.

Savienojumi 30b un 30c, kas satur estera grupu, hidroliz&ti baziskos apstaklos, lai iegiitu
karbonskabes salus 31a un 31b (15. att.).
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o 1,8 ekviv. NaOH o

-

-+
R™ "OEt EtOH/H,0, R” 'O Na

30b,c 50 °C, 12 st 31a,b

\\1 OMe New” <

o} = N
PY N7 "NH,
N7 NH,

31a,52 % 31b, 68 %

15. att. 2-Aminohinazolinu 31a,b sintéze, izmantojot esteru bazisko hidrolizi.

Savienojumi 32a un 32b iegiti, skabos apstaklos noskelot Boc un t-Bu aizsarggrupas
savienojumos 30f un 30e (16. att.).

20 ekviv. TFA SN
Y ’
N P
H, DCM,20°C, (j N™ "NH,
16 st s
oy

X
#/ SN 20 ekviv. TFA Y\/@\/\N
Y ho PN
(6] Pz
7(\/@% DCM, 20 °C, N™ NH
o 16 st o
30e 32b, 99 %

16. att. 2-Aminohinazolinu 32a,b sintéze ar aizsarggrupu noskelSanu skabos apstak]os.

Savienojumu 30a—g, 31a,b, 32a,b un CheA proteina saistiSanas struktiiralie pétijumi veikti
ar rentgena kristalografiju (A. Adhav, IBV CSIC). Tomér izradijas, ka ligandu—proteinu kompleksu
blivuma kartes ir diezgan griiti atrisinat. 2-Aminohinazolina karkass atradas tiesi CADD
prognozetaja apgabala, savukart savienojuma “astes” dalas atraSanas vieta kristala struktiira nebija
skaidra. Tika pienemts, ka tas ir tap&c, ka kristala kabata molekulai ir vairakas energétiski lidzigas
konformacijas. Vienam no savienojumiem (30c) tika identific&ti divi iesp&jamie saistiSanas veidi
akftivaja kabata. CheA proteins sastav no divam lidzigam, bet ne identiskam, asimetriskam dalam,
un savienojumam 30c ir atSkiriga kustigas molekulas dalas konformacija katra no $§im divam
struktirvienibam (17. att.).
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17. att. Divu CheA strukturalo elementu rentgena kristalu struktiira kompleksa ar savienojumu
30c.

Saskaroties ar $Tm problémam, tika izstradata 2-aminohinazolina atvasinajumu tresa sérija,
kuras savienojumi saturgja arilaizvietotajus hinazolina gredzena 7. pozicija. Saskana ar CADD
prognozem arilaizvietotajam vajadz&tu saturct tidenraza saites akceptorgrupu, pieméram, ketonu,
amidu vai sulfonamidu. Sadu analogu sintézei izmantota 7-bromhinazolin-2-amina 27 Suzuki—
Miyaura reakcija ar arilborskabém 33 vai atbilsto$iem pinakolatiem 34, lai ievaditu arilgrupu
vajadzigaja 2-aminohinazolina pozicija (18. att.). Izmantojot So pieeju, sintezéta savienojumu
35a-0 biblioteka.

Ar\l?,OH
OH 5 mol% PdCl,(dppf),
N 33a-m 2,5 ekviv. NayCO3 SN
/)\ + vai ioks3 _
Br N NH, Dloksar:s.HZO 5:1, Ar N NH,
A0 100 °C, 16 st
27 B‘/ 35a-0
o

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, K

o) o) o

Et. - - N7 > gf,O B
N
35a, kvant. 35b, 64 % 35¢c, 46 % 35d, 82 % 35e, 76 %
o Me
o] H
ﬁ Ve N 3 40 . Etsy, - Me N -
- Pis - - -
Ar= o~ T Me | \ )
o _ Et o
N
358,77 % 359, 78 % 35h, 91 % 35i, 60 % 35, 55 %
o]
o) H i R -
Me 1 O-__N . - -7 N -
> - s -~ Me Me o
o~ Me” h
o F
a5k 67 % 351,40 % 35m, 30 % 35n, 52 % 350,52 %

18. att. 7-Aril-2-aminohinazolinu 35a—0 sintéze no 7-bromhinazolin-2-amina (27).
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Lai paplasinatu sintez8to savienojumu klastu, no 7-bromhinazolin-2-amina 27 tika
sintezets borskabes biivbloks 36. Tas tika izmantots arilaizvietotu 2-aminohinazolinu 38a—f
sint€z&, sametinot savienojumu 36 ar dazadiem pieejamiem arilbromidiem 37 (19. att.).

5 mol% PdCly(dppf),

N 2,5 ekviv. Na,CO3 N
+ Ar-Br P —
HO\B N/)\NHZ Dioksans:H,0 5:1, Ar N/)\NH
! 100 °C, 16 st 2
OH 36 37af 38a-f
HoN
>LLN "0 s . )\9,“
U SO O
38a,22 % 38b, 73 % 38¢c, 29 %
Ar=
[¢] o
H -
O G O
Me 0”7 Me
38d, 45 % 38e, 37 % 38f, 41 %

19. att. Suzuki—Miyaura reakcija ar (2-aminohinazolin-7-il)borskabi 36.

Kristalografijas p&tijumi paradija, ka polarais aizvietotajs fenilgredzena orientéts proteina
kabata ta, lai nodro$inatu papildu mijiedarbibu. Abas CheA proteina strukt@rvienibas var efektivi
mijiedarboties ar savienojumu 35k, veidojot papildu TGdenraza saites ar metilsulfonilatlikumu
(paradits superpozicija 20. A attéla). Savienojumi 35| un 35m var€tu staties tada paSa tipa
mijiedarbibas (20. B att.).

L] e L yse "V“‘S"rng ",.Lv%? u

Phe4o1
A\

lled59

lled54

s~ b

‘ Asnd09 b \

~ ! N cj/'\.
= N His405

20. att. CheA rentgena kristalu strukttiras kompleksa ar savienojumiem 35k (A) un 35I,m (B).

Sintez&tajiem savienojumiem 26a—e, 30a—g, 31a,b, 32a,b, 35a-0, 38a—f parbaudita to
saistidanas spgja ar baktériju proteiniem CheA, PhoR un HK853, izmantojot MST.?” Cilvéka
proteins Hsp90 arT parbaudits ar sintez&tajiem savienojumiem. Ka kontroles savienojums $ajos
testos izmantots AMP—PNP (adenililimidodifosfats), kas strukturali ir lidzigs ATP. Ir zinams, ka —
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pretgji ATP — AMP—PNP nevar parnest terminalo fosfata grupu, tapec tas ir ideals proteinu ATP
saistidanas vietas inhibitors.?® In vitro testu rezultati apkopoti 2. tabula (savienojumiem ar &tera un
alkiltiltiniem) un 3. tabula (savienojumiem ar tieso aril-aril- saiti). Rezultatus nodrosinaja Anmol
Adhav (IBV CSIC).

2. tabula
Kq dati reprezentativiem 2-aminohinazoliniem ar &tera un alkiltiltiniem
SN
R N/)\NHZ
Savienojums R CheA Kg, UM | HK853 Kg, UM | PhoR Kg, uM | Hsp90 Kg, UM
AMP-PNP 32 0,43 2,1 8,8
23 H 12 141 34 6,7
26a P 07" 0,6 65 n. t. n. t.
SN o
26b i 0,441 10 15 n.t
26e Meo™” 0,881 89 32 n. t.
OMe
30b ° - 0,317 62 74 15
CO,Et
N COaEt
30c 9 2,68 71 83 7,2
N A~
30e NN 0,712 9 67 n.t
o
3la ° - 27 46 31 35
Na*COy
N CO,” Na*
31b &:ﬂ\/\, 1,78 n. t. n. t. n. t.
N
32a {r j\ ) 991 n.t. n.t. n.t.
o’sib ’
32b BN 0,661 66 60 n.t

n. t. — nav testéets.
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2-Aminohinazolina trapijuma savienojums 23 uzradija nedaudz labaku saistiSanos ar
CheA, tacu krietni zemaku afinitati pret HK853 un PhoR, salidzinot ar AMP—PNP. O-Metilgrupas
ievieSana 7. pozicija (savienojums 26€) uzlaboja afinitati pret CheA un HK853, salidzinot ar 2-
aminohinazolinu. O-Benzilatvasinajuma 26a gadijuma afinitate pret CheA un HKS853 bija tada
pasa diapazona ka O-metilatvasinajumam 26e. Jaatzime, ka 7-(piridin-4-ilmetoksi)hinazolin-2-
aminam 26b bija divas reizes lielaka afinitate pret CheA un PhoR un devinas reizes lielaka afinitate
pret HK853, salidzinot ar O-metilatvasinajumu 26e. Lipofilaki aizvietotdji savienojumos 26a,b
nedaudz palielinaja afinitati.

Savienojumi 30b,c,e, 31a,b, 32a,b, kas satur alkiltiltinu starp hinazolinu un funkcionalo
grupu, uzradija nedaudz labaku saistiSanas ar HK853, salidzinot ar 2-aminohinazolinu 23.
Afinitate pret CheA bija zemaka par 1 YUM savienojumiem 30b,e un 32b, salidzino$i zema
savienojumiem 30c un 3la,b un lidz pat 27 uM savienojumam 31a. Interesanti, ka strukturali
lidzigi savienojumi 30c un 31b uzrada gandriz vienadu afinitates limeni pret CheA proteinu.
Savukart karbonskabi saturo$ais savienojums 31a uzradija zemaku afinitati, salidzinot ar etilesteri
30b. ST savienojumu sérija uzradija vispar&ju tendenci, ka aktivaki savienojumi parasti satur
lipofilus atlikumus ar labu Gidenraza saites akceptoru, pieméram, esteru grupu, kas ar alkiltiltinu
pievienota aromatiskajai sist€mai (savienojums 30b).

Tegiitas savienojumu 35a—0, 38a—f sérijas parbauditas galvenokart ar CheA proteinu, tacu
tikai dazi no tiem uzradija véra nemamu aktivitati. Dazu savienojumu aktivitates dati apkopoti
3. tabula.

Pat ar neaizvietotu fenilgruu 2-aminohinazolina cikla 7. pozicija (savienojums 35b) Kg
vertiba CheA gadijuma sasniedza 375 nM. 3-Acetofenilgrupa (savienojums 35m) uzradija Iidzigu
rezultatu ka fenilgrupa (325 nM). N,N-Dietilkarboksiaizvietots analogs 35i uzradija loti augstu Kq
vertibu — 191 nM. Sie dati liecina, ka lipofilitates palielinaganas fenilgredzena 3. pozicija palielina
afinitati. Savienojums 35j, kas satur N-acilgrupu fenilgredzena 3. pozicija, uzradija lidzigu
tendenci attieciba uz savienojuma aktivitates izmainu, palielinoties lipofilitatei. Izosviestskabes
amidam 35j Kg ir 226 nM. Sulfonamida atvasindgjumu 35I|, 38b afinitate nebija saistita ar
lipofilitates izmainam at8kiriba no iepriek$ apskatitajiem analogiem. Fenilsulfonamids 38d testos
ar CheA saistijas divas reizes labak neka savienojums 35l. Ar tiofénsulfonamida grupu aizvietota
2-aminohinazolina 38b aktivitate samazinajas lidz 667 nM.

Gandriz visi savienojumi 26a-€, 30a—g, 31a,b, 32a,b, 35a-0, 38a—f bija neaktivi in vitro
testos gan grampozitivo (S. Aureus Newman), gan gramnegativo (E. Coli) baktériju celmu
gadijuma. To var izskaidrot ar HK TCs biologisko funkciju, jo tie ir 2-aminohinazolina atvasinatu
inhibitoru potencialie mérki. Lielakajai dalai HK TCs bakterijas noteicosa loma ir pielagoSanas
videi. Ta¢u $ada veida sistému inhib&Sana nevar izraisit talitéju baktériju navi, jo HK TCs nav
bitiski pasu bakteriju izdzivosanai.
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3. tabula
Kg dati daZiem 2-aminohinazoliniem ar aril-aril- saiti

SN
R N/)\NHZ
o CheA Ka, HK853 Kd, PhoR Ka, Hsp90 Ka,
Savienojums R
uM UM uM HM
35b o8 0,375 n.t. n.t. n.t.

35i Et\wk©f 0,191 .t n.t. n.t.
Et
\@ 0,226 n. t. n. t. n. t.

H
351 Me%/“\@/ 0,43 16 3,2 0,57

(o]

35m M)k© 0,325 12 16 0,233
H -

350 oﬁ\”D’ 0,71 n. t. n. t. n. t.

35] !'-PFY

o] -

38b HZN\;‘s@/ 0,667 n.t. n.t. n.t.
o

38d F’“g“@ 0,162 n.t. n.t. n.t.
[e]

n. t. — nav testéts.

Neskatoties uz to, vairaki savienojumi uzradija aktivitati specifiskos testos TCs iesp&jamai
inhib&sanai (testa rezultatus nodrosinaja Blanca Fernandez, Vageningenas Universitate). PhoPR
ir divkomponentu sist€éma, kas S. Aureus nosaka ierobezotu fosfatu koncentraciju un regulé divu
no trim fosfatu transportétaju ekspresiju. S. Aureus Newman PhoPR mutants nespgj izaugt lidz
tadam pasam blivumam ka savvalas tips ierobezotos fosfatu apstaklos. Lai parbauditu PhoPR
inhibésanu, S. Aureus Newman tika audzéts hinazolina atvasinagjumu klatbaitngé (100 uM
koncentracija) zema fosfatu koncentracija (50 pM). No visiem parbauditajiem savienojumiem
26a—e—38a—f tikai savienojums 350 uzradija baktériju augSanas samazinaSanos, salidzinot ar
kontroli pie zemas fosfatu koncentracijas (50 pM, S. Aureus Newman). Tas liecina, ka tikai
aminohinazolina atvasinajums 350 inhibé PhoPR (21. att.).
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21. att. S. Aureus Newman augsanas Iikne pie zemas (50 pM) fosfata koncentracijas savienojuma
350 klatbatng 100 uM koncentracija (zala Iikne) un bez ta (melna likne).

Lai talak raksturotu savienojuma 350 antibakterialo aktivitati, tas tika parbaudits pret
meticilinu rezistentu S. Aureus (MRSA) JE2 celmu un mutantiem ar inaktivétam PhoR (AphoR
celms) un PhoP (AphoP celms) sistémam. Izradijas, ka AphoR un AphoP mutantu augSana bija
nepilniga pie zemas fosfatu koncentracijas. MRSA S. Aureus augSana pie zemas fosfatu
koncentracijas ieveérojami samazinajas savienojuma 350 klabtitng, apstiprinot S. Aureus Newman
gadijuma noveroto efektu (22. att.).

Kontrole 350
049 ... e
* kK ok L
| — |
03_ |
o
o
2 0.2-
O
0.14
0.0- T T T
Rl S Q-
0 0 0 0
E L

22. att. MRSA S. Aureus un bibliotekas mutantu AphoP un AphoR augsana savienojuma 350
100 uM koncentracija klatbutné (labaja pus€) un bez ta (kreisaja pus€) vide ar zemu fosfatu
koncentraciju (50 LM).

Savienojuma 350 inhibgjosa iedarbiba pazuda, kad ta pati eksperimentu sérija tika atkartota
ar fosfatiem bagata vide.

Papildus tika izpéetits, vai 2-aminohinazolina atvasinajumi atSkirigi inhibé TCs enzimus.
Sim noliikam tika pétita 2-aminohinazolinu ietekme uz VanSR celu Enterococci baktériju celma.
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Sis cel§ ir atbildigs par vankomicina un citu glikopeptidu antibiotiku uztver$anu un antibiotiku
rezistences génu ekspresijas ierosinasanu.’® VanSR inhib&iana izraisa vankomicina minimalas
inhib&josas koncentracijas (MIC) samazinasanos rezistentos celmos. Izradijas, ka, pievienojot citu
2-aminohinazolinu 38b, E. Faecalis VanA nespgj izaugt vankomicina klatbttné. Tas nozimg, ka
vankomicina rezistence savienojuma 38b klatbiitn€ ievérojami samazinas (23. att.).

E. Faecalis vanA—
E. Faecalis vanB-]

E. Faecalis parasts—

E. Faecalis vanA + 38b-]

E. Faecalis vanB + 38b—

E. Faecalis parasts + 38b-]

T T T T T T T T T T
128 64 32 16 8 4 2 1 05 0.250.1250.06

[Vankomicins] pg/ml

23. att. Vankomicina rezistences nomaksana E. Faecalis VanA un VanB rezistentos celmos, ko
izraisa savienojums 38b.

Turpmakie eksperimenti paradija, ka savienojums 38b nomac vankomicina rezistenci gan
E. Faecalis VanA, gan VanB celmos. Savienojuma 38b 100 uM koncentracija klatbiitné MIC
vertibas sasniedz aptuveni 0,25 pg/mL Iimeni. Jutiga celma MIC nemainijas savienojuma 38b
klatbatné vai bez ta (23. att.).

3. Jauna metode 2-aminohinazolinu sintézei no 2-formilfenilborskabém

un guanidiniem

Sintetiskie izaicinajumi paradijas, ieglistot CADD piedavatas 2-aminohinazolina bazes
struktiiras, un radas nepiecieSamiba atrast vienkarSu un efektivu metodi 2-aminohinazolina
karkasa sintezei.

Chan-Evans—Lam reakcija®® ir pievilciga metode C-N saites veidoSanai, jo to var veikt
salidzino§i maigos vara katalizes apstaklos spirtos ka $kidinatajos. Tika izp&tits Chan—Evans—Lam
reakcijas lietojums art aminohinazolinu sintézei maigos apstaklos, izmantojot vienkarsi pieejamus
reagentus.

Reakcijas apstaklu skrinings veikts neaizvietota 2-aminohinazolina 23 sint€zei no
borskabes 39 un guanidina hidrogénhlorida 40 (24. att). Reprezentativi rezultati apkopoti
4. tabula. Produkta 23 polaritates dél attiriSana ar kolonnu hromatografiju bija sarezgita. Tapéc tas
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attirits, triturgjot ar etilacetatu. Visos eksperimentos izmantots identisks mérogs un apstrade, lai
salidzinatu citu reakcijas parametru efektivitati. Tika konstatéts, ka metanols ka reakcijas
Skidinatajs, Cul ka katalizators un KOH ka baze ir pieméroti apstakli 2-aminohinazolina 23
sintézei no borskabes 39 un guanidina hidrogénhlorida 40 (4. tab., 1., 2. piemérs). Bazes un
guanidina parakums labvéligi ietekmé produkta 23 iznakumu (4. tab., 2. piemérs). Citi vara
katalizatori, pieméram, CuCl un Cu(OAc)z, ir mazak efektivi (4. tab., 3., 4. piemérs). KOH ka
bazes izmantoSana uzlabo produkta 23 iznakumu, ja guanidina tiek lietots parakuma (4. tab., 5.,
6. piemérs). EtOH arT var izmantot ka reakcijas $kidinataju (4. tab., 7. piemérs). Guanidinija
karbonats 41 arT izpétits ka substrats, tomér tas deva zemaku hinazolina 23 iznakumu (4. tab., 8.,

9. piemérs).
B(OH), N (00 Jestat Ny
o, N
39 O 40, hlorids, n = 1 23
41, karbonats, n = 0,5
24. att. Aminohinazolina 23 sintéze.
4. tabula
Chan—Evans—Lam reakcijas apstakli 2-aminohinazolina 23 sintézei
& - —-—— a H H -
NI, p. k. Sl,admata!s, 40 vai 41, Katalizators, Baz_e, Iznakums, %

temperatiira ekviv. mol% ekviv.
1. MeOH, 70 °C 40,15 Cul, 15 K2COs, 2,5 31
2. MeOH, 70 °C 40,25 Cul, 15 K2COs, 3 44
3. MeOH, 70 °C 40,25 Cu(OAcC),, 15 K2COs, 3 35
4. MeOH, 70 °C 40,25 CuCl, 15 K2COs, 3 23
5. MeOH, 70 °C 40,15 Cul, 15 KOH, 1,5 34
6. MeOH, 70 °C 40,3 Cul, 15 KOH, 3 51 (65)°
7. EtOH, 90 °C 40,3 Cul, 15 KOH, 3 52
8. MeOH, 70 °C 41,3 Cul, 15 - 13
9. MeOH, 70 °C 41,15 Cul, 15 KOH, 3 17

Reakcijas veiktas gaisa atmosfera, reakcijas laiks 12-17 st; ® produkts 23 attirits, triturgjot ar EtOAC, lai
sasniegtu 98+ % tiribu; *KMR iznakums, izmantojot 1,3,5-trimetoksibenzolu ka iek$gjo standartu.

2-Formilfenilboronskabe 39 tika izmantota reakcija ar dazadiem guanidiniem
optimalakajos reakcijas apstaklos (4. tab., 6. piemérs). Gan N-monoaizvietotie guanidini 42a—g,
gan N,N-diaizvietotie guanidini 42h—j deva 2-aminohinazolinus 43a-j ar labu iznakumu (25. att.,
5. tab.).

27



1
15 mol% Cul, R

® ©
B(OH) |
O NH, x 3 ekviv. KOH N Mgz
H ke = Y
HN" N MeOH, 70 °C, N
) R 12t
39 42a-j 43a-j

25. att. Aminohinazolinu 43a-j sintéze.

5. tabula
Dazadu guanidinu pielietojums aminohinazolinu sintézei
Nr. p. k 422 R! R? 43, iznakums %"
1. 42a H Me 43a, 63
2. 42b H Ph 43b, 56
3. 42c H PhCH> 43c, 66°
4. 42d H Ph(CH2)2 43d, 52
5. 42e H n-Pent 43e, 54
6. 42f H ciklo-Pent 43f, 55
7. 429 H ciklo-Heks 43g, 37
8. 42h Me Me 43h, 43
9. 42i (CH2)4 43i, 47
10. 42j (CH2)20(CH2)2 43j, 39

2 Guanidini 42a,c—g,i,j izmantoti hidrogénhlorida sals veida, 42b — karbonata, 42h — sulfata; ° attirits ar
kolonnu hromatografiju, ja nav noradits citadi; ®attirits, tritur&jot ar EtOAC.

Vairakas 2-formilfenilborskabes 44a—f izpétitas ka substrati aminohinazolinu 45a—f un
46a—f sintezei (6. tab.). Guanidin 40 un 42a deva cerétos produktus, tomér izolétie iznakumi bija
nedaudz augstaki N-metilaizvietota guanidina 42a gadijuma (6. tab., 3.-8. piemgrs).

® O
B(OH), NH, CI 15 mol% Cul, L
3 ekviv. KOH N ~51
R Ho )LN/W R SR
2 H MeOH, 70 °C, _N
12 st
0 40,R"=H 45a—f, R'=H
44a-f 42a, R' = Me 46a—f, R" = Me

26. att. Aminohinazolinu 45a—f, 46a—f sintéze.
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6. tabula
Dazadu borskabju pielietojums aminohinazolinu sintézei

Nr. p. k. Borskabe 44 Produkts 45 vai 46, Iznakums,® %

H
1. 443, R = 4-MeO NYN\R1 453, 55
2 MeO N 46a, 59°
3 44b, R = 4-BnO N\\(Hw 45b, 32 (53)°
4. snoQ/vN 460, 57°
> 44c, R = 5-MeO MeO N\Y“\RW 45c, 17 (53)°
6. N 46¢, 480
" 444, R = 5-F . 45d, 36 (45)°
8 A 46d, 52°

.
9. 4o, R = 3E N 45e, 52
10. N 46e, 46"
F

H
1. 44f, R =5-Cl cl N\YMR1 45f, 35
12. C/V” 46f, 55°

3 Attirts, triturgjot ar EtOAc, ja nav noradits citadi; ° attirits ar kolonnu hromatografiju; °KMR iznakums,
izmantojot 1,3,5-trimetoksibenzolu ka ieksgjo standartu.

Borskabju atvasinajumi, piem&ram, pinakolata esteris 47a un trifluorborats 47b, ari bija
pieméroti substrati, dodot aminohinazolinu 43a ar iznakumu, kas ir salidzinams ar iznakumu,
izmantojot 2-formilfenilboronskabi 39 (27. att.). Sie pieméri papildina salidzinogi reti aprakstitus
gadijumus, kad borskabju atvasinajumi tiek izmantoti ka reagenti Chan-Evans—Lam reakcijai.?

® O 15 mol% Cul,

X 0 H
. )N[!z Cl 3 ekviv. KOH NYN\Me
Ho TiN o n-Me MeoH, 70°c, 12st, _N
o) H 58 % no 47a,

51 % no 47b
47a, X= BPin 42a ° 43a

47b, X = BF3K
27. att. 2-Aminohinazolina 43a sintéze no borskabes estera 47a un trifluorborata 47b.

Turpretim borskabes 48a,b ar ketogrupu izradijas nepiemérotas izejvielas hinazolinu 49a,b
sintézei (28. att.). So substratu gadijuma iegiti sarezgiti maisijumi ar O-arilé$anas produktiem
50a,b ka vienigajiem identificétajiem blakusproduktiem. Tas, ka 2-acilfenilborskabes 48a,b nedod
gaiditos produktus, nozimé, ka aminohinazolinu 23, 43, 45, 46 sintézé pirmais solis ir
arilidénguanidina veidoSanas, kam seko iekSmolekulara arilésana.
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15 mol% Cul,

® o
B(OH). NH, CI 3 ekviv. KOH NYNHZ OMe
,,,,,,,,,,,,,,,, -
RV HZNJLNHZ MeOH, 70 °C, 12 st ‘ N R
o 40 R o
48a, R = Me 49a, R = Me 50a, R = Me

48b, R = Ph 49b, R = Ph 50b, R = Ph
28. att. M&ginajums kondensét ketogrupu saturosas borskabes 48a,b ar guanidinu 40.

Rezuméjot ieprieks teikto, tiek piedavata efektivs 2-aminohinazolinu sintézes metode, kas
ir pievilcigaka par tradicionalajam. Maigie reakcijas apstakli lauj izmantot $o metodi
farmakologiski nozimigu 2-aminohinazolina karkasu saturo$u savienojumu sintézei. Pieejas
vienigais triikums ir salidzinosi zema 2-formilfenilborskabju pieejamiba komercialajos avotos.

4, Jauna metode indazolu sintézei no 2-formilfenilborskabém
un azodikarboksilatiem vai hidrazina dikarboksilatiem

ledvesmojoties no 2-formilfenilborskabju licto$anas 2-aminohinazolinu sintézei, mérkis
bija paplasinat $o sintétisko bloku izmanto$anu indazola kodola veido$ana.

Sakotn&jie méginajumi sintez&t indazolu no 2-formilfenilborskabes un hidrazina hidrata
vara katalizes apstaklos neizdevas. Tad tika izméginats vairaku secigu stadiju protokols Iidzigi
Uemura un Chatani®® aprakstitajai fenilborskabju reakcijai ar azodikarboksilatiem, dodot
arilhidrazina atvasinajumus. Izmantojot 2-formilfenilborskabi 39 ka substratu N=N saitei
pievienosanai azodikarboksilatos 51, tiktu iegiits N-arilhidrazina starpprodukts 52, ko varétu talak
parverst par indazoliem 53 un 54 (29. att.).

o ? Skabe (53)
Cu (Il) vai baze (54) Q
Yo, R0 iy H - N
N=N ~N__OR! N
B(OH), %ow /I\L e R2

o
39 5 ° R'0" S0 53, RZ = R'0(C=0)
52 54,R2=H

29. att. Indazolu sintéze no 2-formilfenilborskabes 39.

Arilesanas  apstaklu izptei tika izmantota 2-formilfenilborskabes 39 un
dietilazodikarboksilata (DEAD, 51a) reakcija (30. att.), ka katalizatoru izmantojot Cu(OAc)2
dazados $kidinatajos (7. tab., 1.—6. piemérs). Tika konstatéts, ka tadi $kidinataji ka MeCN, DMF
un DMA ir pieméroti produkta 52a iegi$anai ar labiem iznakumiem (7. tab., 5., 6. piemérs).
Samazinata katalizatora daudzums bija efektivs, izmantojot DMA ka skidinataju, neietekmgjot
produkta 52a iznakumu (7. tab., 7. piemérs). Tika izpétita arT virkne citu vara avotu (CuCly,
Cu(OTf),, Cu(acac)2), un tie izradijas efektivi katalizatori C—N saites veidoSanai, nodro$inot
produktu 52a ar augstiem iznakumiem (7. tab., 8.—10. piemérs). Vara(I) avots, pieméram, CuCl,
izradijas neefektivs katalizators, savukart katalitisks Cul daudzums nodro$inaja produkta 52a
veido$anos ar labu iznakumu (7. tab., 11., 12. piemers).
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0 7 abue |
o, <l = O
B(OH), NiN}*OEt N/NT]/OEt
EtO/&O °
52a
30. att. Hidrazina dikarboksilata 52a sintéze.

7. tabula
DEAD 51a ariléSanas apstakli
Nr. p. k Vara katalizators Skidinatajs Iznakums, %
1. 20 mol% Cu(OAc)2 MeOH? 0
2. 20 mol% Cu(OACc)2 PhMe 0
3. 20 mol% Cu(OAc): THF 64
4, 20 mol% Cu(OAc). MeCN 80
5. 20 mol% Cu(OAc): DMF 83
6. 20 mol% Cu(OAc): DMA 98
7. 10 mol% Cu(OAc). DMA 98
8. 10 mol% CuCl; DMA 94
9. 10 mol% Cu(OTf)2 DMA 99
10. 10 mol% Cu(acac): DMA 97
11. 10 mol% CuCl DMA 25
12. 10 mol% Cul DMA 93

@Novérota intensiva DEAD sadaliSanas.

P&éc tam tika izpétiti apstakli indazola cikla saslégSanai, izmantojot arilhidrazinu 52a
(31.att., 8. tab.). Skabos reakcijas apstaklos arilhidrazins 52a kondensgjas lidz 1N-
etoksikarbonilindazolam 53a (8. tab., 1.-5. piemérs). TFA DCM un MeCN skiduma deva gaidamo
produktu 53a ar labu iznakumu (8. tab., 1., 2. piemérs). Veicot reakciju AcOH istabas temperatiira,
arilhidrazina 52a ciklizé$anas nenotika, bet karséSana MeCN $§kiduma nodros§ingja indazola 53a
veidosanos (8. tab., 3., 4. piemérs). Skudrskabe bija pietickami spéciga, lai istabas temperattra
MeCN $kiduma varétu veidoties indazols 53a (8. tab., 5. piemers). lzmantojot bazi spirta $kiduma,
iegits neaizsargats indazols 54 (8. tab., 6.-8. piemérs). Gan K,COs, gan KOH varétu efektivi
izmantot arilhidrazina 52a cikla saslég§anas—deaciléSanas reakcijai.

Skaba (\) Baziska
katalize katalize
N N
N <«——— H —_— N
N g N
)= ) H
£ (0]
tO EtO [e]
53a 52a 54

31. att. Indazolu 53a un 54 sintéze.
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8. tabula
Arilhidrazina 52a ciklizacija par indazoliem 53a un 54

Nr. p. k. Reagents Skidinatajs | Temp., laiks | Produkts | Iznakums, %
1. 5 ekviv. TFA DCM 25°C, 12 st 53a 63
2. 5 ekviv. TFA MeCN 25°C, 12 st 53a 64
3. AcOH bez skid. ist. T., 12 st 53a 0
4. 30 ekviv. AcOH MeCN 70 °C, 12 st 53a 56
5. 30 ekviv HCOzH MeCN ist. T., 12 st 53a 56
6. 3 ekviv. K2COs3 MeOH 70°C, 1st 54 67
7. 3 ekviv. K2CO3 MeOH 25°C, 12 st 54 67
8. 4 ekviv. KOH EtOH Ist. t., 12 st 54 59

Péc tam izpétita 1N-etoksikarbonilindazola 53a viena reaktora veidoSanas no 2-
formilfenilborskabes 39 (32. att., 9. tab.). DiemZ&l DMA, kas bija optimals $kidinatajs DEAD
ariléSanai ar augstu iznakumu, nebija piemérots cikla slégsanas stadijai TFA klatbatng (9. tab.,
1. piemérs). Saja gadijuma saskana ar LC-MS arilhidrazina 52a starpprodukts nebija parvérties
par produktu 53a. Savukart TFA pievienosana DCM tada daudzuma, lai pietickami atSkaiditu
DMA, lava iegiit gaidamo produktu 53a ar labu iznakumu (9. tab., 2. piem&rs). DCM ka $kidinataja
izmantoSana abas stadijas deva zemaku iznakumu (9. tab., 3. piemé&rs). Tomér tika konstatéts, ka
MeCN ir piem&rots $kidinatajs gan ariléSanai, gan cikla slégSanai TFA klatbutng, lai iegiitu 1IN
aizsargatu indazolu 53a ar labu iznakumu (9. tab., 4. piemérs).

1) 10 mol% Cu(OAc);,,
1,5 ekviv. DEAD, 25 °C, 18 st;

o 2) Apstakli 9. tabula @N
N
B(OH),

2 ><O

EtO
53a

32. att. Indazola 53a sintéze.
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9. tabula
Borskabes 39 viena reaktora parvérsana par indazolu 53a

Nr. p. k. Skidinatajs Reakcijas apstakli, 2. stadija Iznakums, %
1. DMA 10 ekviv. TFA, 25 °C, 2 st. 0
2. DMA TFA:DCM 1:4,225 °C, 2 st. 73
3. DCM 5 ekviv. TFA, 25 °C, 1st. 48
4. MeCN 5 ekviv. TFA, 25 °C, 1 st. 78

2 Papildus pievienoti 3 mL TFA/DCM maisijuma uz 1 mL DMA.

Atrastie viena reaktora reakcijas apstakli tika parbauditi ar1 citu alkoksikarbonilindazolu
53b-d sintézei no borskabes 39 reaggjot un azodikarboksilatiem 51b—d (33. att.). Visaugstakais

produkta iznakums bija savienojuma 53b gadijuma, kas iegiits no diizopropilazodikarboksilata
51b.

1) 20 mol% Cu(OAc),, MeCN, ist. t., 18 st;

o 2) 5 ekviv.TFA, ist. t. 2 st A
S0 roAd N
* N=N N
B(OH),

JOR O)\OR
39 s
51b_d 53b—d
SN & I
53b, 86 % 53c, 60 % 53d, 45 %

33. att. Indazolu 53b—d sintéze.

Borskabju aizvietoSanas iespgjas izpétitas dazadu formilborskabju 44a—c,e,f reakcija ar
DIAD 51b, kam sekoja ciklizacija (34. att.). Substrati 44a—c, kas satur elektrondonoras grupas
(metoksi- un benziloksigrupas), deva indazolus 55a—c ar labiem vai méreniem iznakumiem.
Substratu 44e,f, kas satur elektronakceptorus aizvietotajus, gadijuma produkta 55d,e iznakums
samazinajas.

o) 1) 20 mol% Cu(OAc),, MeCN, ist. t., 18 st;
N N0 P04 2) 5 ekviv.TFA, ist. t. 2 st N
R-— + _ R N
- N=N A~N
B(OH), J—Oi-Pr pu
o Oi-Pr
44a—c, e, f o
51b 55a-e

RO N i
N \ N
-~ MeO N N
cl
d O)\o,‘-Pr O)\O,-_pr J—oipr
553, R = Me, 76 % °

55b, R=Bn, 73 % 55¢, 55 % 55d, 33 % 55e, 28 %

34. att. Aizvietoto formilborskabju 44a—c,e,f reakcija ar DIAD 51b.

Oi-Pr
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Tika parbaudits ari hidrazina dikarboksilata 56a lietojums indazolu sintézei
azodikarboksilata 51a vieta (35. att., 10. tab.). Tika veikta 2-Formilfenilborskabes 39 reakcija ar
dietilhidrazina dikarboksilatu 56a, izmantojot divu stadiju viena reaktora procediiru, kas izstradata
indazola 53a iegiSanai. Cu(OAcC): katalitisks daudzums un trietilamina parakums nebija
pietieckami efektivi apstakli, lai panaktu produkta 53a veido$anas ar labu iznakumu (10. tab.,
1. piemérs). Ekvimolara Cu(OAc), daudzuma un trietilamina parakuma izmantoSana pirmaja
stadija nodroSindja labu produkta 53a kopgjo iznakumu divas stadijas, savukart Cu(OAc)2
daudzuma palielinaSana samazinaja produkta 53a iznakumu (10. tab., 2., 3. piemérs). 2-
Formilfenilborskabes 39 transformésana par indazolu 53a nebija efektiva, ja pirmaja stadija
nepievieno bazi, tomér TEA vargja aizstat ar TMEDA vai DIPEA, biitiski nesamazinot produkta
53a iznakumu (10. tab., 5., 6. pieméers).

Tika izmgginati arT citi vara sali indazola 53a sintézes pirmaja stadija, tomgr tie nebija
efektivi (10. tab., 7., 8. piemérs). Nepieciesamiba p&c ekvimolara Cu(OAc)2 daudzuma veiksmigai
indazola 53a sintézei, izmantojot hidrazina dikarboksilatu 56a, nozimé reagenta 56a in situ
oksidéSanu par azodikarboksilatu 51la. Tomér nevar izslégt C-N saites veidoSanos ar hidrazina
dikarboksilatu 56a Chan-Evans—Lam reakcija.®*

1) 2 ekviv. 56a, MeCN, 25 °C,

X o apstakli 10. tabula; N
EI\O + )L H OEt 2) 30 ekviv. TFA, 25 °C, 4 st N
BoH), EO0 N N
o
39 56a 53a O)\OB

35. att. Indazola 53a sintéze no hidrazina dikarboksilata 56a.

10. tabula
Indazola sint€ze izmantojot hidrazina dikarboksilatu 56a
Nr. p. k Katalizators Piedeva Inzakums,? %
1. 20 mol% Cu(OAc)2 3 ekviv. TEA 25
2. 1 ekviv. Cu(OAc)2 3 ekviv. TEA 66
3. 1.5 ekviv. Cu(OAc): 3 ekviv. TEA 50
4, 1 ekviv. Cu(OAc). nav 26
5. 1 ekviv. Cu(OAc). 2 ekviv. TMEDA 67
6. 1 ekviv. Cu(OAc). 3 ekviv. DIPEA 60
7. 1 ekviv. CuCl 3 ekviv. TEA 35
8. 1 ekviv. CuCl2 3 ekviv. TEA 25

2KMR iznakums, izmantojot 1,3,5-trimetoksibenzolu ka ieksgjo standartu.

P&c tam ka izejas savienojumi indazolu 53a—g viena reaktora divu stadiju sintézei tika
izpétiti hidrazina dikarboksilati 56a—g (36. att.). TFA bija piemérota skabe ciklizacijas posmam,
iegiistot produktus 53a—f no borskabes 39 reakcija ar hidrazina dikarboksilatiem 56a—f. Produkta
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53 sintézei, kas satur skabes labilu t-Bu grupu, TFA vieta tika izmantota etikskabe paaugstinata
temperatiira. ST pieeja nodroindja produktu 53 ar loti labu iznakumu.

1) 1 ekviv. Cu(OAc),, 3 ekviv. TMEDA, 18 st, 25 °C;

2) 30 ekviv. TFA, 25 °C, 4 st (53a-f) vai
(ro . i H oR 30 ekviv. AcOH, 50 °C (53g) @[\\IN
RO - N
(o]

R= .-~ J\ \© Y e o J<

53a,63% 53b,47 % 53c, 46 % 53d, 61 % 53e, 63 % 53f, 40 % 539,73 %
36. att. Indazolu 53a—g sintéze.

Fenilborskabes 44a-h tika izpétitas ka izejas savienojumi reakcijas ar di-t-butilhidrazina
dikarboksilatu 56g 1N-Boc indazolu 57a—h sintézei (37. att.). Galvenais zemo iznakumu iemesls
bija 1N-acetilindazolu 58 blakusproduktu veidosanas.

1) 1 ekviv. Cu(OAc),, 3 ekviv. TMEDA,
18 st, 25 °C;

Ao 9 2) 30 ekviv. AcOH, 50 °C; N BN
R + JC R otau AN
2

Hoo o
44a-h 569 t-BuO
57a-h
F
RO
A\
N MeO N N cl L
o o) <o tBug” ©
tBuO t-BuO +BuO
57a, R = Me, 50 % 57¢,71 % 57d, 35 % 57e 56 %

57b, R =Bn, 58 %

N X
F ’\}Q Me "/L CF3 L L
¢} (0]
t-BuO o t-BuO t-BuO °© Me

57f, 43 % 579,46 % 57h, 25 % 58
37. att. Indazolu 57a-h sintéze.

C-N saites veidoSanas mehanismu vara katalizétaja arilborskabes reakcija ar
diazodikarboksilatiem piedavdja Uemura un Chatani.®® Saskana ar to arilborskabes 39
transmetal&Sanas reakcijas apstaklos ar vara katalizatoru veidotu arilgrupu un varu saturo$u dalinu
59 (38. att.). Pievienojot starpproduktu 59 N=N dubultsaitei, iegits arilhidrazins 60, kas stajas
transmetalésanas reakcija ar borskabi 39, lai iegiitu starpproduktu 61 un atgrieztu dalinu 59
katalitiskaja cikla. Reakcijas maisijuma apstrade dotu arilhidrazinu 52a. Jaatzimé, ka Uemura un
Chatani paradija, ka dialkoksikarbonilhidrazini nav konkurgjosie substrati $aja reakcija, ja vien
netiek pievienots papildu oksidétajs. Tas nozimé, ka hidrazins 56a, visticamak, tiek oksidéts par
diazodikarboksilatu 51a ar stehiometrisko varu saturo$a reagenta daudzumu.
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e
B(OH
39 (OH),

io®
? l Kat. "Cu"
OEt OEt
B(OH),
! o OZ\N cu(lly o)\
NN -OEt N NH
Py To( "Cu" N_o0 HN__o
Et0” SO 59 \f \f
61 EtO EtO
o
39 \ 51a 56a
o
N,NTOEt
Eto/&o0

60
38. att. Piedavatais mehanisms C—N saites veidoSanas posmam.

Iesp&jamais mehanisms arilhidrazina starpprodukta kondensacijai indazola redzams
39. attéla. Skabes klatbuitné veidojas N-aciliminija jons 63. Selektivi hidrolitiski noskelot vienu
etoksikarbonilgrupu starpprodukta 63, iegiist 1N-etoksikarbonilindazolu 53a. Savukart baziskie
apstakli lautu noskelt abas etoksikarbonilgrupas, ka rezultata veidojas starpprodukts 64, kas péc
tdens elimin&$anas dotu indazolu 54.

®
H @ OBt o
o ,N% 53a
OH —H; N o -co,
OEt =0 —EtOH
52 == /N« _| EtO _H®
N o 63
=0
EtO
62 MeOH OH

Baze
s O
—MeOC(=0)OEt N —H,0
H

64
39. att. Piedavatais kondensacijas posma mehanisms.

Rezumgjot iepriek§ teikto, vara kataliz€ta 2-formilborskabju reakcija ar
diazodikarboksilatiem, kam seko skabes vai bazes izraisita cikla saslég$ana, ir &rta metode 1N-
alkoksikarbonilindazola atvasinajumu sintézei. Indazola sintézi var veikt, izmantojot arT hidrazina
dikarboksilatus ka reakcijas substratus, tomér C—N saites veido$anas posma ir nepiecieSams
stehiometrisks vara(Il) acetata daudzums.
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5. Difenilazoli ka antibakteriali Iidzekli pret S. Aureus Newman

Jaunu HK TCs inhibitoru mekl&jumu procesa uzmanibu piesaistija antibakterialo
savienojumu s€rija uz 3,4-diarilpirazola bazes, kas parveidoti no savienojumiem ar pretvéza
aktivitati, Hsp90 inhibitoriem (40. att.).®® Sads pienémums tika izdarits, jo antibakteriala aktivitate
ir saistita ar bakteriju histidina kinazu inhib&Sanu 3,4-diarilpirazoliem koordingjoties ATP
saistosaja domeéna, kam ir liela Iidziba ar eikariotu Hsp90 ATPazes doménu. Reprezentativais
savienojums 65 uzradija mikromolaru histidina kinazu C. crescentus CckA un Salmonella PhoQ
inhib&Sanu un vidgju aktivitati pret noteiktiem gramnegativiem un grampozitiviem bakteriju
celmiem. Strukturali lidzigu trapijuma molekulu 7 ar labu potenci pret S. Aureus Newman atklaja
profesors J. Wells, veicot savienojumu bibliotéku skriningu antibakterialas jutibas testos.*®

00 00

F3C

/

Me

IZ
Iz,

65 7
MIC (B. Subtilis) = 50~74 pg/mL MIC (S. Aureus) = 6.25 pug/mL
MIC (E.Coli) = 12-25 pg/mL

40. att. Antibakterialie lidzekli uz pirazola bazes 65 un 7.

Lai izpétitu 3,4-diarilpirazolus ka potencialus antibakterialus Iidzeklus, sintez&ta
savienojumu sérija saskana ar 41. att€lu. Galvenais starpprodukts 3,4-diarilpirazolu 71a—h sintézei
bija izoflavons 69.% Tas sintez&ts no viegli pieejama rezorcinola 66 un 4-hlorfeniletikskabes 67
divas stadijas.*™® % Pirmaja stadija veikta rezorcina 66 Friedel-Crafts acilésana, ko katalizgja bora
trifluorida dietileterats. legiitais acilresorcinols 68 kondenséts ar trifluoretikskabes anhidridu, kam
sekoja ciklizacija, iegiistot izoflavonu 69. Talak O-alkileSanas reakcija iegtti izoflavona
atvasingjumi 70a—h, kas kondenséti ar hidrazinu, un rezultata iegati jauni mérka savienojumi 71a—

3 ekviv. BF3-Et,0 4 ekvw TFAA
\©/ W/\©\C| PhMe, 100 °C, T eymo :c
2 st 56 % 16'st, 63 %

OR

1.5-4 ekviv. RHal,* N O O
2 ekviv. K2C03 OH
DMF 25-60 °C, EtOH 90 °C, Y
25-98 % OR 3st,62-97 % N
N

70a-h 71a-h
41, att. 3,4-Diarilpirazolu 71a-h sintgze.

Talak, lai parbauditu katras molekulas dalas nozimi, tika sintez&ta atvasinajumu sérija ar
mainitam vai nonemtam funkcinalam grupam. Monoarilpirazoli 73a—c tika sintézgti, kondensgjot

diketonus 72a—c ar hidrazinu (42. att.).
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o o NoH,Ho0 \
PR —— /
CFsMR EtOH,90°C,  CFy N
3st H
72a—c 73a-c
@ HO©/OM9 Ho©
73¢, 71 %

73b, 81 %

73a,91 %
42. att. 3-Avrilpirazolu 73a—c sintéze

Pirazola 73b metoksiaiszarggrupa noskelta, izmantojot bora tribromidu (43. att.)

OMe
4 ekviv. BBr3
o DCM, 0 °C,
1st, 14 %
73b 73d

H
43. att. Aizsarggrupas nonemsana savienojuma 73b
Viens no monoarilpirazoliem — savienojums 73a — brométs, lai iegitu broma atvasinajumu

6 mol% PdCI(PPhs),,

1,3 ekviv. 4-Cl-CgH,-B(OH),

74, kas Suzuki—Miyaura reakcijas apstaklos deva diarilpirazolu 75 (44. att.)
Cl
2.6 ekviv. Cs,CO3

PR 2 ekviv. NBS Br,
- — )\
cr N DMF, 75 °C, CF /N,N Dioksans:H,0 4:1, 100 °C, I\
H 5,50 % N 16 st, 26 % CFy W
" %

73a
44, att. 3,4-Diarilpirazola 75 sintéze
Papildus tika izpéetita iespgja pirazola karkasu aizstat ar izoksazola ciklu. lzoksazola
analogi 76a-¢ iegiiti no izoflavona atvasinajumiem 70a—€ reakcija ar hidroksilaminu (45. att.).3®

Cl o

O 2 ekviv. NH,OH-HCI

_— >

| O Py, 100 °C, 16 st
OR

CFy” Yo

OMe
76e, 91 %

H \© SO
76c,63%  76d,97 %

R=
76a, 85 % 76b, 96 %
45, att. 4,5-Diarilizoksazolu 76a—¢ sintéze

O-MOM aizsargataja produkta 76c metiléta briva fenola OH grupa, un iegiitajam
atvasinajumam 77 noSkelta MOM grupa skaba vidg, lai iegiitu izoksazolu 78 ar augstu (96 %)

iznakumu (46. att.)
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OMOM OMOM

3 ekviv. Mel,
2,5 ekviv. K,CO3 4 ekviv. 12M HCl Cl
MeOH, 60 °C,

DMF, 2 st, 99 %
3 st, 96 %

77
46. att. 4,5-Diarilizoksazola 78 sintéze.

Deoksigenétie diariloksazola analogi 81 un 83 sintezé&ti, sakot no izoflavona atvasinajuma
69 (47. att.). Tas parversts par triflatu 79, kura C-O saite $kelta paladija katalizétas hidrogenolizes
apstaklos, izmantojot trietilsilanu ka tidenraza parneses reagentu. legttais izoflavona atvasinajums
80 parversts par izoksazolu 81. Tas savukart secigi parveérsts par triflatu 82 un reducéts, iegiistot

produktu 83.

5 mol% PdCIy(PPhg),, Cl

) cl
1.1 ekv_lV- Tf,0, 2,5 ekviv. Et3SiH
2 ekviv. TEA -~
DCM, 0 °C, EOMF: 6%;0"/’
2st,95% ot =hmim ==

OH

5 mol% PdCl,(PPhs),, Cl

1,4 ekviv. Tf,0, c
2,5 ekviv. Et3SiH

2 ekviv. NH,0H-HCI 2 ekviv. TEA

e . - .

Py, 100 °C, 16 st, 99 % DCM, 0 °C, DMF, 60 °C,
30 min, 97 % 30 min, 72 %

47. att. 4,5-Diarilizoksazolu 81 and 83 sintéze.

Izoksazoli 84a*® un 84b bez aizvietotajiem heterocikla 4. pozicija sintezéti, sakot no

diketoniem 72a,b (48. att.).

1) 2 ekviv. NH,OH-HCI, EtOH, 90 °C, 16 st;
O O 2)4ekviv. H,SO,, AcOH, 2 st, 100 °C

CF. MR CFy

HO. OMe

84b, 38 %

84a, 63 %
48, att. 4,5-Diarilizoksazolu 84a,b sintéze.

Visi sintez&tie savienojumi 71a-h, 73a—d, 75, 76a—e, 78, 81, 83, 84a,b parbauditi in vitro
S. Aureus Newman augsanas inhib&Sanos testos. Testu rezultati apkopoti 11.—14. tabula.
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11. tabula
Savienojumu 71a-h antibakteriala aktivitate

OR
v Q
"
| N

2

cr N
Nr. p. k. Savienojums R MIC,2 pg/mL
1. 71la Me 3,12
2. 71b Bn 1,56
3. 71c MOM 3,12
4. 71d 2,5-CIC¢H3CH:> 1,56
5. 7le 4-BrCeH4CH2 1,56
6. 71f PhSO: 1,56
7. 719 i-Pr 0,78
8. 71h i-Amil <0,39

2S. Aureus Newman.

Antibakterialas iedarbibas paaugstinasanas salidzinajuma ar trapijuma savienojumu 7
panakta ka R aizvietotaju ievadot metilgrupu (savienojums 71a, 11.tab., 1.piemérs). O-
Benzilgrupai ka R aizvietotajam bija vél lielaka pozitiva ietekme uz antibakterialo aktivitati
(savienojums 71b, 11. tab., 2. piemérs). MOM grupas klatbiitne (savienojums 71c, 11. tab.,
3. piemérs) tikai nedaudz palielinaja aktivitati, salidzinot ar trapijuma savienojuma 7.
Benzilgrupas aizstasana ar 2,5-dihlorbenzilgrupu (savienojums 71d, 11. tab., 4. piemérs), 4-
brombenzilgrupu (savienojums 71e, 11. tab., 5. piemérs) un fenilsulfonilgrupu (savienojums 71f,
11. tab., 6. piemérs) savienojumu aktivitati nemainija, salidzinot ar benzilanalogu 71b. Vislabako
antibakterialo aktivitati $aja serija uzradija savienojumi, kas satur lipofilus R aizvietotajus,
piemé&ram, i-propilgrupu (savienojums 71g, 11. tab., 7. piemérs) un i-amilgrupu (savienojums 71h,
11. tab., 8. piemérs).
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12. tabula
Savienojumu 73a-d, 75 antibakteriala aktivitate

g2
R! R3
[N
cr” N
Nr. p. k. | Savienojums R! R? R3 MIC,2 ug/mL
1. 73a H H H 50
2. 73b H OMe OH 25
3. 73c H H OH 125
4. 73d H OH OH 250
5. 75 4-CICgH4 H H 1,56

&S. Aureus Newman.

Atvasinajumi 73a-d, kuriem nav aizvietotaju pirazola 4. pozicija, uzradija ievérojami
sliktakus rezultatus, salidzinot ar trapijuma savienojumu 7 (12. tab., 1.-4. piemérs). Tomér
savienojums 75 ar 4-hlorfenilgrupu ka R aizvietotaju un fenilgrupu ka R? aizvietotdju uzradija
Setras reizes lielaku aktivitati neka savienojums 7 (12. tab., 5. piemérs). Sie rezultati liecina par
divu arilaizvietotaju klatbiitnes nozimi pirazola gredzena, lai nodrosinatu augstu antibakterialu
aktivitati. Turklat savienojuma 75 augsta antibakteriala aktivitate nozimé, ka hidroksilgrupas
klatbiitne R? aizvietotaja fenilgredzena nav biitiska.

13. tabula
Izoksazola atvasinajumu 76a—e€ antibakteriala aktivitate
Nr. p. k. Savienojums MIC,? ug/mL
1. 76a H 3,12
2. 76b Bn 0,78
3. 76¢ MOM 3,12
4. 76d i-Pr 0,78
5. 76e i-Amil <0,39

#S. Aureus Newman.
Izoksazolu 76a—e (13. tab.) antibakteriala aktivitaste un struktiiras—aktivitates

likumsakaribas ir loti lidzigas pirazola analogiem 7, 71b, 71c, 71g, 71h (11. tab.).
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14. tabula
Vienkar$otu izoksazola atvasinajumu 78, 81, 83, 84a,b antibakteriala aktivitate
RZ

<3
CFs

Nr. p. k. Savienojums R! R? R? ::g/lrii
1 78 4-ClICgH4 OH OMe 3,12
2 81 4-ClICgH4 H OH 3,12
3. 83 4-CICsH4 H H neaktivs
4 84a H H H neaktivs
5. 84b H OMe OH 6,25

2S. Aureus Newman.

Interesanta atkape noverota izoksazoliem 78, 81, 83 un 84a,b (14. tab.). Savienojums 84a,
pretgji ta pirazola analogam 73a, pilniba zaudgja aktivitati pret S. Aureus Newman. Savienojumam
84b ir lielaks aktivitates Iimenis, salidzinot ar 73b. Parsteidzosi, ka ortohidroksigrupas metiléSana
R? aizvietotaja (savienojums 78, 14. tab., 1. piemérs) neietekm&ja MIC vértibu — ta saglabajas
3,12 pg/mL limeni. Visbeidzot, savienojums 83 pilniba zaudgja antibakterialo aktivitati (14. tab.,
3. piemérs), salidzinot ar pirazola atvasinajumu 75 ar tadu pasu aizvietotaju klastu (12. tab.).

Savienojumu SAR analize norada virzienus turpmakiem strukturaliem uzlabojumiem, lai
iegltu spécigakus antibakterialus Iidzeklus uz fenilazolu bazes. Lipofilo grupu ievadiSana
molekulas fenola gredzena 5. pozicija palielindja savienojumu aktivitati (71g, 71h). Turpmaka
lipofilitates palielinasanas $ajas pozicijas varétu vel paaugstinat aktivitati. Turpmakaja darba butu
jaizpeta citi pieméroti piecloceklu cikli, pieméram, imidazols, 1,2,3-triazols vai izotiazols ka
strukttiras pamats, lai uzlabotu savienojumu efektivitati. Tomér savienojumu 81 un 83, vai 75 un
83 paru SAR analize liecina, ka inhibitoras aktivitates saglabasanai molekula jabait vismaz vienai
NH vai OH grupai.
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SECINAJUMI

. Biologiskas aktivitates novertesanai sintezétas Cetras perspektivu HK TCs inhibitoru sérijas:
pirazol-4-karboksamida, 2-aminohinazolina, indazola un 3,4-difenilpirazola atvasinajumi.

. Pirazol-4-karboksamidu biblioteka izveidota, kondensgjot pirazol-4-karbonskabi ar dazadiem
alkil- un arilaminiem. DiemZ&l bibliotekai nebija potenciala turpmakai attistibai: enzimatiskas
un in vitro antibakterialas parbaudes neatklaja nozimigu aktivitati. No otras puses, CheA
proteina—liganda kompleksa rentgenstaru kristalografija ar amidu, kas satur ciklisku karbamata
dalu, paradija savienojuma mijiedarbibu tiesi ta, ka prognozéts CADD modelos. Sadu
neatbilstibu var izskaidrot ar minéta liganda vaju mijiedarbibu ar proteinu.

07\‘/\0j
ONJ/

7 ] N

Hy

Indazola atvasinajumu biblioteka veidota, sakot no aizvietotajiem 4-bromoindazoliem,
izmantojot dazada veida paladija kataliz&tas Skérssavienojumu reakcijas. Savienojums ar fenila
aizvietotaju uzradija vaju antibakterialo aktivitati pret E. Coli, un ta antibakterialas iedarbibas
mehanisms palika neskaidrs. Indazols, kas satur 3-aminopirazola aizvietotaju, un ta strukturalie
analogi enzimatiskaja testa uzradija merenu potencialu, bet antibakterialo aktivitati neuzradija.

//é)Et
NN ©
1
HN
N, O N//j@

N \

H OH u

E. ColiMIC = 62,5 ug/mL S. Aureus Newman PhoR ICg = 67 pM

. 2-Aminohinazolinu biblioteka izveidota, izmantojot Heck reakciju starp 7-bromhinazolin-2-
aminu un dazadiem alkéniem. Jaunizveidotie alkéni selektivi reducéti, veidojot alkiltiltinu.
Papildu savienojumi iegiti Suzuki-Miyaura reakcija starp 7-bromhinazolin-2-aminu un
arilborskabém vai starp (2-aminohinazolin-7-il)borskabi un arilbromidiem. Visi savienojumi
no $§tm s€rijam parbauditi, lai noteiktu to spgju saistities ar CheA proteinu (MST tests), un divi
savienojumi uzradija vislabako saistiSanas afinitati savas serijas.

o

X
EtO)SO OMe Lot O /)N\
aC, CToTom
o
N/)\NHZ

CheA Kp =317 nM CheA Kp =162 nM

. Kopuma 2-aminohinazolina atvasinajumi neuzradija véra nemamu in vitro antibakterialo
aktivitati standarta apstaklos. Tomér savienojums ar indolinona aizvietotaju inhib&ja S. Aureus
augSanu vidé ar zemu fosfatu saturu, un ar tiofénsulfonamidu aizvietots savienojums spgja
samazinat rezistenci pret vankomicinu E. Faecalis rezistenta celma.
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6. Izoflavonu un B-diketonu reakcija ar hidrazina hidratu sintezéti vairaki 3-fenilpirazola
atvasinajumi. To paSu izejvielu ciklizacija ar hidroksilaminu lava iegit izoksazolus ar
aizvietoSanas modeli, kas identisks pirazoliem. Savienojumi ar noSkeltu hidroksigrupu
sintez&ti, parveidojot OH grupu par triflatu ar sekojosu Pd katalizétu reduc€sanu. SAR pétijumi
paradija svarigakas funkcionalas grupas, kas nodrosina antibakterialo aktivitati. Pirazola kodolu
var aizstat ar izoksazolu, neietekmgjot aktivitati, tomer, lai saglabatu antibakterialo iedarbibu,
molekula japaliek vismaz vienai polarai grupai. Antibakterialas iedarbibas mehanisms $ada
veida savienojumiem palika neskaidrs, bet, visticamak, tas nav saistits ar HK TCs inhib&$anu.

7. Izstradatas jaunas metodes 2-aminohinazolinu un N-aizsargato indazolu sintézei, izmantojot
vara kataliz€tu Chen—Evans—Lam reakciju, sakot no 2-formilfenilborskabém. Reakcija ar
guanidiniem veidojas 2-aminohinazolini, savukart reakcija ar azodikarboksilatiem un hidrazina
dikarboksilatiem veidojas N-aizsargati indazoli. Reakciju var veikt maigakos apstaklos,

salidzinot ar zinamajam 2-halobenzaldehidu $kérssavienojumu reakcijam.
~ ‘ SN
3
A N/)\N,R
R2 R"=H, OMe, OBn, F, Cl
R2, R% R* = Ak
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GENERAL OVERVIEW OF THE THESIS

Introduction

Bacterial infections have a great impact on public health.! Starting from the middle of the
20" century a lot of deaths were prevented by introducing antibiotics, and average life expectancy
at birth rose almost to 79 years.? A number of antibiotic classes were established between 1930
and 1960, while only few of them were discovered in recent decades.® The long term use of the
same lifesaving antimicrobials was the strong evolutionary factor for bacterial species — bacteria
developed mechanisms help them to neutralize antibiotics,* e.g. bacteria evolves the mechanisms
of resistance to several types of antimicrobial drugs, which makes it a multidrug resistant bacteria.
Such mechanisms can occur either by accumulation of the multiple genes, responsible for
resistance to a particular drug, or by overexpression of genes coding efflux pumps of bacteria.®
Clinical therapy of infections, caused by resistant bacteria, usually require higher doses of
medicines, or the use of more efficient but also more toxic drugs.? 8

The above-mentioned reasons have motivated a research to discover new perspective
antimicrobials, which are able to target antibiotic-resistant strains. Primary task of such a research
is the definition of potential target for a new drug. Most of the traditional antibiotics target cell
wall synthesis (penicillines, cephalosporines, polypeptides) and bacterial protein synthesis
(tetracyclines, amphenicols, macrolides).” All of these drugs induce bacterial death, which is a
significant factor to the bacteria for adaptation to such therapeutics.® Prospectively, compounds
which target bacterial systems involved in the adaptation to antibiotics can be a solution to the
problem of multidrug resistant bacteria. One group of such possible targets is histidine kinase two-
component systems (HK TCs).®

HK TCs of bacteria are responsible for the signal transduction pathways, including
regulation of virulence, secretion systems and antibiotic resistance. Additionally, TCs are
ubiquitous among bacteria and absent in mammalian cells.'°
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Fig. 1. Histidine kinase two-component system signaling pathway: DHp — dimerization and
histidine phosphotransfer domain (DHp); CA — catalytic domain; REC — receiver domain; H —
histidine residue; D — aspartate residue; ATP — adenosine triphosphate; P - phosphate. Numbers
in the scheme correspond to the order of signal transduction pathway: 1 — receiving of
extracellular signal; 2 — ATP binding and phosphate transfer to histidine; 3 — phosphate transfer
to aspartate residue on receiver domain; 4 — structural change of receiver domain.

Signal cascade in HK TCs starts from a sensor domain (1), located in periplasmic or
extracellular media.! Then ATP binds to catalytic domain (CA) followed by transfer of a
phosphate group to a conserved histidine at histidine phosphotransfer domain (DHp).
Subsequently the high-energy phosphoryl group is transferred to a conserved aspartate at the
receiver domain (REC) of the response regulator. The response regulator, in turn, undergoes
conformational change, which leads to a specific response.!?

The most attractive point for targeting in the HK TCs signaling pathway is the catalytic
domain (CA), as this domain is already evolved to bind the small ATP molecule. Using properly
designed inhibitors, specifically targeting CA, the transduction pathway can be interrupted leading
to a reduced bacterial fitness or inducing a bactericidal effect.*3

Our work was directed to the design and synthesis of novel HK TCs inhibitors starting
from hit molecules identified by X-ray crystallography of the corresponding protein-ligand
structures. Perspective for the further modification scaffolds then were subjected to computer-
aided drug design (CADD) studies to reveal possible structure modifications which can enhance
the potency of compounds. After CADD modelling the most interesting compounds were selected
for the synthesis. To measure biological activity of the compounds, both enzymatic assays on
bacterial proteins and in vitro tests on bacterial cultures were performed.

One of the proteins used in the enzymatic tests was chemotaxis protein (CheA), which is a
central regulator of bacterial chemotaxis. It belongs to a protein group that controls gene
expression in response to environmental conditions changes. The CheA binds ATP and catalyzes
the phosphorylation of one of its own histidine residues.'* Another protein used in our research is
phosphate regulon sensor protein (PhoR), which is the part of two component signal transduction
pathway. In live cell PhoR indirectly senses and responds to the level of extracellular inorganic
phosphate by phosphorylating and dephosphorylating its cognate response regulator PhoB.® Also
HK853 protein was applied for the tests. HK853 is the C-terminal catalytic and ATP-binding
domain®® which is proved to possess an ATP-dependent autokinase activity in vitro and to support

48



phosphotransfer to PhoP response regulator.” The last member of this protein family used in the
assays is EnvZ, playing the key role in phosphorylation of the activator protein OmpR.
Phosphorotransfer between EnvZ and OmpR in E. Coli regulates adaptation to changes in
environmental osmotic pressure.*8

For the in vitro bacterial growth inhibition assays were used Gram positive bacterial strains:
S. Aureus Newman,'® and E. Faecalis.?® Gram negative strains were represented by E. Coli.?*
Additionally, antibiotic resistant strains were used, such as Methicillin-resistant (MRSA) S.
Aureus?* and Vancomycin-resistant E. Faecalis.?

The research was performed in collaboration with the group of Dr. A. Marina from Instituto
de Biomedicina de Valencia, CSIC (X-ray crystallography, screening of fragment library,
enzymatic and biophysical binding assays), group of Prof. J. Wells from University of Wageningen
(antibacterial cell-based assays), and with the team of Prof. P. Finn from company Oxford Drug
Design (CADD).

Our main contribution to the discovery of HK TCs inhibitors was the synthetic
development of hit compounds resulting from screening libraries. This included the generation of
focused libraries based on a defined core of a hit compound as well as fragment merging and
fragment growth. To enable access of certain compound classes such as quinazolines and indazoles
with expanded functionalization pattern, we also developed new synthetic methods to construct
these heterocycles.

Aims and objectives

The aim of the Thesis is to develop new potent inhibitors of HK TCs based on fragment-
based lead discovery approach and virtual screening hits. Concomitantly new methods of synthesis
of the most potent heterocyclic motifs may be explored. The following tasks were set:

1) to synthesize putative HK TCs inhibitors designed by project partners — derivatives of
pyrazole, quinazoline and indazole heterocyclic motifs — and analyze their structure-
activity relationship (SAR) using the data provided by collaboration institutions;

2) to explore novel milder ways of assembling of the most perspective 2-aminoquinazoline
and indazole scaffolds, starting from readily available 2-formylphenylboronic acids;

3) to synthesize 3,4-diphenylpyrazole derivatives with proved antimicrobial activity, possibly
connected with inhibition of HK TCs, and analyze their SAR regarding inhibition of
growth of S. Aureus Newman.
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Scientific novelty and main results

As the result of the Thesis, new chemotypes of the HK TCs inhibitors were proposed:

1) indazole derivatives, modified with aryl substituent on the 4" position of heterocyclic ring;

2) 2-aminoquinazoline derivatives, modified on the 7" position with aryl substituents.
Additionally, antimicrobial efficiency of arylazoles against S. Aureus Newman and their

SAR were described. New synthesis methods of heterocycles of interest were discovered:

1) convenient and mild copper-catalyzed synthesis of 2-aminoquinazolines from 2-
formylphenylboronic acids and guanidines;

2) copper-mediated synthesis of indazoles from 2-formylphenylboronic acids and
azodicarboxylates or hydrazine dicarboxylates.

Structure of the Thesis

The Thesis consists of literature review, dedicated to the ways of synthesis of 2-
aminoquinazolines and medicinal chemistry application of thereof, description of synthesis of
putative HK TCs inhibitors and results of their biological activity studies. Additionally, a
description of antimicrobial activity of novel phenylpyrazoles and phenylisoxazoles against S.
Aureus Newman was added together with new methods of synthesis of 2-aminoquinazolines and
indazoles.
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Publications and approbation of the Thesis

Main results of the Thesis were summarized in 3 scientific publications. Results of the
research were presented at three conferences.

Scientific publications:

1. V. V. Solomin, A. Seins, and A. Jirgensons. 2-Aminoquinazolines by Chan—Evans—Lam
Coupling of Guanidines with (2-Formylphenyl)boronic Acids. Synlett, 31, 2020, 1507-10
(IF(2020): 2.454).

2. V. V. Solomin, A. Seins, and A. Jirgensons. Synthesis of indazoles from 2-
formylphenylboronic acids. RSC Advances, 11, 2021, 22710-14 (IF(2021): 4.036).

3. V. V. Solomin, B. Fernandez Ciruelos, N. Velikova, J. Wells, M. Albanese, A. Adhav and
A. Jirgensons. Synthesis and SAR of phenylazoles, active against Staphylococcus Aureus
Newman. Chemistry of Heterocyclic Compounds, 58 (12), 2022, 737-748 (IF(2021):
1.490).

Results of the Thesis were presented at the following conferences:

1. V. V. Solomin, A. Jirgensons. Synthesis of 2-Aminoquinazolines and Indazoles from 2-
Formylphenylboronic Acids. 80" International Scientific Conference of the University of
Latvia, February 11, 2022, Riga, Latvia.

2. V. V. Solomin, A. Jirgensons. Synthesis of 2-Aminoquinazolines and Indazoles from 2-
Formylphenylboronic Acids. Balticum Organicum Syntheticum (BOS 2022), July 3-6,
2022, Vilnius, Lithuania.

3. V. V. Solomin, A. Jirgensons. Chan-Evans-Lam reaction inspired synthesis of 2-
aminoquinazolines and N-protected indazoles. SPRINGBOARD project Summer School:
Major milestones in design and development of novel antimicrobials, August 23-25, 2022,
Apsuciems, Latvia.

4. V. V. Solomin, D. Zaharova. Synthesis of Quinazolines and Indazoles from 2-
formylphenylboronic acids. 81" International Scientific Conference of the University of
Latvia, March 17, 2023, Riga, Latvia.
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MAIN RESULTS OF THE THESIS

1. Pyrazole amide and indazole derivatives as putative HK inhibitors
Initial work has started with screening of library of small compounds, which could interact
with the proteins of interest. The X-Ray crystallography screening was performed by the group of

Dr. A. Marina (IBV CSIC). Ethyl 1H-pyrazole-4-carboxylate 1 was one of the first fragment hits,
which was co-crystallized with CA domain of CheA (Fig. 2).
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Fig. 2. Crystal structure of CA domain of CheA from T. Maritima in a complex with molecule 1.

Compound 1 was particularly attractive for further derivatization because of accessibility
of modifications, which can be made with the carboxyl group of the molecule. A virtual library of
amides 4a—j was created in collaboration with Marco Albanese (Oxford Drug Design), which was
subjected to the docking studies, using computer-aided drug design (CADD). After several
refinements of the results, the most promising compounds 4a—j were selected for the synthesis.
Amides 4a—j were prepared from pyrazole-4-carboxylic acid 2 and corresponding amines 3a—j by
using EDCI in pair with HOBL as coupling agents (Fig. 3).

1.1 equiv. HOB,

2 equiv. EDCI,
? Ak 4 equiv. TEA Q
N\%OH * NH, > N%N,Alk
HN MeCN, 25°C, 14h  pN H
2 3aj 4a-j
7 ~ T NN o) HN \
\/\N\§ N N '\/NY \/&3
o o]
4a,93% 4b, 16 % 4c,39 % 4d, 36 % 4e, 25 %
Alk =
m NN Me ~~ N-NH
N R - N7 i
TO( '—\/ks Me -- o) P -’\/AN/ Me
[¢)
4,47 % 49,29 % 4h, 55 % 4i, 38 % 4j,32%

Fig. 3. Synthesis of amides 4a—j.
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The amides 4a—j were subjected to enzymatic assay and bacterial growth assay.
Unfortunately, the compounds 4a—j showed no detectable activity in any of the assays. The initial
unsuccessful results prompted us to propose more “rigid” compounds without flexible chain
between structural elements of the molecule. Using CADD, another series of pyrazole amides 6a—
i was designed as potential inhibitors for histidine kinases. Using EDCI as a coupling reagent and
pyridine as a solvent, anilines 5a—i were converted to the corresponding amides 6a—i (Fig. 4).

[o} 1.6 equiv. EDCI o}
Ar. _— >
N@)( +  ASNH N@)( Ar
\ OH 2 . ! N~
HN / Py, 25°C, 16 h HN 7N

O 15 p Oy

ea 33% 6b, 37 % 6:: % 6d 68 % 6e, 72 %
Ar=
H,O
71/© _§? © @
Me™ u
6f, 97 % 6g, 46 % 6h, 78 % 6i, 34 %

Fig. 4. Synthesis of anilides 6a—i.

Compounds 6a—i showed a weak inhibitory potency in the case of target proteins PhoR and
EnvZ as well as autophosphorylation inhibition, TNP-ATP displacement?® and radicicol
replacements®* assays revealed the inactivity of the proposed class of compounds alongside with
no activity to inhibit the growth of Gram positive and Gram negative bacterial cultures.
Noteworthy, that upon crystallography studies in IBV CSIC, X-Ray crystal structure of compound
4f with CheA protein was obtained (Fig. 5 A), which confirmed the predictions made by CADD.
Real structure position (in red) and predicted binding mode (in green) are almost identical
(Fig. 5 B).
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Fig. 5. X-ray crystal structure of 4f in complex with CheA. A — Crystal binding mode of 4f (red
tubes) in complex with CheA. B — Top: crystal bound conformation of 4f (in red tubes). Bottom:
an overlay of the crystal-bound conformation (red tubes) onto the energy minimized crystal
bound conformation (green tubes).
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After obtaining of not promising results with pyrazole amide derivatives, other possibilities
for fragment 1 enrichment were analyzed. Fragment 1 was virtually merged with other X-Ray
fragment  4-(4-(4-chlorophenyl)-5-(trifluoromethyl)-1H-pyrazol-3-yl)benzene-1,3-diol (7
obtained by crystallography studies (group of Prof. A. Marina at CSIC) (Fig. 6).

OH

Fig. 6. Ligands 1 and 7 merging to obtain ligand 8 structure.

It was detected that indazole-containing compound 8 probably retains main connection
features to CA. Analysis of possible options for modification of virtual fragment 8 was made and
it was proposed to introduce an aryl substituent at the 4™ position of the indazole, whereas
hydrogen bond acceptor, such as pyridine nitrogen (additional interaction showed with arrows) is
very preferable. Consequently, indazole 9 was determined as perspective compound for further
investigation in bacteria growth assays (Fig. 7).

OH

Fig. 7. A predicted binding mode of 4-(pyridin-3-yl)-1H-indazol-6-ol 9 with CheA.

Suzuki-Miyaura reaction of bromoindazole 11 with aryl boronic acids was chosen to
introduce an aryl group at the indazole moiety (Fig. 8). The synthesis of the key intermediate
bromoindazole 11 was performed starting from 2-fluorobenzaldehyde 10, which was cyclized
under the reaction with hydrazine at elevated temperature.? Further, compound 11 was subjected
to Suzuki-Miyaura reaction with arylboronic acids to obtain compounds 12a-c, followed by
deprotection of hydroxy group using boron tribromide to obtain indazoles 9, 13a,b.
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1.4 equiv. R-B(OH),.
Br 7 mol% Pd(dppf) C|2
F. Br 22 equw NyH4-H,0 / 4 equiv. K2C03 5 equlv BBr; / f
Dioxane, 110 C \N Dloxane H,0 4:1. O DCM 0 °C, \N
12 h, 93% 100 °C, 12 h; H

10 " 12a-c 9,13ab

Rehsle

9,23% 13a,24%  13b,40%

Fig. 8. Synthesis of indazoles 9, 13a,b.

Indazoles 9, 13a,b were subjected to bacterial growth assays. Compounds 9, 13a,b showed
no inhibition of growth of S. Aureus Newman representing Gram positive bacteria. Nevertheless,
indazoles 9, 13a,b were found to be weak inhibitors of growth of E. Coli representing Gram
negative bacteria with a MIC value 250 pg/mL for 9 and 13a, and 62.5 pg/mL for 13b.
Unfortunately, indazoles 9, 13a,b showed no inhibitory activity of target PhoR (ICso was higher
than 2 mM). It is known that this type of protein belongs to the family of highly structurally
conserved proteins,?® and most likely other proteins of this type could not be inhibited, too. This
fact implies that the antibacterial activity of these indazoles is linked to other mechanism of action
not involving inhibition of HK TCs.

The second series of indazole-based compounds that retained the main scaffold were
modified at 4™ position using Buchwald—Hartwig amination reaction with aniline 5d using Boc-
protected indazoles 14a,b as starting materials (Fig. 9). At the final step, Boc group of 15a was
cleaved together with methyl ester to produce compound 16. A simplified analog 18 lacking OH
group at the 6™ position of indazole was synthesized starting from bromoindazole 14b. This was
coupled with aniline 5d under amination reaction conditions to obtain intermediate 15b. Then,
after Boc-group cleavage, the ester group of the obtained compound 17 was hydrolyzed with
sodium hydroxide providing compound 18 (Fig. 9).

Compound 20 was synthesized in a similar way, using aminopyrazole 5e for the coupling
with bromoindazoles 14a,b (Fig. 10). Deprotection of all of three protecting groups of compound
19a was done in one step using aqueous HBr, which allowed to obtain compound 20. A simplified
analog 22 lacking OH group at the 6™ position of the indazole was synthesized starting from
available 14b and 5e to give the compound 19b. This was deprotected with TFA to obtain
compound 21. Ester group was further hydrolyzed under basic conditions to obtain compound 22
(Fig. 10).

55



3 mol % Pdy(dba)s,

— N= M
Me 6 mol% Xantphos, (o) N H Me R = OMe N H e
07//N o N 1.5 equiv. KsPO, g// 48% HBryq
- _
o + N neat, 100 °C,
PhMi{;go © R 3h,20% OH
R 0% oMe 07 0oMe 07 oH
14a, R= OMe 5d 15a, R = OMe, 16
14b,R=H 15b,R=H
30 equiv. TFA
R=H | DpcMm,25°C,
18 h, 80 %
N= g Me
3 equlv NaOH HN N
MeOH/H,0, 70 °C,
16 h, 84 %
07 oH
18
Fig. 9. Synthesis of indazoles derivatives 16, 18.
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Oy e
~N MeOH/H,0, 70 °C, N-N
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¢} e}
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Fig. 10. Synthesis of indazoles 20, 22.

The compounds 16-18, 20-22 were investigated for their ability to bind bacterial protein
PhoR from E. Coli and S. Aureus strains, and a structurally similar human heat shock protein 90

(Hsp90) using microscale thermophoresis (MST) assay.?” Results of the MST experiments are
summarized in Table 1.
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ICso data for the synthesized indazoles 16-18, 20-22

R1

Iz, /E

Table 1

R2
S. Aureus .
1 2
Number R R PhoR E. Coli PhoR | Hsp90 Kad
o
16 /“D)LOH OH >1 mM >1mM 241 M
Me’
" o
17 /NDAOW H >500 pM >500 UM 474 M
Me’
H (o)
18 /NDAOH H >500 pM >500 UM 327 M
Me’
-
20 A yon | OH >1 mM >1mM 187 nM
o]
H
21 AN o H 67 uM 162 uM 457 M
o
.
22 A on H 86 M 143 UM 689 NM
(o]

Compounds 16 and 20 bearing hydroxy group at the 6 position of indazole ring showed
no measurable binding to S. Aureus PhoR and E. Coli PhoR — in both cases biological tests
indicated that activity level was higher than 1 mM. Nevertheless, Kq data in tests with Hsp90
revealed nanomolar affinity levels for these compounds — 241 nM for 16 and 187 nM for 20.
Simplified analogues without OH group in the 6™ position of indazoles 17, 18, 21 and 22 also
exhibited affinity to Hsp90 in range 300—700 nM. But only compounds 21 and 22 showed activity
with tests in pair with S. Aureus PhoR and E. Coli PhoR. Remarkably, higher potency was
exhibited in the case of S. Aureus PhoR protein (67 uM for 21 and 86 pM for 22), and slightly
lower in the case of E. Coli PhoR (162 uM and 143 puM, respectively).
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2. 2-Aminoquinazoline derivatives as putative HK inhibitors

Pyrazole-based compound 1 was not the only one compound which exhibited potential for
the interaction with HK TCs. Extensive work on screening of fragment library by X-ray
crystallography revealed 2-aminoquinazoline ligand 23 to be able to interact with ATP binding
domain of CheA protein (Fig. 11).

v (ORI~

) ? . (‘.\\ ) : ‘/\

Fig. 11. 2-Aminoquinazoline 23 in the complex with CheA protein. Tyrosine residue is shown
in blue, growth vectors are shown in green.

Analysis of the crystal structure of the ligand-protein complex suggested several fragment
23 growth vectors for the improvement of the molecule affinity (green arrows in Fig. 11). Based
on observation, the 7™ position of 2-aminoquinazoline 23 was prioritized as the best attachment
point for an additional structural element according to CADD modelling data. The first set of
aminoquinazoline analogues was implemented bearing the substituents attached to the heterocycle
at the 7™ position via oxygen as a linker. Starting from commercially available 2-fluoro-4-
hydroxybenzaldehyde (24), a scope of compounds 25a—e was synthesized. On the second stage of
transformation, 2-fluorobenzaldehyde moiety of 25a—e was converted to 2-aminoquinazolines,
using cyclization with guanidine at 150 °C to achieve compounds 26a—e (Fig. 12).

0. n Ox - i
X 1.2 equiv. R-Hal, 1.4 equiv. guanidine carbonate,
F 1.5equiv. K,COy4 F 1.4 equiv. Na,CO,4 N4j©\
_— _—
DMF, 25 °C DMA, 150 °C H N)\\N o R

2

OH [oN
24 25a-e 26a-e
o g
R= N /L/\ Me
26a, 32 % 26b, 33 % 26¢, 12 % 26d, 9 % 26e, 76 %

Fig. 12. Alkylation and cyclization cascade towards 2-aminoquinazolines 26a—e.

Synthesized compounds 26a,b were crystallized together with CheA protein, and the
obtained protein-ligand complexes were analysed using X-Ray crystallography (group of Prof. A.
Marina) (Fig. 13). This shows that compounds should contain aryl groups as substituents to show
better affinity towards the protein of interest.
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Fig. 13. X-ray crystal structures of CheA in complex with 26a (A) and 26b (B). Two alternate
positions of 26b were built in the crystal model: alternate 1 in dark pink tubes and alternate 2 in
pink. Key residues are shown in green tubes.

Unfortunately, aminoquinazolines 26a—e showed no inhibitory potency for PhoR (S.
Aureus) and EnvZ (E. Coli) histidine kinases. Negative results were obtained also for the growth
inhibition of S. Aureus Newman and E. Coli cells. According to CADD results (M. Albanese,
Oxford Drug Design), putative HK TCS inhibitors should contain an additional structural element
attached at the 7" position of quinazoline ring via a flexible linker. For such a type of compounds
the Heck reaction was chosen as the most feasible way to connect the building blocks. For this
purpose, 7-bromoquinazolin-2-amine (27) was synthesized from 4-bromo-2-fluorobenzaldehyde
in the reaction with guanidine.?® The Heck reaction of bromoquinazoline 27 with terminal alkenes
28a—g provided disubstituted alkenes 29a—g. In the next step, alkene was reduced to form
compounds 30a—g with alkyl linker. Precise amount of equivalents of reducing agents was
essential to avoid concomitant reduction of 2-aminoquinazoline heterocyclic core (Fig. 14).

10 mol% tris-(o-tolyl)P, 10 mol%.Pd(OAc)z,
5mol% Pd(OAc),, 3 equiv. TEA,
2.5 equiv. HCOOH

SN + R/\ 3 equiv. TEA wN : ) /\/@\AN
Br N/)\NH2 DMF, 100°C,8h RXx N/)\NHZ DMF, 60 °C,2h g N/)\

NH,
27 28a-g 29a—g 30a—g
O\\S’\\O MeO N o
’ AN
@ EtO o@ & OEt
N
o /
R 30a, 39 % 30b, 57 % 30c, 48 %
. o. /
Me. ~. Y o N
e o "~(F °
=N O .- S
O’ﬁ Me W ﬁ/ o
o] o]
[¢] >(
30d, 43 % 306, 35 % 30f, 50 % 30g, 27 %

Fig. 14. Synthesis of 2-aminoquinazolines 30a—g using Heck reaction.

Compounds 30b and 30c, bearing an ester group, were hydrolyzed under basic conditions
to obtain carboxylic acid salts 31a and 31b (Fig. 15).
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Fig. 15. Synthesis of 2-aminoquinazolines 31a,b using basic hydrolysis of esters.

Compounds 32a and 32b were obtained by acidic cleavage of Boc and t-Bu groups from
the 30f and 30e, respectively (Fig. 16).

o~ 30f o) 32a, 56 %

0.0 ~ 20 equiv. TFA N
o
(j/N N”>NH, DCM, 20 °C, (j NT "NH,
16h S
8 o

X
#/ N 20 equiv. TFA Y\/@\/\N
— o PN
OY\mNHz DCM, 20 °C, N NH,
o 16 h o
30e 32b, 99 %

Fig. 16. Synthesis of 2-aminoquinazolines 32a,b using acidic cleavage of protecting groups.

The structural investigations of the compounds 30a—g, 31a,b, and 32a,b binding to the
CheA protein were attempted by X-ray crystallography (group of Prof. A. Marina). However, it
appeared that the density maps of ligand-protein complexes were too hard to resolve. 2-
Aminoquinazoline core was located properly in the area predicted by CADD, while the location
of “tail” part of the compound inside the crystal structure was unclear. This was assumed to be the
result of several energetically similar conformations of the molecule inside the crystal pocket. For
one of the compounds (30c) it was possible to distinguish two possible ways of binding inside the
pocket. The CheA protein consists of two similar but not identical assymetric parts. Compound
30c has different conformation of the flexible part in each of these two structural units (Fig. 17).
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Fig. 17. X-ray crystal structure of two structural elements of CheA in complex with 30c.

Facing these problems, the 3™ series of 2-aminoquinazoline derivatives was designed
bearing aryl substituents attached to the 7" position of quinazoline ring. According to the CADD
predictions the aryl substituent should contain hydrogen bond acceptor group such as ketone,
Suzuki-Miyaura reaction of 7-
bromoquinazolin-2-amine 27 with arylboronic acids 33 or the corresponding pinacolates 34 were
used to attach an aryl group to the required position of 2-aminoquinazoline (Fig. 18). Using this

amide or sulphonamide.

To prepare such analogues,

approach, a library of compounds 35a—0 was synthesized.

Ar\$/0H
OH 5 mol% PdCl,(dppf),
N 33a-m 2.5 equiv. Na;CO3 N
Py * or
iox- . ~
Br N” T NH, Diox:Hz0 5:1, Ar N~ NH,
A0 100°C, 16 h
27 B" 35a-0
[e]
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 34a b .
(0] o
Et .- . B P
Vg@ ® ~ Meo)g©
H —
N
35a, quant 35b, 64 % 35¢, 46 % 35d, 82 %
o
o]
(\? Me H gco Et< e
_N - -7 - -7 N
ey e T
(o] pZ
N
p— 359, 78 % 35h, 91 % 35i, 60 %
o o
H . .
Me” h
\@ e’ 8 F
35K, 67 % 351,40 % 35m, 30 % 35n, 52 %

Fig. 18. Synthesis of 7-aryl 2-aminoquinazolines 35a—o from 7-bromoquinazolin-2-amine 27.
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To expand the range of synthesized compounds, a boronic acid building block 36 was
prepared from 7-bromoquinazolin-2-amine 27. Then it was used in synthesis of aryl-substituted 2-
aminoquinazolines 38a—f by the coupling with a variety of readily available aryl bromides
(Fig. 19).

5 mol% PdCly(dppf),
SN 2.5 equiv. Na,CO3

x>
N
+ Ar-Br —_—
HO-g N/)\NH Diox:H,0 5:1, P
‘ 2 100 °C, 16 h Ar N" NH
OH 36 37a-f ' 38a-f

E

S NP ek
A0SV & o
o o

38a,22 % 38b, 73 % 38¢, 29 %
Ar=
(0] (0]
Phy ‘c‘) Me. ,§70 - Me. /g/o -
TU N R
(o] _ 2
Me o S Me
38d, 45 % 38e, 37 % 38f, 41 %

Fig. 19. Suzuki—Miyaura reaction with (2-aminoquinazolin-7-yl)boronic acid 36.

Crystallography studies showed that polar substituent on phenyl points towards protein
pocket to maintain additional interactions. Both of the structural units of CheA protein can
effectively interact with 35k by formation of additional hydrogen bonds with methylsulfone
moiety (shown in superposition in Fig. 20 A). Compounds 351 and 35m could form the same type
of interactions (Fig. 20 B).
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Fig. 20. X-ray crystal structures of CheA in complex with 35k (A) and 35I,m (B).

The synthesized compounds 26a—e, 30a—g, 31a,b, 32a,b, 35a—0, and 38a—f were tested for
their binding to bacterial proteins CheA, PhoR, and HK853 using MST.?” Human protein Hsp90
was also tested in pair with the compounds. Structurally similar to ATP,AMP-PNP (Adenylyl-
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imidodiphosphate) was used as the control compound in these tests. It is known, that contrary to
ATP, AMP-PNP can not transfer the terminal phosphate group, so this is a perfect inhibitor of
ATP-binding site of proteins.?® Results of the in vitro tests are depicted in Tables 2 (with ethereal
and alkyl linker) and 3 (direct aryl-aryl connection). The results are provided by Anmol Adhav

from IBV CSIC.
Table 2
Kq data for the selected 2-aminoquinazolines with ethereal and alkyl linker
SN
R N//J\NHZ
Number R CheA Kd, UM | HK853 Kd, UM | PhoR Kad, uM | Hsp90 Kg, pM
AMP- 32 0.43 2.1 8.8
23 H 12 141 34 6.7
26a P07 0.6 65 n.d. n.d.
26b D 0.441 10 15 n.d.
26e Me0”” 0.881 89 32 n.d.
OMe
30b ° R 0.317 62 74 15
CO,Et
N CO2Et
30c & 2.68 71 83 7.2
N
o
30e Lauo 0.712 96 67 n.d.
o
3la -~ -~ 27 46 31 35
Na*CO,”
CO, Na*
31b N= 1.78 n.d. n.d. n.d.
N N~
N
32a g 7\ 991 n.d. n.d. n.d.
"%
o]
32b o 0.661 66 60 n.d.
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The original 2-aminoquinazoline hit 23 showed slightly better binding to CheA but had
much lower affinity against HK853 and PhoR in comparison with AMP-PNP. Introduction of O-
methyl group at the 7" position (compound 26e) improved affinity against CheA and HK853 in
comparison with 2-aminoquinazoline. In the case of O-benzyl derivative 26a affinity against CheA
and HK853 was in the same range as for O-methyl derivative 26e. Remarkably, 7-(pyridin-4-
ylmethoxy)quinazolin-2-amine 26b showed 2-fold higher affinity against CheA and PhoR, and 9-
fold higher affinity against HK853 compared to O-methyl derivative 26e. More lipophilic
substituents in compounds 26a,b generally increased the affinity, but not drastically.

Compounds 30b,c,e, 31a,b, and 32a,b, containing alkyl linker between quinazoline and a
functional group, showed slight improvement in binding to HK853 in comparison with original 2-
aminoquinazoline 23. Affinity to CheA was below 1 uM for the compounds 30b,e and 32b, while
relatively low for the compounds 30c and 31a,b — up to 27 uM for the compound 31a. Curiously,
structurally similar compounds 30c and 31b retained the same level of affinity against CheA
protein. But carboxylic acid containing compound 3la, showed 2-fold lower affinity in
comparison with ethyl ester 30b. This set of compounds showed general tendency that more active
compounds usually need to have lipophilic residue with good hydrogen bond acceptor such as
ester group attached by alkyl linker to aromatic system (compound 30b).

The obtained series of the compounds 35a—0, 38a—f was tested mainly in pair with CheA
protein, however only few of them showed a valuable activity. Those selected analogues are
presented in Table 3.

Even with the simple phenyl substituent at the 7" position of 2-aminoquinazoline ring
(compound 35b), Kq value in the case of CheA reached 375 nM. 3-Acetophenyl group (compound
35m) showed similar to phenyl group result (325 nM). However N,N-diethylcarboxamide
analogue 35i showed a very low Kg value — 191 nM. This data implies that increasing of
lipophilicity at the 3" position of phenyl ring is improving affinity. Compound 35j bearing N-acyl
moiety at the 3™ position of phenyl ring showed similar tendency regarding shift of the activity of
the compound with increasing lipophilicity. Isobutyric acid amide 35j has Kq 226 nM. The affinity
of sulfonamide derivatives 351 and 38b were not in line with change in the lipophilicity, as
observed for the analogues discussed above. Phenylsulfonamide 38d was a 2-fold better binder in
the tests with CheA compared to compound 35l. 2-Aminoquinazolines 38b, substituted with
thiophenesulfonamide moiety, decreased activity value to 667 nM.

Almost all of the compounds 26a—e, 30a—g, 31a,b, 32a,b, 35a-0, and 38a—f were inactive
in MIC in vitro tests both in the case of Gram positive (S. Aureus Newman) and Gram negative (E
Coli) bacterial strains. This can be explained by biological function of the HK TCs, which are
potentially targeted by 2-aminoquinazoline based inhibitors. Most of HK TCs in bacteria play an
essential role for an environmental adaptation. But inhibition of those types of system cannot cause
an immediate death of bacteria because HK TCs are not essential for the survival of bacteria itself.
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Table 3

Kq data for the selected 2-aminoquinazolines with aryl-aryl connection

SN
R N/)\NHZ

Number R CheA Kg, UM | HK853 Kg, UM | PhoR Kg, UM | Hsp90 Kd, uM

35b o 0375 n.d. n.d. n.d.
(o]

35i Ety .- 0.191 n.d. n.d. n.d.
Et
m

35j P N - 0.226 n.d. n.d. n.d.

JRa

OH

351 Me~g-N o 0.43 16 3.2 0.57
PO
[¢]

35m Me)K©'/ 0.325 12 16 0.233
H -

350 oﬁ\ND’ 0.71 n.d. n.d. n.d.
O s_--

38b HZNC;,/SU 0.667 n.d. n.d. n.d.
OH

38d Phag-N - 0.162 n.d. n.d. n.d.
Fo

Nevertheless, several compounds showed activity in specific tests, dedicated to the
potential inhibition of TCs (test results provided by Blanca Fernandez, Wageningen University).
PhoPR is a two-component system that in S. Aureus detects limited phosphate concentration and
upregulates the expression of two out of three phosphate transporters. S. Aureus Newman PhoPR
mutant is not able to grow to the same density as the wild type in limited phosphate conditions. To
screen for PhoPR inhibition, S. Aureus Newman was grown in the presence of 100 uM of
quinazoline library compounds at low phosphate concentration (50 uM). Between all the tested
compounds 26a—e—38a—f only compound 350 showed a reduction of bacterial growth compared
to control at low phosphate concentration (50 uM, S. Aureus Newman), which suggests that only
aminiquinazoline derivative 350 inhibits PhoPR pathways (Fig. 21).
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Fig. 21. Growth curve of S. Aureus Newman at low (50 uM) phosphate concentration in the
presence (green curve) and absence (black curve) of 100 uM of 35o0.

To further characterize antibacterial activity of 350, it was tested against methicillin-
resistant S. Aureus (MRSA) JE2 strain and mutants with inactivated PhoR (AphoR strain) and
PhoP (AphoP strain) systems. Growth of AphoR and AphoP mutants appeared to be defective at
low phosphate concentration. Growth of MRSA S. Aureus at low phosphate concentration was
was present, confirming the effect observed for S. Aureus

significantly decreased when 350
Newman (Fig. 22).

Fig. 22. Growth of MRSA S. Aureus and library mutants AphoP and AphoR in the absence (on
the left) and presence of 100 uM (on the right) of 350 in low (50 uM) phosphate media.

This inhibitory effect of 35
phosphate rich medium.

Additionally, it was investigated whether 2-aminoquinazoline derivatives inhibit TCS
enzymes in different way. For this purpose, the influence of 2-aminoquinazolines on VanSR
pathway in Enterococci was studied. This pathway is responsible for sensing Vancomycin and
other glycopeptide antibiotics and inducing expression of antibiotic resistance genes.® Inhibition

Time (hours)

Control 350
0'4- I***# I ' * ok I
L * ok Kk K L—
| |
0.3 T e !
- e 1
0.24 -
0.14
0.0- T T T T
& &
AN \Q&‘@Q A\ K\o@(\o‘z
W R W R

0 vanished when the same set of experiments was repeated in
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of VanSR leads to a reduction of the minimal inhibitory concentration (MIC) for Vancomycin in
resistant strains. It turned out that in the presence of another 2-aminoquinazoline — 38b, E. Faecalis
VanA is unable to grow in the presence of vancomycin. This means that VVancomycin resistance in
the presence of 38b significantly decreased (Fig. 23).

E. Faecalis vanA—
E. Faecalis vanB-|

E. Faecalis susceptible—

E. Faecalis vanA + 38b

E. Faecalis vanB + 38b—

E. Faecalis susceptible + 38b-]

T T T T T T T T T T
128 64 32 16 8 4 2 1 05 0250.1250.06

[Vancomycin] pg/ml

Fig. 23. Suppression of Vancomycin resistance in E. Faecalis VanA and VanB resistant strains
induced by 38b.

Further experiments showed that 38b suppresses Vancomycin resistance in both E.
Faecalis VanA and VanB strains. In the presence of 100 uM of 38b, MIC go to the level around
0.25 pg/mL. MIC of susceptible strain did not change in the presence and absence of 38b (Fig.
23).

3. New method for the synthesis of 2-aminoquinazoline
from 2-formylphenylboronic acids and guanidines

The synthetic challenges appeared while obtaining the proposed by CADD 2-
aminoquinazoline-based structures, facing the exigency to find a mild and an efficient process to
assemble 2-aminoquinazoline core.

The Chan—Evans—Lam coupling® is an attractive C—N bond forming a reaction, as it can
be presented under relatively mild copper catalyzed conditions and tolerates alcoholic solvents.
We explored whether the Chan—Evans—Lam coupling can be applied also for the synthesis of
aminoquinazolines under mild reaction conditions using readily available reagents.

The screening of the reaction conditions was performed for the synthesis of unsubstituted
2-aminoquinazoline 23 from boronic acid 39 and guanidine hydrochloride 40 (Fig. 24). The
representative results are given in Table 4. Due to the polarity of the product 23, the purification
by colomn chromatography was difficult. Therefore, it was purified by trituration from ethyl
acetate. Identical scale and the workup were applied for all experiments in order to compare the
efficiency of other reaction parameters. Methanol as a reaction solvent, Cul as a catalyst, and KOH
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as a base were found to be productive conditions for 2-aminoquinazoline 23 formation from
boronic acid 39 and guanidine hydrochloride 40 (Table 4, entries 1 and 2). Excess of base and
guanidine was beneficial to improve the yield of product 23 (Table 4, entry 2). Other copper
catalysts such as CuCl and Cu(OAc). were found to be less efficient (Table 4, entries 3 and 4). The
use of KOH as base improved the yield of product 23 when an excess of guanidine was used (Table
4, entries 5 and 6). EtOH could also be successfully used as the reaction solvent (Table 4, entry 7).
Guanidine carbonate 41 was explored as the reaction partner, however, this provided a reduced
yield of quinazoline 23 (Table 4, entries 8 and 9).

@ ©  Conditions
B(OH) NHz (X)n Table 4 NYNHZ
R | — N
HoN™ “NH, z
39 O 40, hydrochloride, n = 1 23

41, carbonate, n = 0.5

Fig. 24. Synthesis of aminoquinazoline 23.

Table 4
Chan-Evans—Lam conditions for the synthesis of 2-aminoquinazoline 23

Entry Solvent?, t° 40 or 41, equiv. Catalyst, mol% Base, eq Yield,? %
1 MeOH, 70 °C 40,15 Cul, 15 K2COs, 2.5 31
2 MeOH, 70 °C 40,2.5 Cul, 15 K2COs, 3 44
3 MeOH, 70 °C 40, 2.5 Cu(OAc)2, 15 K2COs, 3 35
4 MeOH, 70 °C 40, 2.5 CuCl,15 K2COs, 3 23
5 MeOH, 70 °C 40,15 Cul, 15 KOH, 1.5 34
6 MeOH, 70 °C 40,3 Cul,15 KOH, 3 51 (65)°
7 EtOH, 90 °C 40, 3 Cul,15 KOH, 3 52
8 MeOH, 70 °C 41,3 Cul, 15 - 13
9 MeOH, 70 °C 41,15 Cul,15 KOH, 3 17

2Reactions were performed open to air, reaction time 12—17 h. ® The product 23 purified by trituration with
EtOAC to reach purity 98 + %. *NMR vyield using 1,3,5-trimethoxybenzene as an internal standard.

2-Formylphenylboronic acid 39 was subjected to the reaction with a range of guanidines
under the most productive reaction conditions (Table 4, entry 6). Both N-monosubstituted
guanidines 42a—g and N,N-disubstituted guanidines 42h—j provided 2-aminoquinazolines 43a—j in
fair yields (Fig. 25, Table 5).

68



1
15 mol% Cul, R

® O
B(OH) }
2 . NH2 X 3 equiv. KOH N N\Rz
H Hre s g
HN™ N MeOH, 70 °C, N
o R’ 12h
39 42a-j 43a-j

Fig. 25. Synthesis of aminoquinazolines 43a—j.

Table 5
Guanidine scope for the synthesis of aminoquinazolines
Entry 422 R! R2 43, yield %P
1 42a H Me 43a, 63
2 42b H Ph 43b, 56
3 42c H PhCH> 43c, 66°
4 42d H Ph(CH2)2 43d, 52
5 42e H n-Pent 43e, 54
6 42f H cy-Pent 43f, 55
7 429 H cy-Hex 43qg, 37
8 42h Me Me 43h, 43
9 42i (CH2)4 43i, 47
10 42j (CH2)20(CH2): 43j, 39

aGuanidines 42a,c-g,i,j used as hydrochlorides, 42b as carbonate, 42h as sulphate Purified by column
chromatography if not stated otherwise. °Purified by trituration with EtOAc.

Several 2-formylphenylboronic acids 44a—f were explored as substrates for the synthesis
of amino quinazolines 45a—f and 46a—f (Table 6). Both guanidines 40 and 42a gave the expected
products, however the isolated yields were slightly higher in the case of N-methylsubtituted
guanidine 42a (Table 6, entries 3 vs 4, 5vs 6, 7 vs 8).

® O 9
B(OH 15 mol% Cul, H
(OH); NHz CI 3 equiv. KOH N N
R H o *y N)kN’Fﬂ IS R R
2 H MeOH, 70 °C, =N
12h
© 40,R"=H 45a—f, R'=H
44a—f 42a,R' = Me 46a—f, R' = Me

Fig 26. Synthesis of aminoquinazolines 45a—f and 46a-f.
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Table 6

Boronic acid scope for the synthesis of aminoquinazolines

Entry Boronic acid 44 Product 45 or 46, Yield, %?
H
! 443, R = 4-MeO NN 453, 55
2 MeO - 46a, 59°
H c
3 44b, R = 4-BnO /@me 45b, 32 (53)
‘ Bo” 46b, 57°
H c
> 44c¢, R = 5-MeO MeO NYN‘R* 45c¢, 17 (53)
® - 46c, 48
H C
! 44d, R =5-F F N\YNW 45d, 36 (45)
8 % 46d, 52°
m
° 44e,R = 3-F N o 45e, 52
10 - 46e, 46
L
o
11 44f, R = 5-Cl cl N\YMR1 45f, 35
12 N 46f, 55°

aPurified by trituration with EtOAc if not stated otherwise. ° Purified by column chromatography. °NMR
yield using 1,3,5-trimethoxy benzene as an internal standard.

Boronic acid derivatives such as pinacolate ester 47a and trifluoroborate 47b were also
competent substrates providing aminoquinazoline derivative 43a in yields comparable to initial
boronic acid 39 (Fig. 27). These results complement relatively few cases of the use of boronic acid
derivatives as partners for the Chan-Evans—Lam coupling.®

X ® O 15 mol% Cul, H
NH, CI 3 equiv. KOH N N\Me
: /W/H +H2NAN’M3 MeOH, 70 °C, 12 h, jN/
o H 58 % from 47a,
47a, X= BPin 42a 51 % from 47b 43a
47b, X = BF ;K
Fig 27. Synthesis of 2-aminoquinazoline 43a from boronic acid ester 47a and trifluoroborate
47b.

In contrast, boronic acids 48a,b bearing a keto group were found to be unsuitable reaction
partners for the synthesis of quinazolines 49a,b (Fig. 28). In the case of these substrates, complex
mixtures were obtained with O-arylation products 50a,b as the only identified by-product. The
failure of 2-acyl-phenyl boronic acids 48a,b to give the expected products implies that for the
synthesis of aminoquinazolines 23, 43, 45, and 46, arylidene guanidine formation is the first step
followed by intramolecular arylation.
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15 mol% Cul,

® o
B(OH) NH_ Cl 3 equiv. KOH N\\(NHZ OMe
,,,,,,,,,,,,,,,, -
R T HZNANHZ MeOH, 70 °C, 12 h . N R
o

40 R o]
48a, R = Me 49a, R = Me 50a, R = Me
48b, R = Ph 49b, R = Ph 50b, R = Ph
Fig. 28. An attempt to condense the keto group containing boronic acids 48a,b with
guanidine 40.

In summary, the proposed by us efficient method of synthesis of 2-aminoquinazolines is
more attractive than the traditional ones. Thus, mild reaction conditions enable the use of this
method for the synthesis of pharmacologically relevant compounds bearing 2-aminoquinozaline
scaffold. The drawback of such approach is relatively low availability of 2-formylphenyl-boronic
acids from the commercial sources.

4. New method for the synthesis of indazoles from 2-formylphenylboronic
acids and azodicarboxylates or hydrazine dicarboxylates

Inspired by the application of 2-formylphenylboronic acids for the construction of 2-
aminoquinazolines we aimed to expand the use of these building blocks for assembly of indazole
core.

Initial attempts to synthesize indazole starting from 2-formylphenylboronic acid and
hydrazine hydrate under copper-catalyzed conditions failed. Next, we tried a stepwise protocol
based on the work of Uemura and Chatani®® who have reported that phenylboronic acids undergo
smooth reaction with azodicarboxylates providing arylhydrazine derivatives. Using 2-
formylphenylboronic acid 39 as substrate, the addition to N=N bond in azodicarboxylates 51
would give N-arylhydrazine intermediate 52, which could be further transformed to indazoles 53
and 54 (Fig. 29).

o ? Acid (53)
Cu (Il or base (54) A
Yo, R0 cum H — N
N=N _N__OR! N
B(OH); ) or Y ke
o]
39 51 o R'0" Yo 53, R2=R'0(C=0)
52 54, R>=H

Fig. 29. Indazole synthesis from 2-formylphenylboronic acid 39.

The investigation of the arylation conditions was performed for the reaction of 2-
formylphenylboronic acid 39 with diethylazodicarboxylate (DEAD, 51a) (Fig. 30) using
Cu(OAC): as a catalyst in a range of solvents (Table 7, entries 1-6). Solvents such as MeCN, DMF
and DMA were found to be appropriate to obtain the product 52a in a good yield (Table 7, entries
5-6). Decreased catalyst loading was also possible using DMA as a solvent without affecting the
product 52a yield (Table 7, entry 7). A range of other copper sources (CuCly; Cu(OTf),; Cu(acac)z)
was investigated and proved to be efficient catalysts for C—-N bond formation giving the product
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52a in high yield (Table 7, entries 8-10). Copper (I) source such as CuCl turned out to be an
ineffective catalyst, while catalytic amount of Cul enabled product 52a formation in good yield
(Table 7, entries 11 and 12).

o Conditions ?
Table 7
So o4 —_— (r H
* = N
N=N NS OEt
B(OH), okt X T
EtO” O °
52a

Fig. 30. Synthesis of hydrazine dicarboxylate 52a.

Table 7
Conditions for the arylation of DEAD 51a
Entry Copper catalyst Solvent Yield, %
1 20 mol% Cu(OAc)2 MeOH? 0
2 20 mol% Cu(OAc). PhMe 0
3 20 mol% Cu(OAc): THF 64
4 20 mol% Cu(OACc)2 MeCN 80
5 20 mol% Cu(OAc): DMF 83
6 20 mol% Cu(OAc): DMA 98
7 10 mol% Cu(OAc)2 DMA 98
8 10 mol% CuCl> DMA 94
9 10 mol% Cu(OTf), DMA 99
10 10 mol% Cu(acac). DMA 97
11 10 mol% CuCl DMA 25
12 10 mol% Cul DMA 93

2Violent DEAD decomposition observed.

Next, the conditions were investigated for the indazole ring closure using arylhydrazine
52a (Fig. 31), (Table 8). Acidic reaction conditions enabled the condensation of arylhydrazine 52a
to 1N-etoxycarbonyl indazole 53a (Table 8, entries 1-5). TFA in DCM and in MeCN gave the
expected product 53a in good yield (Table 8, entries 1 and 2). Neat AcOH at r.t. did not enable the
cyclization of arylhydrazine 52a, while heating in a solution of MeCN induced formation of
indazole 53a (Table 8, entries 3 and 4). Formic acid was strong enough to enable the formation of
indazole 53a at room temperature in a solution of MeCN (Table 8, entry 5). The use of a base in
alcoholic solvent provided unprotected indazole 54 (Table 8, entries 6-8). Both K.CO3 and KOH
could be efficiently used for the ring closure — deacylation reaction of arylhydrazine 52a.
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Fig. 31. Synthesis of indazoles 53a and 54.

Table 8
Cyclization of arylhydrazine 52a to indazoles 53a and 54
Entry Reagent Solvent Temp., time Product Yield, %
1 5 equiv. TFA DCM 25°C,12h 53a 63
2 5 equiv. TFA MeCN 25°C,12h 53a 64
3 AcOH neat r.t,12h 53a 0
4 30 equiv. AcOH MeCN 70°C,12h 53a 56
5 30 equiv. HCOOH MeCN rt,12h 53a 56
6 3 equiv. KoCO3 MeOH 70°C,1h 54 67
7 3 equiv. K2COs3 MeOH 25°C,12h 54 67
8 4 equiv. KOH EtOH rt,12h 54 59

Subsequently, the one pot formation of 1N-ethoxycarbonyl indazole 53a from 2-
formylphenylboronic acid 39 was investigated (Fig. 32), (Table 9). Unfortunately, DMA which
was the solvent of choice for high yielding arylation of DEAD was not suitable for the ring closure
step in the presence of TFA (Table 9, entry 1). In this case, the arylhydrazine 52a intermediate was
not transformed to product 53a, according to LC-MS. In turn, the addition of TFA in DCM in an
amount to sufficiently dilute DMA, enabled the formation of expected product 53a in a good yield
(Table 9, entry 2). The use of DCM as a solvent for both steps was less productive (Table 9, entry
3). However, MeCN was found as an appropriate solvent for both arylation and ring closure in the
presence of TFA to give 1N-protected indazole 53a in a good overall yield (Table 9, entry 4).

1) 10 mol% Cu(OAc),,
1.5 equiv. DEAD, 25 °C, 18 h;

~o 2) Conditions Table 9; @[\\,N
N
B(OH), J=o
2 EtO
53a

Fig. 32. Synthesis of indazole 53a.
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Table 9
One-pot conversion of boronic acid 39 to indazole 53a

Entry Solvent Conditions, step 2 Yield, %
1 DMA 10 equiv. TFA,25°C, 2 h 0
2 DMA TFA:DCM 1:4%, 25°C, 2 h 73
3 DCM 5equiv. TFA,25°C, 1h 48
4 MeCN 5equiv. TFA,25°C, 1h 78

23 mL of TFA/DCM mixture added per 1 mL of DMA.

With one-pot conditions in hand, the synthesis of other alkoxycarbonylindazoles 53b-d
was performed by the reaction of boronic acid 39 with azodicarboxylates 51b—d (Fig. 33). The
best yield of product 53b was obtained with diisopropyl azodicarboxylate 51b.

1) 20 mol% Cu(OAc),, MeCN, r.t., 18 h;

o 2) 5 equiv.TFA, rt. 2 h N
So rod N
+ N=N N
B(OH)
o)

2 OR 2~oR
39 'a o
51bd 53b-d
S G
53b, 86 % 53c, 60 % 53d, 45 %

Fig. 33. Synthesis of indazoles 53b—d.

The scope of boronic acid substitution was investigated in the reaction of a range of
formylboronic acids 44a—c,e,f with DIAD 51b followed by cyclization (Fig. 34). Substrates 44a—
¢ bearing electron-donating groups (methoxy and benzyloxy groups) provided indazoles 55a—c in
a good to moderate yield. In the case of substrates 44e,f bearing electron-withdrawing substituents,
yields of products 55d,e were decreased.

0 1) 20 mol% Cu(OAc),, MeCN, r.t., 18 h;
R#\ No P04 2) 5 equiv.TFA, rt. 2h R TN
_ * N=N N
B(OH), J—Oi-Pr P
g Oi-Pr
44a—c,e,f o
51b 55a-e

g e - e

55a, R = Me, 76 %
55b, R=Bn, 73 % 55¢, 55 % 55d, 33 % 55e, 28 %

Fig. 34. The reaction of substituted formylboronic acids 44a—c,e,f with DIAD 51b.

Oi-Pr

Oi-pr Oi-Pr Oi-Pr

Hydrazine dicarboxylate 56a was also explored as a reagent for the synthesis of indazoles
instead of azodicarboxylate 51a (Fig. 35), (Table 10). 2-Formylphenylboronic acid 39 was
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subjected to the reaction with diethyl hydrazine dicarboxylate 56a using the two-step one-pot
procedure for the formation of indazole 53a. A catalytic amount of Cu(OAc). together with excess
of triethylamine was not sufficient to achieve good yield of product 53a formation (Table 10, entry
1). The use of equimolar amount of Cu(OAc). and an excess of triethylamine for the first step
enabled good vyield of product 53a over two steps, while increasing the amount of Cu(OAc)2
reduced the yield of product 53a (Table 10, entries 2,3). The transformation of 2-
formylphenylboronic acid 39 to indazole 53a was not efficient in the absence of base for the first
step, however, TEA could be replaced by TMEDA and DIPEA without significantly reducing the
product 53a yield (Table 10, entries 5 and 6). Several other Cu salts were tried for the first step of
indazole 53a formation, however, were found to be ineffective (Table 10, entries 7 and 8). The
need for an equimolar amount of Cu(OAc). for successful synthesis of indazole 53a using
hydrazine dicarboxylate 56a implies in situ oxidation of reagent 56a to azodicarboxylate 51a.
However, C-N bond formation with hydrazine dicarboxylate 56a in the Chan-Evans—Lam
reaction cannot be excluded.®*

1) 2 equiv 56a, MeCN, 25 °C,

N oy conditions Table 10; N
O . U N_ ot 2)30equivTFA, 25°C, 4h. N
Bor, BN T \
o
19 56a 53a O)\OEt

Fig. 35. Synthesis of indazole 53a from hydrazine dicarboxylate 56a.

Table 10
Synthesis of indazole using of hydrazine dicarboxylate 56a
Entry Catalyst Additive Yield?, %
1 20 mol% Cu(OAc): 3 equiv. TEA 25
2 1 equiv. Cu(OAc). 3 equiv. TEA 66
3 1.5 equiv. Cu(OACc): 3 equiv. TEA 50
4 1 equiv. Cu(OAc), none 26
5 1 equiv.Cu(OACc)2 2 equiv. TMEDA 67
6 1 equiv. Cu(OAC)2 3 equiv. DIPEA 60
7 1 equiv. CuCl 3 equiv. TEA 35
8 1 equiv.CuCl; 3 equiv. TEA 25

2NMR yield, using 1,3,5-trimethoxybenzene as internal standard.

Then, a range of hydrazine dicarboxylates 56a—g was explored as reaction components for
a one-pot two-step synthesis of indazoles 53a—g (Fig. 36). TFA was a suitable acid for the
cyclization step to give the corresponding products 53a—f from the reaction of boronic acid 39 with
hydrazine dicarboxylates 56a—f. For the synthesis of product 53g bearing acid labile t-Bu group,
acetic acid at elevated temperature was used instead of TFA. This approach successfully provided
product 53g in a very good yield.
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1) 1 equiv. Cu(OAc),, 3 equiv. TMEDA, 18 h, 25 °C;

o 2) 30 equiv. TFA, 25 °C, 4 h (53a—f) or N
o . g H OR 30 equiv. AcOH, 50 °C (53g) @\/\N
RO™ NN N
0

B(OH), H

R= .~ ,/l\\ ,/A\T:::] "A\T// .-Me N ,~l<:

53a,63% 53b,47 % 53c, 46 % 53d, 61 % 53e, 63 % 53f, 40 % 539,73 %

Fig. 36. Synthesis of indazoles 53a—g.

The scope of phenyl boronic acids 44a-h was explored with di-t-butyl hydrazine
dicarboxylate 569 as a reaction component for the synthesis of 1N-Boc indazoles 57a-h (Fig. 37).
The major reason for the yield reduction was formation of 1N-acetyl indazoles 58 as a by-product.

1) 1 equiv. Cu(OAc)s,, 3 equiv. TMEDA,

18 h, 25 °C;
N N0 o] 2) 30 equiv. ACOH, 50 °C; AN
R~ P B0 NN~ OtBu R N'N
BOH), B0 N )
5 o
44a-h 569 £-Bu0
57a_h
F
RO
QA A\
N MeO L L cl N
o
tBuo” © tBug” © tBuo” © +BuO
57a, R = Me, 50 % 57¢,71 % 57d, 35 % 57e 56 %

57b, R=Bn, 58 %

F N Me N CF. N N
/go /&O ’ )§o Me/go

t-BuO t-BuO t-BuO’
57f, 43 % 579, 46 % 57h, 25 % 58

Fig. 37. Synthesis of indazoles 57a—h.

The mechanism for the C—N bond formation in the copper catalysed reaction of arylboronic
acids with diazadicarboxylates has been proposed by Uemura and Chatani.®® According to this,
the transmetalation reaction of arylboronic acid 39 with a copper catalyst would form an arylcopper
species 59 (Fig. 38). Addition of intermediate 59 to N=N double bond gives an arylhydrazine 60,
which undergoes the transmetalation with boronic acid 39 to give intermediate 61 and return
arylcopper species 59 into catalytic cycle. Work-up would produce arylhydrazine 52a.
Noteworthy, it was shown by Uemura and Chatani that dialkoxycarbonyl hydrazines are not
competent substrates for this reaction unless additional oxidant is added. This implies that
hydrazine 56a is likely oxidised to diazadicarboxylate 51a by stoichiometric amount of copper
source.
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N

o o
B(OH
9 (OH),

o l Cat. "Cu"
OEt OEt

|
B(OH),
©\)Nl\‘l (qu @0 OJ\N cu(lly OJ\NH
C

g o Ao

o
Eto/&o °© 59 \f \f
61 EtO EtO
39 o 51a 56a

EtO
60

Fig. 38. Proposed mechanism for the C—N bond forming step.

The proposed mechanism for the condensation of arylhydrazine intermediate into indazole
is given in Fig. 39. In the presence of acid, N-acyliminium ion 63 is formed. Selective hydrolytic
cleavage of one ethoxycarbonyl group in intermediate 63 gives 1N-ethoxycarbonyl indazole 53a.

In turn, basic conditions would enable cleavage of both ethoxycarbonyl groups leading to
intermediate 64, which eliminates water to give indazole 54.

®
H @ OBt | g
H.0 ,N« — > 53a
OH —M2 N o} -CO,
OEt ):o —EtOH
52a == N EtO .
N O 63
=0
EtO
62 MeOH OH

Base
- NH | — 54
-MeOC(=0)OEt N —H,0
H

64
Fig. 39. Proposed mechanism for the condensation step.

In summary, copper catalyzed reaction of 2-formylboronic acids with diazadicaboxylates
followed by acid or base induced ring closure is a convenient method for the synthesis of 1N-
alkoxycarbonyl indazole derivatives. The indazole synthesis can also be performed using
hydrazine dicarboxylates as reaction partners for the synthesis of indazoles; however, a
stoichiometric amount of copper (I1) acetate for the C—N bond formation step is required.
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5. Diphenylazoles as antibacterials active against S. Aureus Newman

In line with the search of new HK TCs inhibitors our attention was attracted by 3,4-
diarylpyrazole based antibacterial compound series which was repurposed from compounds with
anticancer activity acting as Hsp90 inhibitors (Fig. 40).% The antibacterial activity was proposed
to be linked to the inhibition of bacterial histidine kinases by the binding of 3,4-diarylpyrazoles to
ATP binding domain which share high similarity to the ATPase domain of eukaryotic Hsp90. The
representative compound 65 displayed micromolar inhibition of histidine kinases C. crescentus
CckA and Salmonella PhoQ and medium activity against certain Gram negative and Gram positive
bacterial strains. Structurally similar hit 7 with good potency against S. Aureus Newman was
revealed in prof. J. Wells laboratory by screening of compounds libraries in antibacterial
susceptibility tests.%®

OO O &

Me

I
(]
n
w
Iz .

65 7
MIC (B. Subtilis) = 50~74 pg/mL MIC (S. Aureus) = 6.25 ug/mL
MIC (E.Coli) = 12-25 pg/mL

Fig. 40. Pyrazole-based antimicrobials 65 and 7.

To explore potential of 3,4-diarylpyrazoles as antibacterials series of compounds were
made according to the Fig. 41. The key intermediate for the synthesis of 3,4-diarylpyrazoles 71a—
h was isoflavone 69.57 This was synthesized form a readily available resorcinol 66 and 4-
chlorophenylacetic acid 67 in two steps.®®38 The first step included the Friedel-Crafts acylation
of resorcinol 66, catalyzed by boron trifluoride diethyl etherate. The resulting acylresorcinol 68
underwent condensation with trifluoroacetic acid anhydride followed by the cyclization to give
isoflavone 69. O-Alkylation provided isoflavone derivatives 70a—h which were condensed with
hydrazine to provide the novel target compounds 71a—h.

3 equiv. BF3 Et,0 4equw TFAA
\©/ 71/\©\ PhMe, 100 °C, Py, 25 °C,
16 h, 63 %

2h,56 %

OR
1.5-4 equiv. RHaI N H4 0 O O
2 equiv. K2C03 OH
DMF 25-60 °C, EtOH 90 °C, ‘ N
25-98 % OR 3h, 62-97 %. N
cry” N
70a-h 71a-h

Flg. 41. Synthesis of 3,4-diarylpyrazoles 71a-h.
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Furthermore, to check importance of each part of the molecule, series of derivatives with
changed or removed substructures were synthesized. Synthesis of monoaryl pyrazoles 73a—c was
achieved by the condensation of diketones 72a—c with hydrazine (Fig. 42).

o NoH4 H0
J I —— B
CFy R EtOH,90°C, CF3~ N’
3h H
72a—c 73a—c
© HO©/OM9 HO :
73a,91 % 73b, 81 % 73¢,71%

Fig. 42. Synthesis 3-arylpyrazoles 73a-c.

Pyrazole 73b was deprotected from methoxy group using boron tribromide (Fig. 43).

OMe
4 equiv. BBr3
T\ OH DCM, 0 °C,
CF3 N’ 1h, 14 %
H
73b

73d

Fig. 43. Deprotection of compound 73b.

One of the monoaryl pyrazoles, compound 73a, was further brominated to obtain bromo
derivative 74, which was subjected to the Suzuki-Miyaura coupling to provide diaryl pyrazole 75
(Fig. 44).

6 mol% PdCL,(PPhg)y,  C'

Ph 1.3 equiv. 4-CI-PhB(OH),, O Q
2 equiv. NBS Br, 2.6 equiv. Cs,CO;
[\( N &
CF7 >N’ DMF, 75 °C, CFy N,N Diox:H,0 4:1, 100 °C, I\
H 5h,50 % H 16 h, 26 % CF3™ >N’
73a 74 H
75

Fig. 44. Synthesis of 3,4-diarylpyrazole 75.

Additionally, a possibility to replace the pyrazole core with isoxazole moiety was explored.
Isoxazole based analogues 76a—e were obtained from isoflavone derivatives 70a—e (Fig. 45). under

the reaction with hydroxylamine.®
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cl o
O 2 equiv. NH,OH-HCI
btttk
\ O Py, 100 °C, 16 h
OR

CFy” O
70a-e
R= H - \© 0._OMe
76a, 85 % 76b, 96 % 76¢c, 63 % 76d, 97 % 76e,91 %

Fig. 45. Synthesis of 4,5-diarylisoxazoles 76a—e.

O-MOM protected product 76c was methylated at the free phenolic OH group, and the
resulting derivative 77 was subjected to MOM deprotection in acidic media to obtain isoxazole 78
in high yield of 98 % (Fig. 46).

3 equiv. Mel,

2.5 equiv. K,CO3 4 equiv. 12 M HCI
_— - .
DMF, 2 h, 99 % MeOH, 60 °C,

3h,96 %

Fig. 46. Synthesis of 4,5-diarylisoxazole 78.

Deoxygenated diaryloxazole analogues 81 and 83 were prepared starting from isoflavone
derivative 69 (Fig. 47). This was transformed to triflate 79 in which the C—O bond was cleaved
under palladium-catalyzed hydrogenolysis conditions using triethylsilane as a hydrogen transfer
reagent. The resulting isoflavone derivative 80 was converted to isoxazole 81. It was then
transformed to the triflate 82, which was reduced to give the product 83.

5 mol% PdCl,(PPhs), Cl

. Cl (o]
c O o 1;;“9"’;‘;2' O 9 2.5 equiv. Et;SiH O
uiv. P A
_ceauw =R
DMF, 60 °C \
DCM, 0 °C, ‘ O i . O
\ O o 2h.85% cFe 0 os 30 min, 58 %; cFy o

80

CcFy Yo
69 79

1.4 equiv.TF,0, ©

2 equiv. TEA
—_—

5 mol% PdCIy(PPhg),, Cl
2 equiv. NH,OH-HCI 2.5 equiv. Et3SiH
_— > _— >

Py, 100 °C, 16 h, 99 %; DCM, 0 °C,

30 min, 97 %

DMF, 60 °C,
30 min, 72 %;

Fig. 47. Synthesis of 4,5-diarylisoxazoles 81 and 83.

Isoxazoles 84a*° and 84b without a substituent at the 4™ position of the heterocycle were
prepared starting from diketones 72a,b (Fig. 48).
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1) 2 equiv. NH,OH-HCI, EtOH, 90 °C, 16 h; R
O O 2)4equiv. H;SO,, AcOH, 2 h, 100 °C —

HO. OMe

84a, 63 % 84b, 38 %

Fig. 48. Synthesis of 4,5-diarylisoxazoles 84a,b.

All of the synthesized compounds 71a-h, 73a-d, 75, 76a—e, 78, 81, 83, and 84a,b were
subjected to in vitro growth inhibition tests of S. Aureus Newman. The results of these assays are
summarized in Tables 11-14 (test results provided by Blanca Fernandez, Wageningen University).

Table 11
Antibacterial activity of the compounds 71a-h
OR
Cl
o
| N
cr” N
Entry Number R MIC?, pg/mL
1 7la Me 3.12
2 71b Bn 1.56
3 71c MOM 3.12
4 71d 2,5-CIC¢H3CH2 1.56
5 7le 4-BrCeH4CH: 1.56
6 71f PhSO: 1.56
7 71g i-Pr 0.78
8 71h i-Amyl <0.39

23S, Aureus Newman.

An improvement of the antibacterial potency in comparison with original hit 7 was
achieved by addition of methyl group as R substituent (71a, Table 11, entry 1). O-benzyl group as
R substituent had even higher positive effect on antibacterial potency (71b; Table 11, entry 2). The
presence of MOM group (71c; Table 11, entry 3) only slightly increased the activity in comparison
with the hit compound 7. Substitution of benzyl group with 2,5-dichlorobenzyl (71d; Table 11,
entry 4), 4-bromobenzyl (71e; Table 11, entry 5) and phenylsulfonyl (71f; Table 11, entry 6) group
did not change the activity of the compounds in comparison with the benzyl analogue 71b. The
best antimicrobial activity in this series was exhibited by the compounds bearing lipophilic R
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substituents such as i-propyl group (71g, Table 11, entry 7) and i-amyl group (71h Table 11,

entry 8).
Table 12
Antibacterial activity of the compounds 73a—d, 75
RZ
R! R®
[ N
cry” N
Entry | Number R? R? R3 MIC?, ug/mL
1 73a H H H 50
2 73b H OMe OH 25
3 73c H H OH 125
4 73d H OH OH 250
5 75 4-CICgHa4 H H 1.56

2S. Aureus Newman.

Derivatives 73a—d lacking substituents at the 4™ position of pyrazole showed significantly worse
results in comparison with the hit compound 7 (Table 12, entries 1-4). However, compound 75
with 4-chlorophenyl group as R! substituent and phenyl group as R? substituent exhibited activity
four times higher than that of compound 7 (Table 12, entry 5). These results point to the importance
of the two aryl substituents at the pyrazole to ensure a high antimicrobial potency. In addition, the
high antimicrobial potency of compound 75 implies that hydroxyl groups at the phenyl group as

the R? substituent are not essential.

Table 13

Antibacterial activity of isoxazole-based compounds 76a—e

Entry Number MIC?, ug/mL
1 76a H 3.12
2 76b Bn 0.78
3 76¢ MOM 3.12
4 76d i-Pr 0.78
5 76e i-Amyl <0.39

2S. Aureus Newman.
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The isoxazole analogues 76a—e (Table 13) showed similar potency and structure activity
relationships to their pyrazole peers 7, 71b, 71c, 71g, and 71h, respectively (Table 11).

Table 14
Antibacterial activity of simplified isoxazole-based compounds 78, 81, 83, 84a,b
RZ

Entry | Number R! R3 MIC?, ug/mL
1 78 4-CICsH4 OMe 3.12
2 81 4-ClICsH4 H OH 3.12
3 83 4-ClICeH4 H H inactive
4 84a H H H inactive
5 84b H OMe OH 6.25

aS. Aureus Newman.

An interesting deviation was observed for isoxazoles 78, 81, 83 and 84a,b (Table 14).
Compound 84a, contrary to its pyrazole-based analogue 73a, completely lost activity against S.
Aureus Newman. Compound 84b increased activity level in comparison with 73b. Surprisingly,
methylation of ortho hydroxy group in R? substituent (compound 78, Table 14, entry 1) did not
affected MIC value — it was retained at 3.12 pg/mL. Finally, compound 83 totally lost the
antimicrobial potency (Table 14, entry 3) in comparison with pyrazole derivative 75 with the same
substitution pattern (Table 12).

The SAR of the compounds provides the directions for further structural improvements to
achieve more potent phenylazole based antimicrobials. Thus, introduction of the lipophilic groups
at the 5™ position of phenolic ring of the molecule increased the potency of the compounds (71g,
71h). Further increase of lipophilicity in these positions could increase the potency. Additionally,
further work should explore other suitable 5-membered cycles such as imidazole, 1,2,3-triazole or
isothiazole as scaffolds to improve the potency of the compounds. Nevertheless, the SAR of the
pairs of the compounds 81 and 83, or 75 and 83 implies that at least one NH or OH group might
be retained in the inhibitor to preserve its potency.
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CONCLUSIONS

1. Four series of perspective HK TCs inhibitors were synthesized for biological activity
evaluation: derivatives of pyrazole-4-carboxamide, 2-aminoquinazoline, indazole and 3,4-
diphenylpyrazole.

2. Library of pyrazole-4-carboxamides was made by coupling of pyrazole-4-carboxylic acid with
various alkyl and aryl amines. Unfortunately, this library showed no potential for the further
development: enzymatic and in vitro antibacterial assays revealed no significant activity. On
the other hand, X-Ray crystallography of CheA protein-ligand complex with the amide, bearing
cyclic carbamate moiety, showed interaction of the compound exactly as predicted in CADD
models. Such a discrepancy can be explained by weak interactions of the mentioned ligand with

the protein.
[CNg©)
e

7 / N

N H

HN

3. Indazole based library was made starting from substituted 4-bromoindazoles using different
types of palladium couplings. The compound with phenyl substituent possessed weak
antibacterial activity against E. Coli, but its mechanism of antibacterial action remained unclear.
Indazole bearing 3-aminopyrazole substituent and its structural analogues revealed moderate

potency in enzymatic assay but showed no antibacterial activity.
OEt

NN ©
P
HN
2
1) )
N \
H OH H
E. Coli MIC = 62.5 pg/mL S. Aureus PhoR ICsq = 67 pM

4. Library of 2-aminoquinazolines was made using Heck reaction between 7-bromoquinazoline-
2-amine and various alkenes. Newly formed alkenes were selectively reduced to form an alkyl
linker. Additional compounds were derived from Suzuki-Miyaura reaction between 7-
bromoquinazoline-2-amine and arylboronic acids or between (2-aminoquinazolin-7-yl)boronic
acid and aryl bromides. All compounds from these series were tested for their ability to bind to
CheA protein (MST assay), and two compounds displayed the best binding affinity in their

series.
(o)

X
2 nsi_
T, o
Pz [¢]
N)\NHZ

CheA Kp =317 nM CheA Kp = 162 nM

5. 2-Aminoquinazoline derivatives generally represented no measurable in vitro antimicrobial
activity at standard conditions. However, the compound with indolinone substituent inhibited
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growth of S. Aureus in low phosphate medium, and the compound substituted with thiophene
sulfonamide was able to reduce resistance to Vancomycin in E. Faecalis resistant strain. This
data provides an evidence of interaction of those aminoquinazolines with bacterial HK TCs in

acell.
N N
N H.N N
H QO 0 s A
N = R P
o . & \@/G\/N\ .

. A range of 3-phenylpyrazole derivatives were synthesized by reaction of isoflavones and f3-
diketones with hydrazine hydrate. Cyclization of the same starting materials with
hydroxylamine allowed to obtain isoxazoles with identical to pyrazoles substitution pattern.
Moreover, compounds with removed hydroxyl groups were synthesized by transformation of
OH group to triflate with subsequent Pd-catalyzed reduction. SAR studies revealed the crucial
parts of the molecules for antibacterial activity. Pyrazole core can be replaced with isoxazole
without change in activity; however at least one polar group shall be retained in molecule to
preserve an antibacterial potency. The mechanism of the antibacterial effect for these types of
compounds remained unclear but presumably is not connected with HK TCs inhibition.

. New methods for the synthesis of 2-aminoquinazolines and N-protected indazoles were
developed by usage of copper catalysed Chen-Evans-Lam reaction starting from 2-
formylphenylboronic acids. Reaction with guanidines proceeds to 2-aminoquinazolines when
the reaction with azodicarboxylates and hydrazine dicarboxylates delivering N-protected
indazoles. The reaction can be done in milder conditions compared to the known coupling
reactions using 2-halobenzaldehydes.

up to 66 % yield R‘f/ NN

N ’ N/)\N,Ra

R2  R'=H, OMe, OBn,F, CI

2 R3 R4 =
X R? R’ R*=Alk
up to 73 % yield RL; \N
hute bt fade AN
)
o]
R*0
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