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1. SEZNAM POUZITYCH ZKRATEK

ACP
AMB
ATCC
ATP
ATR

BAC
CCM
CNCTC
CPX
DCMU
DMSO
DNA
EMA
ETH
ESBL

FAS I/II

FDA
FLU
HepG2

HIV

ICso
INH

M. tbe
MDR-TB
MIC
MRSA
MW
NAD+

acyl carrier protein

amfotericin B

American Type Culture Collection

adenosintrifosfat

Attenuated Total Reflectance (metoda méreni infracerveného
spektra)

bacitracin

Ceska kolekce mikroorganismii

Ceska narodni sbirka typovych kultur

ciprofloxacin

3-(3,4-dichlorophenyl)-1,1-dimethylurea

dimethylsulfoxid

deoxyribonukleova kyselina

European Medicines Agency

ethambutol

Extended-Spectrum -Lactamases (podtyp mikroorganismiu
s rezistenci k Sirokému spektru antibiotik)

Fatty Acid Synthase I/II (enzymaticky mykobakterialni komplex
zapojeny do syntézy mykolovych kyselin)

Food and Drug Administration, U.S.A.

flukonazol

bunééné linie odvozené z lidského hepatocelularniho karcinomu
pouzivané k testovani cytotoxicity

Human Immunodeficiency Virus

koncentrace zptisobujici 50% pokles aktivity vii¢i kontrole
isoniazid

Mycobacterium tuberculosis

Multi-drug resistant tuberculosis

minimalni inhibi¢ni koncentrace

methicilin rezistentni Staphylococcus aureus

mikroviny

nikotinamid adenin dinukleotid (oxidovana forma)



NADH
NADPH
NEOM

NIAID
NMR
OADC

PEN
PHE
POA
PZA
RFM
RNA
RPMI

SAR
SI

TAACF

TBC
TEA
THF
TLC
VOR
WHO
XDR-TB

nikotinamid adenin dinukleotid (redukované forma)

nikotinamid adenin dinukleotid fosfat (redukovana forma)
neomycin

nystatin

National Institute of Allergy and Infectious Diseases

nuklearni magneticka rezonance

Oleic acid, Albumin, Dextrose, Catalase (rtistovy suplement pro
médium Middlebrook 7H9)

penicilin G

fenoxymethylpenicilin

pyrazinkarboxylova kyselina

pyrazinamid

rifampicin

ribonukleova kyselina

Roswell Park Memorial Institute (riistové médium pro antifungalni
testovani)

Structure-Activity Relationships (vztah mezi strukturou a Géinkem)
index selektivity, parametr pouzivany pro uréeni bezpecnosti 1é¢iva
vypocitany na zakladé pomeéru cytotoxicity a i¢cinné koncentrace
Tuberculosis Antimicrobial Acquisition and Coordinating Facility
(program U.S.A. zaméfeny na podporu vyzkumu novych
antituberkulotik)

tuberkul6za

triethylamin

tetrahydrofuran

tenkovrstva chromatografie

vorikonazol

Svétova zdravotnicka organizace

Extensively drug-resistant tuberculosis



2. FORMULACE PROBLEMATIKY A ZPUSOB RESENI

Tato prace navazuje na vyzkumny zameér katedry Farmaceutické chemie a
Farmaceutické analyzy a predevsim pak na vyzkum védecké skupiny prof. Dolezala,
ktery se zabyva syntézou potencialnich antituberkuloticky Gc¢innych latek.

Cilem prace je tedy priprava novych, dosud nepopsanych slouc¢enin ze skupiny
derivatl pyrazinamidu. Tyto slou¢eniny budou popsany pomoci fyzikalné-chemickych
vlastnosti. VSechny latky budou otestovany na potencialni biologickou aktivitu, ktera
bude zahrnovat cdinky antimykobakterialni, antibakteridlni, antifungalni,
antivirotické a u ¢asti latek i herbicidni. U podobnych strukturnich typi, vykazujicich
biologickou aktivitu, budou diskutovany vztahy mezi strukturou a aktivitou téchto
sloucenin.

Tato prace je zalozena na trech vychozich latkach — 5-chlor-6-methylpyrazin-2,3-
dikarbonitrilu (I), 3-chlorpyrazin-2-karboxamidu (II) a N-benzyl-3-chlorpyrazin-2-
karboxamidu (IIT). Tyto slou¢eniny byly pripraveny standardnimi postupy popsanymi
v literatute. Budou podrobeny aminodehalogenaéni reakei s alifatickymi, alicyklickymi
a aromatickymi aminy a dale pak srtzné substituovanymi benzylaminy a
aromatickymi fenylhydraziny. VSechny reakce budou provedeny pomoci mikrovinného
reaktoru s fokusovanym polem, jehoZz pouziti je pro tuto praci zasadni, a bude mozné
porovnat vysledky s metodami konvenéniho ohfevu. Dle ziskanych vysledkt

biologickych hodnoceni budou navrzeny strukturni obmény.
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3. PREHLED SOUCASNEHO STAVU RESENE PROBLEMATIKY

3.1. AKTUALNi EPIDEMIOLOGICKA SITUACE

Tuberkul6za (TBC) je stale velice vyznamnym epidemiologickym problémem
tohoto stoleti. Svét se neustale potyka s touto hrozbou, ktera zaujima druhé misto
v Zebticku tmrtnosti v kategorii infekénich chorob. Tato skute¢nost v kombinaci se
stale rostouci rezistenci mikroorganismi k soucasné 1é¢bé vede mnohé vyzkumné
skupiny k pokustim o pfipravu novych, antimikrobialné acinnych sloucenin.

Ackoliv byl v pribéhu minulého desetileti zaznamenéan jisty pokrok v terapii a
prevenci tuberkulézy, tak tento trend neni a nemusi byt samoziejmosti. Celkova
incidence novych pripadi tohoto onemocnéni, které zplisobuji bakterie
Mycobacterium tuberculosis, od roku 2006 klesa. Zaroven amrtnost klesla o 47 %
v ramci sledovaného obdobi 1990 — 2014. Milnikem v této problematice bylo ustaveni
Millenium Development Goals v roce 2000, kterymi Svétova zdravotnicka organizace
(WHO) nastavila jistou hranici v hlaSeni vyskytu, prevenci a 1é¢bé TBC, kterou je tieba
dosidhnout vSemi moznymi prostiedky. Diky tomuto postupu bylo v obdobi let 2000 az
2014 zachranéno 43 milioni Zivoti. Ostatni cisla ale jiz tak povzbudiva nejsou. V roce

2014 onemocnélo dle zpravy WHO manifestni tuberkulézou 9,6 miliond lidi a
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Obrazek 1 — Incidence novych pripadit TBC ve svéteé za rok 2014 — pievzato a publikovano se svolenim WHO!



1,5 miliont z nich zemfelo v disledku této infekce (incidence ve svété znazornéna na
Obr. 1). Z tohoto poctu tvori az 10 % détska tuberkuléza.!

Dalsim problémem, ktery prispiva ke snadnéjsimu Sifeni této nemoci, je
celosvétova pandemie HIV. Tento trend je podpoien faktem, Ze pacienti infikovani
virem HIV jsou imunokompromitovani a je tedy snadnéjsi nasednuti sekundarni
infekce TBC (celosvétova prevalence je znazornéna na Obr. 2). Z celkového poctu 9,6
milionti novych pripadii vroce 2014 bylo 1,2 milionti ze skupiny pacienti HIV

pozitivnich. Smrt si vybrala svou dan u 400 tisic z nich.

Estimated HIV prevalence in new and relapse TB cases, 2014
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Obrazek 2 — Prevalence HIV infekce u nové diagnostikované TBC v roce 2014 — prevzato a publikovano se
svolenim WHO"

Mozna jesté zavaznéjsSim problémem spojenym s tuberkul6zou je celosvétovy
vyskyt rezistentnich kmenti mykobakterii, které znamenaji vyznamny epidemiologicky
problém, se kterym je nutné bojovat. Vroce 2014 byla u 480 tisic pacient
diagnostikovana takzvana multilékoveé rezistentni TBC (MDR-TB; Multi-drug resistant
tuberculosis) a 190 tisic znich na tuberkul6zu zemfelo. Tento typ rezistence je
charakterizovan odolnosti minimalné vic¢i 1é¢ivim tzv. prvni linie isoniazidu a
rifampicinu, piip. vii¢i dalsim ztéto skupiny, do které se jesté radi pyrazinamid,
streptomycin a ethambutol. Nejvétsim zdrojem téchto kment jsou oblasti Jizni Afriky

a Jihovychodni Asie. Pokud se tento typ rezistence rozsiii i o lé¢iva 2. linie
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(fluorochinolon a jeden z intraven6zné podavanych 1é¢ivych pripravki napr. amikacin,
kanamycin), pak se jedna o extenzivné rezistentni kmeny M. tuberculosis (XDR-TB;
Extensively drug-resistant tuberculosis). Tyto kmeny jsou vétSinou detekovany v ramci
urceni rezistence MDR-TB a vroce 2014 tvorily asi 9,7 % zcelkového poctu
rezistentnich kmeni. V roce 2012 byl poprvé zaznamenan kmen, ktery vykazal totalni
rezistenci ke vSem zndmym a pouzivanym lé¢ivim. Tento impulz castecné urychlil
vyvoj nékterych nadéjnych sloucenin, z nichz se ve zrychleném registra¢nim fizeni
dostaly do praxe dvé molekuly — bedachilin a delamanid. Tim se termin totalni
rezistence dostal opét jenom do teoretické roviny.23

V Ceské republice je prozatim vyvoj ponékud piiznivéjsi (viz. Tabulka 1). Od roku
1989 pocet nové hlasenych pripadii meziroéné neustale klesa a vroce 2014 dosahl
poctu 514 pripadt s incidenci 4,9 nemocnych na 100 tisic obyvatel. Toto ¢islo je o néco
malo vyssi nez v roce 2013, ale rozdil je prakticky zanedbatelny. Z celkového poctu
zaznamenanych onemocnéni tvoii 18,7 % cizinci s nejvétSim podilem pacientt
z Ukrajiny a Vietnamu. Tyto dvé zemé se daji povaZovat z epidemiologického pohledu
v CR za rezervoary onemocnéni TBC. Z pohledu regionalniho jsou nejvice zasazeny
oblasti Stfednich Cech, Vysoéiny a Severni Moravy.4 Tento trend by se v§ak v budoucnu
mohl zménit a to diky vyhlaskam, které vstoupily v platnost v roce 2009 a 2010. Prvni
z téchto vyhlasek zrusila pravidelné preockovani déti v 11 letech, u kterych se projevila
negativni tuberkulinovéa reakce. Druha pak zruSila povinné plosné ockovani vsech
novorozenct s vyjimkou déti, které spliuji kritéria pro naockovani (aktivni TBC

v rodin€, pobyt v zemi s vysokym vyskytem TBC, kontakt ditéte s nemocnym).

Tabulka 1 — Pocet onemocnéni TBC v CR v priibéhu let 1989-20144

Rok Poc¢et onemocnéni | Na 100 000 obyv. Cizinci
1989 1905 18,4 Nezjistovano
1999 1631 15,9 Nezjistovano
2009 710 6,8 136
2010 680 6,5 117
2011 609 5,8 112
2012 611 5,8 105
2013 502 4,8 79
2014 514 4,9 96




3.2. TUBERKULOZA A JEJi LECBA

3.2.1. Tuberkuloza

Jak jiz bylo zminéno, jde o infekéni onemocnéni, které je zpiisobeno
mikroorganismy rodu Mycobacterium, takzvanym Mycobacterium tuberculosis (M.
tbc) komplexem. Do tohoto komplexu se fadi kromé hlavniho ptivodce Mycobacterium
tuberculosis také M. bovis, M. africanum, M. microti a M. canetti. V roce 2010 byl
objeven novy druh bakterie, ktery se do tohoto komplexu zaradil také, a je jim
Mycobacterium mungi.s

Primarné se jedna o plicni onemocnéni, ale vjistych pripadech muze dojit
k napadeni ostatnich organti. Poté se oznacuje jako tzv. mimoplicni TBC.

Tuberkul6za je mozna tak stara jako lidstvo samo. Diky modernim technologiim
se podarilo prokazat tuberkulézni piriznaky na lidskych ostatcich zdoby asi
7000-9000 pf. n. 1.6 Dalsi takto ,poznamenané“ ostatky byly nalezeny na tzemi
starovékého Egypta pii zkoumani mumii z obdobi 3. tisicileti pt. n. 1.7 OvSem oznaceni
tuberkulo6za se datuje az do roku 1839, kdy ho poprvé pouzil Johann Lukas Schonlein.
Do té doby se toto onemocnéni oznacovalo rizné, nejcasteji podle toho, jak nemocny
vypadal — ubyté, souchotiny.

Toto onemocnéni ma nékolik fazi. Prvni kontakt (primarni TBC) je ve vétSiné
pripadi zprostfedkovan formou kapének. Pro vznik nakazy staéi i pouhych pét zivych
mikrobt. Uvolnovani a Sifeni infekéniho agens nastava predevsim u osob s otevienou
formou aktivni tuberkul6zy. Po vniknuti do organismu dochézi v plicich postizeného
k fagocytoze bakterii makrofagy. Uvniti makrofagi bohuzel nedojde k usmrceni
mykobakterie, ale naopak prevlada rist a pomnoZeni. Takto napadené bunky jsou
lymfatickymi cestami roznaseny do miznich uzlin. Po urcité dobé (10-14 dni)
se vytvareji specifické protilatky a aktivuje se imunitni systém. Loziska infekce v plicich
jsou ohranicovana a oddélovana od zdravé tkané buiikami imunitniho systému. Tyto
uzliky nebo také tuberkuly jsou naplnéné nekrotickou tkani svym vzhledem
pripominajici syr — dochazi ke kaseifikaci (zesyrovaténi). Poté dojde ke spontannimu
zhojeni a vyléceni, pripadné preziv§i mykobakterie upravi svou metabolickou aktivitu
a prechazeji do dormantniho stavu. Tato loziska jsou dale kalcifikovana a miizou slouzit
i pro rentgenové potvrzeni probéhlého onemocnéni. Postprimarni faze infekce se miize
nejcastéji objevit u pacienti vystavenych dalsimu zdroji nakazy nebo u
imunokompromitovanych pacientli, u kterych se reaktivuji kalcifikovana loziska.

Imunitni odpovéd’ hostitele je prakticky okamzita a nasledné nastava faze rychlejsiho
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odbouravani granulomu. Proteolytické enzymy, které se na tom podileji, vSak mohou
narusit i okolni tkan a umoznit tak vyliti obsahu tuberkuld do bronchoalveolarnich
prostor. Timto se pacient stava aktivnim prenaSec¢em tuberkul6zy a je treba takovéto
jedince okamzité zachytit. Pokud se loziska nachazeji v blizkosti velkych cév, miize dojit
i naruseni cévni stény a vyliti obsahu granulomu do cévniho recisté. V tomto pripadé
se také casto projevuje vykaslavani krve (hemoptyza), coz je jeden z typickych priznakt
TBC. Déle se touto cestou mohou mykobakterie dostat k dalSim organiim a dat tak

vzniknout mimoplicni formé tuberkulézy (meningealni, kostni, urinalni, apod.).8-10
3.2.2. Mycobacterium tuberculosis

M. tbc je lidsky patogen, ktery ma nejvétsi podil na vzniku onemocnéni TBC.
Jedni se o nepohyblivou, obligatné aerobni tycku, ktera je specifickdi v mnoha
ohledech. Jednim z nich je generac¢ni polocas. Doba pro replikaci téchto bakterii je
okolo 20 hodin. Oproti béznym patogentim je tento ¢as az 60x delsi. Tento fakt tim
padem znesnadnuje kultivaci a véasnou detekci onemocnéni. Typickym jevem je vyskyt
tzv. dormantnich neboli spicich forem mykobakterii. Tyto bakterie jsou schopné
upravit svou metabolickou aktivitu na takovou uroven, zZe prezivaji v nehostinnych
podminkéach hostitelova organismu po dlouh4 desetileti. Stejné tak jsou velmi tézko
zasazitelné terapeuticky. Dalsi zvlastnosti je sloZzeni bunécné stény. Ta je velice bohata
na lipidy. I sloZeni téchto lipidi je dost specifické a u jinych mikroorganismi se v této
podobé nevyskytuje. Funkei plni tato sténa hned nékolik. Prvnim z nich je faktor
virulence tzv. Cord-faktor. Coz je glykolipid dimykolat trehalosy, ktery je schopny
maskovat mykobakterie pred obrannymi mechanismy hostitelského organismu.* Dalsi
funkei této stény je snizena prostupnost pro mnozstvi latek, ke kterym samoziejmé
patii i antiinfektiva. V neposledni radé slouzi také jako ochrana vii¢i vnéjsimu
prostredi, ve kterém je tak mykobakteriim umoznéno prezit.!2 Bliz§im zkoumanim
bunécné stény bylo zjisténo, ze se sklada ze zesitovaného peptidoglykanu, na ktery se
vazi arabinogalaktany, jez jsou esterifikované mykolovymi kyselinami. Pravé tyto
kyseliny jsou typické pro mykobakterie (dale se vyskytuji pouze u rodi Nocardia a
Corynebacteria) a skladaji se z retézct o délce az 87 uhlikli. Kromé toho obsahuji také
B-hydroxy skupinu.!3 Toto sloZeni bunécné stény ndm také snadno umoznuje
identifikaci mykobakterii pomoci mikrobiologického barveni. Pravé vysoky obsah
lipid& neumoznuje klasické Grammovo barveni a je tfeba vyuzit metody dle Ziehl-

Neelsena, kdy se bakterie barvi kyselym karbolfuchsinem, ktery neni mozné vymyt ani



kyselym alkoholem (smés 1% kyseliny chlorovodikové a 70% ethanolu). Bunécéna sténa
mykobakterii se tak jevi jako idealni cil pro vyvoj novych antituberkulotik.

Z hlediska poznani mykobakterii se stal diilezitym rok 1882, ve kterém Robert
Koch poprvé popsal skuteéného ptivodce TBC. Od této doby bylo tedy mozné cilit 1é¢bu
konkrétné. Dalsim priilomovym rokem byl rok 1998, kdy S. T. Cole se svym kolektivem
rozlustili kompletni genom M. tbc a urcili i funkce jednotlivych genti vramci
metabolismu a fyziologie.+'5 Na zakladé téchto poznatki mohla a miize vétSina
védeckych skupin cilit svlij vyzkum na urcity fyziologicky nebo metabolicky déj
mykobakterialni bunky.

3.2.3. Terapie tuberkulozy

Farmakoterapie tuberkulozy je casové velice naro¢na. Videalnim pripadé trva
Sest mésicli, vtom hor§im pak i dvanact meésici. Dalsim rizikovym faktorem je
adherence pacienta k 1é¢bé. Cim déle se 1é¢iva podéavaji, tim hiife pacienti 1é¢bu snaseji.
Dochazi kustupu priznaki a zaroven se objevuji nezadouci tcinky podavanych
preparati. V mnoha pripadech se stava, zZe je lééba prerusena a hrozi relaps nemoci
nebo vznik rezistence k aktuilné podavané kombinaci 1é¢iv. Zakladni paleta

antituberkulotik se dé€li na dvé skupiny a dle tohoto rozd€éleni jsou podavany.

3.2.3.1. Antituberkulotika 1. linie

Pyrazinamid

0]
N\ NH2
[

pyrazinamid

Chemicky pyrazin-2-karboxamid, ktery ma nezastupitelné misto pti 1écbé TBC.

BliZe je 0o ném pojednano v samostatné kapitole.

Isoniazid

ZT

“NH,

X

/

N

isoniazid
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Systematické pojmenovani je hydrazid kyseliny isonikotinové, ktery je analogem
nikotinamidu. Mechanismus tc¢inku je dan aktivaci samotného isoniazidu pomoci
katalasy-peroxidasy KatG.1¢ Aktivovany meziprodukt se vaze na NADH a vytvari s nim
adukt. Tento intermediat inhibuje enzymové systémy mykobakterii, které jsou zavislé
na vyuzivini NADH. NejznaméjSim ztéchto enzymovych systémt je Fatty Acid
Synthasa II (FAS II). Blokovanym enzymem je enoyl-ACP reduktasa (InhA) a tato
blokada zapri¢inuje zastavu syntézy mykolovych kyselin.'7 Mezi dalsi inhibované
enzymy patii B-keto-ACP reduktasa a dihydrofolatreduktasa. Rezistence na toto 1é¢ivo

je dana pravé mutaci gent kodujicich tyto enzymové systémy.

Rifampicin/Rifabutin

rifampicin . . —
p rifabutin

Jedna se o latky ze skupiny ansamycinovych antibiotik, jejichZz soucasti je
makrocyklicky laktam. Vyznacuji se vysokou baktericidni aktivitou vii¢i vSem formam
M. tbc. Umoznuji tak urychlit 1éébu tuberkul6zy a soucasné jsou soucasti vSech
zakladnich 1ééebnych rezimt. Diky fyzikalnim vlastnostem (predevsim lipofilité) tyto
molekuly dobre pronikaji pres vysoce lipofilni membrany, jako je bunééna sténa
mykobakterii ¢i hematoencefalicka bariéra. V mykobakteriu inhibuji prokaryotickou
DNA dependentni RNA polymerasu, ¢imz prakticky zastavuji syntézu RNA (viz Obr.

4).18 Rezistence je opét spojena s mutaci genu, ktery je zodpovédny za syntézu

RNA polymerasy.9
Ethambutol
OH
L
g

HO

ethambutol



Aminoalkohol (25)-2-{2-[((2S)-1-hydroxybut-2-yl)amino]ethylamino}butan-1-
ol s bakteriostatickym efektem je G¢inny pouze jako S,S-(+)-izomer. Mechanismus
ucinku je zaloZen na inhibici arabinosyl transferasy, tedy enzymu zodpovédného za
syntézu arabinanu a dalsich soucasti mykobakterialni stény (viz Obr. 3).29:21 Rezistence

vznika opét mutaci genii zodpovédnych za proteosyntézu transferas EmbB.22

Streptomycin

streptomycin

Radi se mezi pfirodni antibiotika a je produkovan bakteriemi Streptomyces
griseus. Je tazen do skupiny aminoglykosidii a je znamy piitomnosti atypickych
aminosacharidi. Mensi nevyhodou je zna¢na polarita a obsah bazickych skupin. To
neumoznuje Kklasické peroralni podani a je tieba aplikovat intramuskularné ci
intraven6zné. Mechanismus t¢inku je u téchto latek zalozen na inhibici proteosyntézy

blokaci ribozomalni podjednotky 30S (viz Obr. 3).23
3.2.3.2. Antituberkulotika 2. linie

Do této kategorie spada Siroké spektrum latek srtiznou strukturou a rtznou
cestou podani. Vyuzivaji se v pripadé rezistence na nékteré z antituberkulotik 1. linie.
Patii sem fluorochinolony (ciprofloxacin, ofloxacin, levofloxacin, moxifloxacin), dalsi
aminoglykosidy (amikacin, kanamycin), polypeptidova antibiotika (kapreomycin,
viomycin, enviomycin), thioamidy (ethionamid, prothionamid) a nakonec kyselina p-
aminosalicylova, cykloserin, terizidon a linezolid (viz. Tabulka 2).24 Mechanismus

ucinku nékterych z nich je znazornén na Obr. 3 a 4.

Tabulka 2 — Zakladni rozdéleni antituberkulotik 2. linie

Skupina Ucé¢inné latky Podani | Mechanismus u¢inku

Inhibice ATP dependentni
gyrasy (topoisomerasy II)25

ciprofloxacin, ofloxacin,

Fluorochinolon . . ;
y levofloxacin, moxifloxacin

p.o., i.v.

Inhibice proteosyntézy
Aminoglykosidy amikacin, kanamycin iv.,im. blokaci ribozomalni
podjednotky 30523
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. kapreomycin, viomycin, | . . Inhibice proteosyntézy
Polypeptidy enviomycin 1., L. vazbou na RNA26
Thioamid ethionamid, o Inhibice NADH zavislych

Y prothionamid p-0- mechanismt127-28
Inhibice syntézy kys.
kys. p-aminosalicylova p.o. listové29 ¢i interakce
v metabolismu Zelezas°
. . Inhibice syntézy
cykloserin, terizidon p.o. peptidoglykanusts2
Inhibice proteosyntézy
linezolid p.o., i.v. blokaci ribozomalni
podjednotky 50533

3.2.3.3. Nejnovéjsi antituberkulotika

V poslednich letech doslo k prekotnému vyvoji novych 1é¢iv a z divodu vyskytu
totalné rezistentnich kment M. tbc se pristoupilo ke zrychleni klinickych testt
nékterych nadéjnych sloucenin. Avsak i pro tato lé¢iva plati narocné podminky

uplatniované ve vyvoji novych, potencialné aktivnich sloucenin (vyssi téinnost, idealné

novy cil zasahu, dobra snasenlivost v ramci jinych terapii, apod.).34

Bedachilin

bedachilin

Vyvojové oznacovana latka TMC207 se chemicky radi mezi diarylchinoliny a je
povazovana za prvniho zastupce novych, vysoce t¢innych sloucenin, jejichZ minimalni
inhibi¢ni koncentrace je vyjadifena v desitkach az stovkach nanogramt na mililitr. Jde
o tuberkulocidni latku, kterou lze pouzit v monoterapii i kombinované 1é¢bé. Projevila
zaroven i dostatecnou bezpecnost.353¢ Mechanismus G¢inku je zalozen na inhibici ATP
synthasy (viz Obr. 3). Nasledkem toho dochéazi k ovlivnéni energetického metabolismu

a smrti mykobakterie. Vyhodou je vysoka selektivita k mykobakterialni ATP synthase,



ktera je oproti lidské formé az 20000krat vyssi. Pravdépodobné nejvétsim piinosem je
aktivita vii¢i rezistentnim kmeniim, ktera vedla ke zrychlené registraci u FDA a pozdéji
iu EMA pro pouziti v terapii MDR-TB.

Delamanid
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F
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\\N+ / N:}ﬂz\o
N

delamanid

OPC-67683, takto je také oznacovan nitroimidazooxazolovy derivat, ktery je
v organismu metabolizovan na aktivni slouceniny, které blokuji syntézu mykolovych
kyselin. Déle nastava uvolnovani oxidu dusnatého, ktery zptisobuje respirac¢ni otravu a
smrt bakterie.3” Miniméalni inhibi¢ni koncentrace jsou opét velice nizké, dosahujici
desitek az jednotek nanogrami na mililitr. Svyhodou se vyuziva vkombinaci
s antiretrovirovou terapii u pacienti s ko-infekci HIV, jelikoz neovliviiuje jaterni
enzymy. Tim je mozné vyuzit Sirokou paletu antivirotik, ktera casto vykazuji
hepatotoxicky ucinek stejné jako ne€ktera ostatni antituberkulotika, a jejich kombinace
tak neni z hlediska bezpe¢nosti mozné v praxi vyuzit. Pouziti delamanidu je prozatim

limitovano na pacienty, pro které neni mozné vyuzit standardni 1écebné postupy.

Pretomanid
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pretomanid

Podobné jako delamanid je tato sloucenina razena mezi nitroimidazoly,
konkrétné nitroimidazooxaziny. Jeji ptivodni oznacdeni, uvadéné v literature, je
PA-824. Ma podobny mechanismus uc¢inku jako piredchozi sloucenina, a tim je
ovlivnéni syntézy mykolovych kyselin, predevsim keto varianty téchto latek (viz Obr.
4). Uvolnovani oxidu dusnatého zasahuje anaerobni fazi mykobakterii. Tim je zajisténo
plisobeni jak na aktivni mykobakterie, tak na dormantni formy.38 MIC odpovida

priblizné hodnotam isoniazidu, tedy desitky az stovky ng/ml.
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3.2.3.4. Nadéjné slouceniny ve vjvoji

Existuji fady studii se slouéeninami, které jsou v riiznych stadiich klinického
hodnoceni. Ty asi nejnadé€jnéjsi jsou shrnuty v Tabulce 3. Mechanismus ucinku

nékterych téchto sloucenin je uvedeny na Obrazku 3 ¢i 4.

Tabulka 3 — Souhrn aktudlné vyvijenych molekul v dalsich fazich klinickych studii
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Obrazek g3 — Mista terapeutického zasahu vybranych antituberkulotik pouzivanych v praxi — pievzato z
National Institute of Allergy and Infectious Diseases (NIAID).
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Obrazek 4 — Mista terapeutického zdsahu pouzivanych i vyvijenych antituberkulotik — prrevzato z National
Institute of Allergy and Infectious Diseases (NIAID).

3.2.4. Lécéebné postupy

Postupy pro 1é¢bu tuberkulézy jsou celosvétové standardizovany a WHO tyto
postupy shrnuje ve svych guidelines.4¢ Jednotlivé staty pak vurcité podobé tato
doporuceni piejimaji a vyuzivaji pro boj s TBC na narodni arovni.

Vramci standardnich rezim@ se pouzivaji kombinace nékolika 1é¢iv 1. linie.
Idealné se béhem zahajovaci/intenzivni faze podava kombinace vSech ¢tyt zakladnich
ucinnych latek (INH/RFM/PZA/ETH) po dobu dvou mésicii, ktera je nasledovana fazi
pokracovaci s podavanim kombinace dvou az tii 1é¢iv z této skupiny (INH/RFM ¢i
INH/RFM/ETH) v zavislosti na vyskytu rezistence v dané oblasti po dobu dalsich étyr
meésicl. Délka terapie vSak zavisi na citlivosti mikroorganismu a terapeutické odpovédi
organismu.

Pro kmeny, které vykazi multilékovou rezistenci, se stanovuje vétSinou
individualni rezim, ktery je zalozen na vySetreni citlivosti daného klinického izolatu
viici pouzivanym antituberkulotikéim prvni volby a nésledné vyuziti kombinace s 1é¢ivy
2. linie podle doporucenych postupti. Celkovy pocet pouzitych 1é¢iv je v téchto

pripadech v rozmezi 5-7 G¢innych latek a miniméalni doba 1é¢by je 18 mésicii, 24 mésict



pak v ptipadech chronickych pacientii s opakovanou infekei a poskozenim plicni tkané
nekrozou. Lécbu je tfeba neustdle monitorovat a idealné sledovat pacienty i po

ukonceni farmakoterapie.
3.3. PYRAZINAMID

3.3.1. Chemie pyrazinu

Pyrazin predstavuje jako dusikaty heterocyklus molekulu velice vhodnou pro
rizné chemické obmény. Samotna molekula predstavuje strukturu, kterou je mozné
znazornit nékolika rezonanc¢nimi vzorci. Tento heteroaromat dale vykazuje aromaticitu
niz§i, nez je aromaticita benzenu. Hodnotové vyjadieni odpovida 75 %. Ostatni
6-ti clenné aromatické dusikaté heterocykly maji hodnotu podobnou. Co se tyce
acidobazickych vlastnosti, tak je pyrazin velice slabou dvojsytnou bazi s hodnotou
disocia¢nich konstant pKa=0,65 a pKa=-5,78.47

RozloZeni naboje resp. hustoty m-elektroni je u pyrazinu podobné jako napriklad
u pyridinu. Toto rozlozeni tak ovliviiuje reaktivitu samotného jadra (viz. Schéma 1).
Elektrofilni substituce neprobihaji prilis snadno, coz je dano prave ¢aste¢nym kladnym
nabojem na atomu uhliku sousediciho s atomem dusiku (indukéni efekt, ktery je
ovlivnén existenci vySe zminovanych rezonanc¢nich struktur). Naopak nukleofilni
substituce jsou pro chemické obmény velice vhodné. Reaktivitu v téchto pripadech

zvySuje také prevedeni pyrazinu na N-oxid.48:49

N N© N© N
AN ® ® =
() J— ()
N N N N
Schéma 1 — Rozlozeni elektronové hustoty na pyrazinovém jadre

3.3.2. Vlastnosti pyrazinamidu

Pyrazinamid je bil4 krystalicka latka s teplotou tani 190-191 °C.5° Poprvé byl
pripraven firmou Merck vroce 1939, avSak jeho antimykobakterialni aktivita byla
objevena az o mnoho let pozdéji, tedy v roce 1952.553 Toto poznani bylo zalozeno
predevsim na podobnosti s nikotinamidem, jehoz antituberkulotické vlastnosti byly

vyuzity poprvé v roce 1948.54

3.3.3. Mechanismus uc¢inku pyrazinamidu
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O mechanismu ucinku tohoto 1é¢iva se jiz léta vedou spory. Prvni teorie se
zabyvaji nespecifickym mistem ptisobeni, zaloZzenym na fyzikalné-chemickych
vlastnostech PZA a pyrazinkarboxylové kyseliny (POA). Novéjsi vyzkum osvétluje jiz

konkrétni cile zasahu této heterocyklické slouceniny.

3.3.3.1. Enzymaticka konverze PZA na POA a zasah do energetického

metabolismu mykobakterialni burnky

Pfi tomto mechanismu se predpoklada pasivni difuze pyrazinamidu do
mykobakteridlni bunky. Zde se nasledné enzymatickou cestou pomoci
nikotinamidasy/pyrazinamidasy (EC 3.5.1.19) metabolizuje na vlastni G¢innou latku
kyselinu pyrazinkarboxylovou. Vnimavost kmene vii¢i PZA je zavisla na aktivité tohoto
enzymu.55 POA je zbunky zpét uvoliiovana pasivni difuzi ¢i aktivnim, energeticky
naroénym transportem. Cést pyrazinkarboxylatovych ionti je vkyselém
extracelularnim prostfedi protonizovana na nabojové neutralni molekulu kyseliny
pyrazinkarboxylové a pasivni difuzi se opét dostavd do bunky. Tim se posouvéa
acidobazicka rovnovaha v cytoplazmeé a jeji acidifikaci dochazi k inaktivaci a poskozeni
enzymatického aparatu bunky. Spolu s tim jsou ovlivnény a narusSeny membranové
transportni mechanismy, u nichz je pH gradient zakladem funkce.5¢ Kazdy druh a
kazdy kmen rodu Mycobacterium ma tento efluxni transport rizné vyvinuty. Tento
rozdil je asi nejvice patrny prave u M. tbc, kdy snizena aktivita efluxniho systému
zvySuje intracelularni koncentraci POA rychleji. Zaroven se tohoto rozdilu tspésné
vyuziva pri terapii dormantnich forem M. tbc, které jsou velice téZce zasazitelné. Tyto

,spici’ mikroorganismy jsou metabolicky méné aktivni vcetné aktivity efluxni, coz
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Obrazek 5 — Aktivace PZA a mechanismus uc¢inku spojeny s narusenim energetického metabolismu
mykobaketrie — prevzato z Wade, M. M.; Zhang, Y., 2004 se souhlasem editora Frontiers in bioscience: a
journal and virtual library ¢



prispiva ke kumulaci POA v intracelularnim prostoru. Cely proces je zndzornény na
Obr. 5.57:58

Viici tomuto mechanismu byla zaznamenana rezistence, ktera je ddna mutaci
genu zodpovédného za proteosyntézu pyrazinamidasy. Timto genem je pncA a pravée
tento gen snadno podléha mutacim v celé délce a zaptic¢inuje nejvétsi procento (v
priameéru 85 %) vSech rezistenci viici PZA.59-62

Nejnovéjsi vyzkum vSak prokazal, ze vliv kyselého prostfedi neni pro acéinek
PZA/POA dilezity. Zkoumanim pH cytoplazmy mykobakterii bylo zjisténo, ze
k intracelularnimu okyseleni nedochéazi vtakové mire, kterdA by ovlivnila
Zivotaschopnost téchto mikroorganismi. Tento nespecificky mechanismus lze tedy

povazovat za vedlejsi s mensim vlivem na celkovy téinek.63

3.3.3.2. Inhibice syntézy NAD* a ovlivnéni energetického

metabolismu burnky

Tato teorie vyuziva strukturni podobnosti pyrazinamidu s nikotinamidem. Ten je
spolu s kyselinou nikotinovou soucasti syntézy nikotinamid adenin dinukleotidu
(NAD*), ktery slouzi jako kofaktor redoxnich reakci. Nikotinamidasa v tomto cyklu
aktivuje nikotinamid, potazmo pyrazinamid, na korespondujici kyseliny. Ty jsou poté
zaclenény do NAD+. V pripadé PZA by tak vznikal nefunk¢ni derivat. Bohuzel, tato
teorie nebyla prokazana a zaroven proti ni svéddi i fakt, Ze k syntéze NAD+ bakterie

véetné mykobakterii vyuzivaji i jiné syntetické cesty véetné syntézy de novo.64
3.3.3.3. Inhibice Fatty Acid Synthasy I

Dalsim potencidlnim mistem zisahu je syntéza mykolovych kyselin.
Mechanismus tucinku byl prokazdn na enzymu Fatty Acid Synthasa I (FASI,
EC 2.3.1.85). Tento enzymaticky komplex je zodpovédny za syntézu prekurzort
mykolovych kyselin s kratsim retézcem. Ty jsou nasledné prodluzovany pomoci FAS II.
Naruseni tohoto fetézce vede k porucham tvorby bunécné stény a smrti patogenu.
Ucéinek byl vak nejprve prokazan pro derivat PZA — 5-chlorpyrazinamid.6566 Pozdéji
se tento mechanismus uc¢inku rozsiril i na samotny PZA a POA, bohuzel tyto latky
inhibovaly FAS I pouze ve vysokych koncentracich. Dalsim zkouméanim se podarilo
demonstrovat vazbu PZA a POA do aktivnich mist enzymu. Pomoci NMR
spektroskopie byly uréeny jednotlivé vazebné interakce. PZA naptiklad obsadil
vazebné misto NADPH.67
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3.3.3.4. Inhibice trans-translace

Trans-translace je vitalni mechanismus slouzici pro preziti buiiky. Je to jakysi
systém kontroly proteosyntézy. Pokud by doslo k néjaké chybé v translaci (zlomy,
chybné triplety, apod.), dojde soucasné i k zastaveni tvorby peptidu a zablokovani
ribozomu. Takto zablokovany ribozom je neschopny dalsi proteosyntézy a byl by pro
bunku nepouzitelny. Béhem trans-translace dochazi kuvolnéni defektniho
aminokyselinového retézce, jeho degradaci a predevsim k obnoveni funkce ribozomu.
K tomu slouzi tmRNA (transfer-messenger RNA), ktera se navazuje na poskozenou
mRNA (mediatorovou RNA), umozni odpojeni defektniho proteinu a zaroven ho
oznaci kodonem pro degradaci.®® PZA prokéazal inhibi¢ni ¢inek na tento zachranny
proces u M. tbc. Prvnim krokem je navazani POA (musi tedy dojit k aktivaci PZA
pomoci pyrazinamidasy) na ribozomalni protein SA (RpsA). Tento protein, ktery je
zodpovédny za navazani tmRNA na zablokovany ribozom, je vitdlni pro preziti
mikroorganismu. Exprimaci tohoto zachranného mechanismu podporuje vétSinou
vystaveni extrémnim podminkam, kdy je vétsi Sance k transla¢nim chybam.69

I zde se miize vyskytnout rezistence, ktera je spojena s mutaci genu rpsA, ktery

koduje prave ribozomalni protein SA na podjednotce 30S.70.7t
3.3.3.5. Inhibice aspartat dekarboxylasy

Nejnovejsi vyzkum ukazuje na dal§i mechanismus Géinku pyrazinamidu. Ten je
vazan na enzym aspartat dekarboxylasu (EC 4.1.1.11), ktery je zodpovédny za konverzi
L-aspartatu na -alanin. Ten je zdkladem pro syntézu panthotenatu, jenz je nezbytnou
soucasti koenzymu A. Koenzym A poté slouzi jako vyznamny mediator pii ziskavani
energie. NaruSeni této metabolické drahy dava moznost k depleci energetickych zasob
a odumfeni buriky. Pro prokazani této hypotézy bylo pouzito metody, kdy bylo do zivné
pudy pridano urcité mnozstvi B-alaninu ¢i panthotenatu. Mykobakterie, které byly
kultivovany na takto obohacené ptid€, se vyznac¢ovaly mnohem nizsi citlivost viici POA.
Tim byla dokazana inhibice aspartat dekarboxylasy, jelikoz u ptady s pridavkem
L-aspartatu ke sniZeni citlivosti nedoslo.72

I u tohoto mechanismu muze dojit ke vzniku rezistence. Ten je opét spojen

s mutaci genu, ktery tentokrat koduje aspartat dekarboxylasu — panD.73



3.3.4. Farmakologie pyrazinamidu

Z hlediska farmakokinetiky je u pyrazinamidu dilezity fakt, zZe in vitro je PZA
méné ucinny nez jeho metabolit POA. In vivo je tento jev opacny. POA nevykazuje
aktivitu zadnou, zatimco PZA je vysoce ucinny. VSe je dano schopnosti se vstrebavat.
Po peroralnim podani dochazi tedy k snadné absorpci PZA. Nasledny metabolismus je
pomeérné rychly. U ¢asti podaného 1éc¢iva nastava hydrolyza PZA na kyselinu, a ta je
z organismu vyloucena. Dale miize dojit oxidaci cestou xanthinoxidasy a vznikajici
5-hydroxy metabolity jsou opét vylouceny. Exkrece se vtéchto piripadech déje
ledvinami a moci.74

Obvyklé davkovani pro dospé€lé osoby trpici tuberkul6zou je 20-30 mg/kg télesné
hmotnosti pti rezimu denniho podavani a 30-40 mg/kg télesné hmotnosti pti rezimu
podavani 3x tydné, ktery se ovsem z hlediska kompliance a kontroly nedoporucuje
vyuzivat.4¢ S takto vysokym davkovanim souvisi i vyskyt nezadoucich ucinki. PZA jako
hepatotoxicka sloucenina vyzaduje sledovani funkce jaternich enzymu. Zvlast pri
podavani kombinaci srifampicinem a isoniazidem, jezZ jsou sami o sobé také
hepatotoxickymi slouceninami. Dal§im, velmi ¢astym nezddoucim téinkem je zvySena
hladina kyseliny mocové. Tu PZA ovliviiuje kompetici s kyselinou mocovou o
transportni systém v tubulech nefronu. Zvysena urikémie muZe vyustit az v dnavy
zachvat, ktery lze zvladnout béznou protizanétlivou 1écbou a neptedstavuje tak dtivod

pro vysazeni 1é¢by.75

3.3.5. Publikované derivaty PZA s antituberkulotickou

aktivitou

Derivati s ucinnosti na M. tbc bylo publikovino mnoho. Bylo vytvoieno jiz
nékolik prehledii, které shrnuji vyvoj téchto sloucenin. Jednim znich je Burger’s
Medicinal Chemistry, Drug Discovery, and Development.7® V této kapitole budou
zminény derivaty pripravené vramci pracovni skupiny prof. Dolezala, ktera se
syntézou derivati PZA zabyva jiz n€kolik desitek let.

Prvni zajimavou skupinu tvori anilidy kyseliny pyrazinkarboxylové, jejichz
karboxamidova funkce je substituovana fenylovym jadrem s riiznymi obménami. Byly
pripraveny celé série téchto sloucenin, znichz u nékterych byla zaznamenéina
vynikajici in vitro aktivita. Ta byla prokazana v ramci testovani TAACF (Tuberculosis
Antimicrobial Acquisition and Coordinating Facility; program probihajici v letech

1994-2010 v U.S.A,, jehoZz Gcéelem byla podpora vyzkumu novych antituberkulotik na
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akademické tirovni), kdy pét nejaktivnéjsich sloucenin inhibovalo riist M. tbc v rozmezi

88-99% pti koncentraci 6,25 ug/ml (shrnuto v Tabulce 4).77-81

Tabulka 4 — Prehled in vitro nejaktivnéjsich derivatii ze skupiny anilidit publikovanijch prof. Dolezalem a kol.

0 - H H 3-CF; 998e

R’ Nj)J\N /G Cl tert-butyl | 4-OH 9781
RzIN/ H Cl | tert-butyl | 2-OH 0681
Cl tert-butyl | 3-CF; 9580

Cl tert-butyl 3-F 8879

Dalsi skupinou navazujici na tuto praci jsou podobné derivaty, které obsahuji
v poloze 5- pyrazinového jadra chlor, ¢imz se tyto derivaty podobaji jiz zminénému
enzymovému inhibitoru FASI - s5-chlorpyrazinkarboxylové kyseliné, potazmo
5-chlorpyrazinamidu. Karboxamidova skupina je opét derivatizovana fenylovym
jadrem ¢i benzylamino skupinou, ktera je rtizné substituovana (viz. Tabulka 5). Ty
nejlepsi derivaty vykazaly aktivitu viici M. tbe lepsi nez samotny PZA. Hodnota pro
nejslibnéjsi slouceniny byla 1,56 pg/ml. Substituce fenylového jadra byla vtomto

pripadé také velice rtiznorod4.8283

Tabulka 5 — Série dopliujici piedchozi skupinu latek s vyraznou in vitro aktivitou vii¢i M. tbe

R MIC pro M. tbc

C|JIN/ 3 2'CL 5_CH3 1’56 lJ'g/InlS3

Derivaty, kdy je zachovana karboxamidova funkce, pripadné je nahrazena
analogickou skupinou karbonitrilovou, jiz takovou aktivitu nezopakovaly. Zde byla
benzylaminovéa ¢i fenylova skupina vazana pres sekundarni aminoskupinu na jadro
v poloze 3-. Ty nejlepsi aktivity vysly v rozmezi 6,25-12,5 ug/ml a u obou derivati PZA

se Gasteéné shodovala i substituce na aromatickém jadre (viz Tabulka 6).84



Tabulka 6 — Derivaty s obménou funkénich skupin na pyrazinovém jadie vedouct ke snizent in vitro aktivity

R1 R2 MIC pro M. tbc
N R CN 4-CHj;3 6,25 ug/ml
JI I CN H 12,5 ug/ml
NG N H/\QRZ CN 3-Cl 12,5 ug/ml
CONH. | 4-CHj 12,5 ug/ml
CONH:. | 4-NH. 12,5 pug/ml

Nejslibnéjsi skupinu aktivnich latek utvorila skupina s postrannim alkylamino
retézcem, ktery byl vazany v poloze 5- ¢i 6- pyrazinového jadra. Derivaty, které
obsahovaly volnou karboxamidovou skupinu, byly aktivhi o néco méné. Zde byla
nejlepsi aktivita dosazena 8-uhlikatym fetézcem. Slouceniny, u nichz byla
karboxamidova funkce prevedena na anilid s fenylovym jadrem, svou aktivitu jesté
zlepsily. Poloha 5- projevila oproti poloze 6- lepsi aktivitu s kulminaci u 6-ti a

7-mi ¢lenného fetézce s aktivitami az 0,78 ug/ml (viz. Tabulka 7).85-87

Tabulka 7 — Prehled alifaticky substituovanych derivatu PZA vykazujicich vijznamnou in vitro aktivitu

R MIC pro M. tbc

N\ CONH, -oktvl 6 185

HNE j/ 5-okty ,25 ug/m
R N7 6-oktyl 1,56 ug/ml8s
o pentyl 3,13 pg/mlsé
NN I g hexyl 1,56 pig/miss
I J H heptyl 1,56 pg/mil8

N

oktyl 3,13 pg/mlsé
o pentyl 3,13 pg/mlé7
Nj)LN/O hexyl 0,78 ug/mlsé7
R\ JIN/ H heptyl 0,78 ng/mls7
i oktyl 3,13 ug/mls7

3.4. MIKROVLNAMI ASISTOVANE REAKCE

V dnesni dobé je vyuziti mikrovinné technologie velikou vyhodou. Praktické
vyuziti v poslednich letech prudce stoupa. Je to dano také tim, ze stoupa obliba

takzvané ,zelené" chemie (green chemistry). Pouziti mikrovlnnych reaktori tento

trend umoznuje. Je zde moznost sniZzovani spotieby rozpoustédel, spotieby energie.
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Dalsi nespornou vyhodou je urychleni celé reakce, zvySovani vytézkt a jednotny ohiev
celého objemu reakéni smési. Samoziejmeé i tato technologie mé své nevyhody. Ne vzdy
je pro dany typ reakce vhodna a je zde castéjsi vyskyt vedlejsich produkti, které by pii
konvencni syntéze nevznikly. To je vSak mozné omezit pouzitim modernich
purifika¢nich metod.88 Vyuziti uzavienych pretlakovych systémii poskytuje dalsi
vyhodu. Je totiZ mozné dosahnout daleko vyssi teploty rozpoustédla ¢i reakéni smési,
nez je bézna teplota varu pro tuto slouceninu za atmosférického tlaku.

Mikrovlnné zateni je typem elektromagnetického vinéni. Rozmezi vinovych délek
pro mikroviny je pomérné Siroké — 1 milimetr az 1 metr, které odpovida frekvenci
0,3-300 GHz. Pro pouziti v praxi je tieba tuto vinovou délku potazmo frekvenci vice
specifikovat, nebot v téchto vinovych délkach operuji i jina zarizeni (vysilacky, radia, a
jiné). Primyslové reaktory vyuzivaji frekvenci 2,455 GHz, coz by mélo omezit
interference s ostatnimi pristroji.

Mikrovlnné zahtivani urychluje, dle nékterych autorii, chemické reakce dvéma
skupinami efektti. Jsou to termické a netermické efekty. Schopnost nékterych
sloucenin ¢i rozpoustédel preménit elektromagnetickou energii na teplo je dano prave
efektem termickym. Je nezbytné, aby molekula byla schopna vytvorit dipolovy
moment, ¢i se byla schopna ionizovat. Dipdl je schopny interagovat s externim
elektrickym polem, které dodavéa energii pro rotaci samotnych molekul. Fazovy rozdil
mezi oscilujicim elektrickym polem pristroje a molekul zpiisobuje energetické ztraty,
coz zvySuje teplotu. Totéz plati i pro iontovou vodivost. Dal§im dtilezitym parametrem
pro interakci s elektromagnetickym polem je ztratovy uhel, ktery vyjadiuje rozsah
schopnosti pireménit energii na teplo. To ovliviiuje rychlost ristu teploty. U
netermalnich efekti je to ponékud slozit€jsi. Zde se znaéné rtizni nazory odborné
spoleénosti, zda viibec tento typ efektii existuje. Teorii a modeld existuje nékolik a
v poslednich letech se mnozi poznatky, Ze jsou tyto efekty méné diilezité pro celkovy

pribéh mikrovinami asistované reakce.89-92



4. ZVOLENE METODY RESENI

4.1. OBECNE POSTUPY

VSechny pouzité chemikalie byly zakoupeny od spolecnosti Sigma-Aldrich
(Sigma-Aldrich, Co., Steinheim, Némecko) ¢i Fluorochem (Fluorochem Ltd., Hadfield,
Derbyshire, Velk4 Britdnie) a byly minimalné v syntetické kvalité. Tenkovrstva
chromatografie byla provadéna na TLC deskach Merck Sillica gel F.5,4 s UV detekei pri
254 nm (Merck KGaA, Darmstadt, Némecko). K syntéze finalnich produktt byl vyuzit
mikrovinny reaktor CEM Discover vybaveny podavacem Explorer 24 (CEM
Corporation, Matthews, Severni Karolina, U.S.A.). Ziskané produkty byly preciStény
pomoci preparativniho flash chromatografu CombiFlash® Rf (Teledyne Isco, Inc.,
Lincoln, Nebraska, U.S.A.). Byla pouzita gradientova eluce v systému hexan-
ethylacetat s detekéni vinovou délkou 260 nm. Jako stacionarni faze byl pouzit silikagel
s velikosti zrn 40-63 um.

'H a 13C NMR spektra byla mérena na pristrojich Varian Mercury-VxBB 300 a
Varian VNMR S500 (Varian corp., Palo Alto, Kalifornie, U.S.A.). Méfeni probihalo pti
laboratorni teploté a chemické posuny byly uvadény jako & v jednotkach ppm, které
byly vztazeny k tetramethylsilanu jako standardu. Infracervena spektra byla
zaznamenana metodou ATR na pfistroji FT-IR Nicolet 6700 (Thermo Scientific,
Waltham, Massachusetts, U.S.A.). Elementarni analyza byla provedena na ptistroji EA
1110 CHNS Analyser (Fisons Instruments S. p. A., Carlo Erba, Milano, Italie) a vysledky
byly vyjadfeny v procentech. Teplota tani byla méfena na pristroji SMP3 Stuart
Scientific (Bibby Sterling LTD, Staffordshire, Velka Britanie) v oteviené kapilare a

ziskané hodnoty jsou nekorigované.
4.2. SYNTETICKE POSTUPY

Vychozi latky byly pripraveny podle piedchozich postupii, diive publikovanych

v odbornych ¢asopisech.
4.2.1. Priprava 5-chlor-6-methylpyrazin-2,3-dikarbonitrilu

Vprvnim kroku dochazi ke kondenzaci kyseliny pyruvové (0,025 mol) a
diaminomaleonitrilu (0,025 mol). Obé slouceniny se rozpustily v methanolu (60 ml) a
postupné se pridalo 10 ml 15% kyseliny chlorovodikové. Cela smés se nechala reagovat

po dobu tii hodin pri laboratorni teploté a za stdlého michani. Poté se oddestilovaly
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2/3 rozpoustédla, pridalo se 80 ml horké vody a nechal se odpatit zbytek methanolu.

Vodny roztok se umistil do lednice. Vzniklé krystaly se odsély a vysusily.

NC. NH, O. CH,
N R e e
NC” >NH, 07 “OH 2o NC OH NG

Schéma 2 — Priprava 5-chlor-6-methylpyrazin-2,3-dikarbonitrilu kondenzaci a naslednou chloract aromatické
hydroxy skupiny pomoci chloridu fosforylu

5-Hydroxy-6-methylpyrazin-2,3-dikarbonitril (0,015 mol) se postupné rozmichal
v chloridu fosforylu (0,060 mol) a cela smés se ochladila na o °C. Po kapkach se pridal
pyridin (0,020 mol) a po ukonceni exotermni reakce se cela smés zahtala na 9o °C. Po
dvou hodinach se reakce ukoncila a odpatil se prebytec¢ny chlorid fosforylu. Zbyla smés
se extrahovala tiikrat az ctyrikrat toluenem, spojené toluenové podily se odparily do
sucha a vznikla krystalicka latka se prekrystalizovala z chloroformu. Postup je shrnut

ve Schématu 2.93
4.2.2. Priprava 3-chlorpyrazin-2-karboxamidu

Prvni metodou pro pripravu této vychozi latky je homolytickd amidace
pyrazinového jadra (Schéma 3). 2-Chlorpyrazin (170 mmol) byl rozpustén
ve formamidu (146 ml) a celd smés se zahtala na 9o °C. Po castech se pridal
peroxodisulfat amonny (180 mmol) a reakce pokracovala pii 85 °C dalsi tfi hodiny.
Smés se nechala stat pri pokojové teploté 24 hodin, pridala se destilovana voda a
odfiltroval se pevny podil. Filtrat se nechal kontinualné extrahovat chloroformem po
dobu 16 hodin. Smés tfi vznikajicich polohovych isomert byla rozdélena pomoci
preparativni chromatografie a 3-chlorpyrazin-2-karboxamid byl prekrystalizovan

z ethanolu. VytéZznost této reakce se pohybuje mezi 15 a 20 %.94:95
CONH2 2Noc

(), et (0 1y T,
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Schéma 3 — Méné vyhodna syntéza 3-chlorpyrazin-2-karboxamidu homolytickou amidaci pyrazinového jadra a
zastoupent jednotlivych polohovych izomertii

Druhy postup je zalozen na parcialni hydrolyze karbonitrilové skupiny (Schéma

4). 3-Chlorpyrazin-2-karbonitril (104 mmol) se postupné pridal do smeési

koncentrovaného peroxidu vodiku (29 ml) a destilované vody (195 ml) zahiaté na



50 °C, u které bylo upraveno pH na hodnotu 9 pomoci 8% roztoku hydroxidu sodného.
Po pridani celého mnozstvi karbonitrilu se smés zahiala na 55 °C a nechala reagovat
dvé hodiny. Béhem reakce je nutné neustale monitorovat hodnotu pH a ptipadné
upravovat pomoci 8% roztoku NaOH. Pti nedodrzeni téchto podminek miize dochéazet
k Gplné hydrolyze karbonitrilové skupiny na karboxylovou skupinu, resp. na jeji
sodnou siil. Po skonceni reakce byla celd smés ochlazena vlednici k iniciaci
krystalizace. Surovy produkt byl prekrystalizovan zethanolu. Vytéznost tohoto

postupu je asi 80 %.94
N_ _CONH,

N7 >cl NZ>cl
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za peclivé kontrolovanych podminek

4.2.3. Priprava N-benzyl-3-chlorpyrazin-2-karboxamidu

Vprvnim kroku bylo tfeba nahradit aminoskupinu skupinou hydroxylovou
pomoci diazotacni reakce. 3-Aminopyrazin-2-karboxylova kyselina (50 mmol) se po
castech za stdlého michani ptidala do vychlazené koncentrované kyseliny sirové
(50 ml). Nitrosylsirova kyselina se pripravila vychlazenim koncentrované kyseliny
sirové (37,5 ml) na o °C a postupnym piidavanim dusitanu sodného (50 mmol) po
dobu 15 minut za stalého chlazeni. Tato nitrosyla¢ni smés se poté po ¢astech pridavala
k vychlazenému roztoku 3-aminopyrazin-2-karboxylové kyseliny za stalé kontroly
teploty (0-2 °C). Po 15 minutach se tato smés po ¢astech nalila na ledovou trist a za
stdlého michani se vyckalo do ukonéeni vyvoje dusiku. Tato silné kysela masa se
zfiltrovala, pevny podil se promyl vodou do neutrdlni reakce, latka se vysusila a
prekrystalizovala z vody.9¢ Poté byla 3-hydroxypyrazin-2-karboxylova kyselina
(7 mmol) rozpusténa v chloridu fosforylu (13 ml), bylo pridano par kapek pyridinu a
cela smés se za stdlého michani zahtivala za refluxu dvé hodiny. Piebyte¢ny POCI; se
vakuove odparil.97 Pfipraveny chlorid kyseliny 3-chlorpyrazin-2-karboxylové (7 mmol)
se rozpustil v bezvodém tetrahydrofuranu (THF) a do tohoto roztoku se po castech
vnesla smés benzylaminu (35 mmol) a triethylaminu (14 mmol) rozpusténého v malém
mnozstvi bezvodého THF. Cel4 masa se nechala reagovat za stalého michani tfi hodiny
pri laboratorni teploté. Nasledovalo precisténi pomoci preparativni chromatografie.
Jednotlivé kroky jsou znazornény ve Schématu 5. Jako vedlejsi produkt posledniho

kroku této reakce vznikal také N-benzyl-3-(benzylamino)pyrazin-2-karboxamid
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(disubstituovany derivat). Vznikal vSak pouze v poméru 1:8 a zaroven byl velmi dobte

oddélitelny pomoci flash chromatografie.

N_ _COOH N_ _COCI

N_ _COOH
[ j: NaNO, H,SO, [ I POCI3, pyridin [ I
N7 > NH, i N” >OH N7 >l

SEASHIGRS
O

80 % 10 %

Schéma 5 — Priprava N-benzyl-3-chlorpyrazin-2-karboxamidu diazotacni reakci, chloraci a
aminodehalogenacéni reakct s nesubstituovanym benzylaminem a vznik vedlejstho produktu

4.2.4. Obecny postup aminodehalogenace

Vychozi latka (200 mg) se navazila do specialni silnosténné zkumavky, pridaly se
dva ekvivalenty prislusného aminu, ekvimolarni mnozstvi pyridinu a 3 ml methanolu.
Pridalo se michadlo a zkumavka se uzaviela septem. Smés se umistila do mikrovinného
reaktoru. Podminky reakce byly experimentalné urceny a jsou nasledujici: reakéni
teplota 140 °C, doba reakce 30 min, vykon 120 az 200 W. Déle bylo pouzita metoda

stalého chlazeni, ¢im bylo dosazeno vétsiho vykonu béhem celé doby reakce.
4.3. BIOLOGICKA HODNOCENI

4.3.1. Antimykobakterialni hodnoceni

Toto testovani bylo provadéno ve spolupraci s Ustavem klinické mikrobiologie
Fakultni nemocnice v Hradci Kralové.

Zakladem téchto testi byla mikrodilu¢ni bujonova metoda v mikrotitracnich
deskach. Odecet byl vizualni s barevnou indikaci aktivity pomoci metody Alamar Blue.
Paleta testovanych kment byla v pribéhu ¢asu mirné upravena. K testovani byly
zakoupeny kmeny z Ceské narodni sbirky typovych kultur (ozna¢eni CNCTC) pfi
Statnim zdravotnim tustavu.9® Jednalo se o Mycobacterium tuberculosis H37Rv
CNCTC My 331/88, M. kansasii Hauduroy CNCTC My 235/80, M. avium CNCTC



My 152/73. Zpocatku byl jesté pouzivan kmen M. avium CNCTC My 80/72, ale
z divodu c¢asové a finanéni narocnosti se od testovani na tomto kmeni ustoupilo,
jelikoz vysledky ziskané v priibéhu testovani byly u obou kment M. avium totozné.
Kmeny jsou kultivovany pti 37 °C v temnu a vlhku.

Standardem pro antimykobakteridlni testovani byl zpocatku pyrazinamid a
pozdéji se zacal vyuzivat isoniazid, ktery vykazoval aktivitu i vii¢i kmentim M. kansasii
a M. avium.

Jako kultivaéni médium byla ze zac¢atku pouzivana Sulova tekuti ptida (Trios,
Praha, CR) o pH vrozmezi 5,5-5,7. Takto nizké pH bylo zvoleno z divodu aktivity
standardu PZA, jelikoZ s rostouci hodnotou pH klesa aktivita PZA, a to az stokrat.
Zaroven je zde patrna i podobnost pripravenych sloucenin s PZA. Diky nizSimu pH
dochazelo bohuzel obéas k problémiim s ristem mykobakterii a dale bylo nutné toto
pH neustdle monitorovat. Ztohoto dvodu se =zacalo vyuzivat médium
Middlebrook 7Hg (Sigma-Aldrich). Tento bujén je chemicky presné definovany a jeho
hodnota pH je 6,6+0,2. Dale je obohacen o riistovy suplement OADC (kyselina olejova,
albumin, dextrosa, katalasa) (Himedia, Mumbai, Indie) a glycerol (Sigma-Aldrich),
¢imz je zajiStén dostatecny prisun zivin pro rist mykobakterii.

Testované slouceniny jsou rozpoustény v DMSO a redi se ve dvojkové radeé
v koncentracich 20000, 10000, 5000, 2500, 1250, 625 a 313 pug/ml. U isoniazidu bylo
pristoupeno jesté k niz§im koncentracim a to 156, 78, 39 a 20 ug/ml. Tyto zakladni
roztoky byly poté naredény médiem v pomeéru 1:99, ¢imz se dosahlo koncentrace 100x
nizsi. Takto naredéné latky byly napipetovany do mikrotitra¢ni desti¢ky. Koncentrace
DMSO doséahla 0,5 % (V/V) a neovlivnila rist mykobakterii.

Mykobakterialni suspenze byla pripravena ve vodném prosttedi a pied pouzitim
byla denzitometricky upravena na hodnotu 0,5-1,0 dle McFarlanda. Z této suspenze
byly pripraveny dalsi s fedénim 10 a 10-3. Témi se inokulovaly mikrotitrac¢ni desticky,
¢imz se dosahlo finalnich koncentraci testovanych latek 100, 50, 25, 12,5, 6,25, 3,13 a
1,56 pg/ml resp. az do koncentrace 0,1 pg/ml pro isoniazid. Pii pouziti Sulovy pady
byla inkubaéni doba 14-21 dni. Presnd doba kultivace byla uréena nartistem
mykobakterii v kontrolni jamce. Po zavedeni média Middlebrook 7H9 a detekce
pomoci Alamar Blue se doba nartistu zkratila na 5-7 dni, ¢imz se vyrazné zkratila doba

pottebna pro testovani.
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Hodnoty minimalni inhibi¢ni koncentrace (MIC) byly odeéteny vizualné jako
nejnizs$i koncentrace potirebna k potlaceni ristu mykobakterii. Tato hodnota byla
platna, pokud se neliSila pro ob€ fedéni suspenzi o vice jak jeden rad. Dale byl nutny
narist v kontrolni jamce obsahujici pouze DMSO (pozitivni kontrola) a inhibice rtistu
v jamkach se standardy (negativni kontrola). Zpocatku byl odecet zaloZzen na zméné
zakalu a vytvoreni viditelnych kolonii. Pozdéji se pristoupilo k vyuziti barevného
indikatoru rastu. Tim je takzvané barveni Alamar Blue. Chemicky se jedna o resazurin
(modra barva, nevykazuje fluorescenci), ktery je redoxnimi systémy rostoucich
mykobakterii redukovan na resorufin dle Schématu 6. Tato forma je rtizova a vykazuje
silnou fluorescenci (predevsim v zeleném svétle) (viz. Obrazek 6 a 7). Je tedy mozné
odecditat vizualné, spektrofotometricky a s vyhodou i spektrofluorimetricky (vysoka
citlivost). Dalsi nespornou vyhodou tohoto barveni je i fakt, Ze toto barvivo je pro
bakterie netoxické a nedochazi tak kusmrceni, ¢imz by mohlo dojit ke zkresleni

vysledki.

NADH /H* NAD* H

@Q\/@Q

Schéma 6 — Redukce modrého resazurinu na riuzovy, fluoreskujict resorufin

Obrazek 7 — Ukazka fluorescence resazurinu (vlevo) a resorufinu (vpravo) v zeleném svétle



4.3.2. Hodnoceni aktivity vii¢i Mycobacterium smegmatis

Toto hodnoceni probihd na katedfe Farmaceutické chemie a Farmaceutické
analyzy. Bylo zavedeno v rdmci této disertacni prace po absolvovani mési¢ni vyzkumné
staze v irském Cork Institute of Technology. Prakticky se testuje aktivita sloucenin na
rychle rostoucim nepatogennim druhu rodu Mycobacterium. Pro testovani se pouziva
zakoupeny kmen Mycobacterium smegmatis CCM 4622 (ATCC 607) z Ceské kolekce
mikroorganismu.9 Metoda pro tento skrining je opét mikrodiluéni bujonova v 96-ti
jamkovych mikrotitracnich deskach. Jako médium byl pouzit Middlebrook 7Hg
s pridavkem rtstového suplementu OADC a glycerolu. Standardy jsou isoniazid,
rifampicin a ciprofloxacin (CPX).

Destic¢ky se pripravi napipetovanim sterilni vody do okrajovych jamek (zabranéni
vysychani) a do ostatnich jamek je piidano 100 ul média, vyjma negativni kontroly, kde
se pipetuje 200 pul. Testované slouceniny se rozpusti v DMSO v koncentraci 20000
ug/ml. Nasledné se zfedi bujonem v poméru 1:9 a vnasi se do prvni jamky v sérii
v objemu 100 pl. Dojde tak k dal§imu zifedéni (1000 pg/ml). Dvojkovym fFedénim se
prenasi objem 100 ul do dalSich jamek. Nasleduje pridani 100 pl mykobakterialni
suspenze, pripravené upravenim denzity inokula na hodnotu 1,0 dle McFarlanda a
ziredéni bujonem v poméru 1:20, ¢imz je dosazeno finalnich koncentraci 500, 250, 125,
62,5, 31,25, 15,63, 7,81 a 3,91 ug/ml. Vyjimkou jsou standardy rifampicin a
ciprofloxacin, u kterych jsou finalni koncentrace diky jejich aktivité v hodnotach 12,5,
6,25, 3,13, 1,56, 0,78, 0,39, 0,20 a 0,10 ug/ml. VSechny latky jsou testovany dvojité.
Rozlozeni mikrotitra¢ni desticky je znazornéno v Tabulce 8. Finalni koncentrace
DMSO neptekrodila 2,5 % (V/V) a neovlivnila rist mykobakterii. K tomuto tcelu je
zavedena pozitivni kontrola, ktera obsahuje pouze mykobakterialni suspenzi v bujénu
s pridavkem DMSO, tak aby jeho finalni koncentrace ¢inila 2,5 % (V/V). Suspenze
mykobakterii a mikrotitra¢ni desti¢ky se inkubuji pfi teploté 37 °C v temnu.

Po 48 hodinach inkubace je pridano barvivo Alamar Blue (sodna siil resazurinu)
v mnozstvi 10 % objemu jamky a MIC se odecita po dalSich ¢tyfech hodinach inkubace.
Jako hodnota minimalni inhibi¢ni koncentrace je povazovana prvni jamka se zménou
zbarveni z modré na rizovou. Priklad vykultivovanych mikrotitracnich desticek je

znizornén na Obrazku 8.
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Tabulka 8 — Rozlozeni mikrotitracni desticky pri testovdani potencialné aktivnich sloucenin

1 2 3 4 5 6 7 8 9 10 | 11 | 12
AV \Y% \Y% \Y% \Y% \Y% \Y% \Y% \Y% V|V |V
B |V | 500 | 250 125 | 62,5 | 31,25 15,63 | 7,81 | 391 | o | K | V
C|V | 500 | 250 | 125 | 62,5 | 31,25 |15,63| 7,81 | 391 | 0o | K | V
D|V | 500 | 250 125 | 62,5 | 31,25 15,63 | 7,81 | 391 | o | K | V
E |V | 500 | 250 125 | 62,5 | 31,25 15,63 | 7,81 | 391 | o | K | V
F|V | 500 | 250 125 | 62,5 | 31,25 15,63 | 7,81 | 391 | o | K | V
G|V | 500 | 250 | 125 | 62,5 | 31,25 |15,63| 7,81 | 3091 | 0o | K | V
H|V \Y% \Y% \Y% \Y% \Y% \Y% \Y% \Y% V| V|V

V —voda; 0 — negativni kontrola (isty bujon); K — pozitivni kontrola (mykobakterialni suspenze v bujonu
s pridavkem DMSO v koncentraci 2,5 %); 500-3,91 ug/ml konc. testovanych latek

Obrazek 8 — Ukazka antimykobakteridlniho testovant (vlevo standardy, uprostied a vpravo test. slouceniny)

VyuZziti tohoto modelu je zalozeno na nékterych vlastnostech, které jsou pro rod
Mycobacterium spolecné. Nelze Tict, Ze je tento model stoprocentné odpovidajici M.
tbc, ale jsou zde jisté vyhody. Mezi né v prvni radé€ patii generac¢ni doba bakterii, dale
nepatogenita a podobné enzymové systémy, predevsim existence pyrazinamidasy.

Existuje nékolik pokusti o srovnani téchto dvou modeli. Vyzkumné skupiny
zabyvajici se genomem mykobakterii urcily, ze zde existuje vysoka podobnost u gent,
které jsou exprimovany pii hypoxickych podminkach (napt. v makrofazich). Pokud je
M. smegmatis vystaveno hypoxii, dochazi také k exprimaci podobnych funkeci. Zaroven

i exprese genti, kodujicich enzymy vyskytujici se u dormantnich forem M. tbc (nitrat



reduktasa, isocitrat lyasa, alanin dehydrogenasa), je podobna. Z vyse uvedeného
vyplyva, Ze tento model je vhodny pro pouziti pti studiu aktivity metabolicky
neaktivnich mykobakterii.zo0201 Existuje i studie zabyvajici se hodnocenim M.
smegmatis jako modelu vhodného pro testovani sloucenin s potencionalni aktivitou
viici M. tbe. Bylo otestovano pres 5000 sloucenin a u 50 % z nich bylo zjisténo, ze latky,
které inhibuji M. smegmatis, inhibuji zaroven i M. tbc. Tato hodnota neni uplné
nejvyssi a nékteri ji nepovazuji za dostatec¢nou, ale diky skriningu na M. smegmatis se
podatilo objevit napf. slou¢eninu TMC207, dnes znamou pod oznacenim Bedachilin,

ktera je nyni nenahraditelnou slozkou v terapii rezistentni TBC.202
4.3.3. Hodnoceni antibakterialni aktivity

Antibakterialni aktivita byla hodnocena na katedie Biologickych a 1ékatskych véd
Farmaceutické fakulty v Hradci Kralové. Pro testovani bylo pouzito mikrodiluéni
bujonové metody v 96-ti jamkovych mikrotitracnich deskach. Pouzité bakterialni
kmeny pochézely z Ceské kolekce mikroorganismti (CCM) nebo byly ziskany jako
klinické izolaty z Fakultni nemocnice v Hradci Kralové.?9 Jednalo se o kmeny
Staphylococcus aureus CCM 4516/08, Escherichia coli CCM 4517, Pseudomonas
aeruginosa CCM 1961, Staphylococcus aureus H 5996/08 — methicilin rezistentni
(MRSA), Staphylococcus epidermidis H 6966/08, Enterococcus sp. J 14365/08,
Klebsiella pneumoniae D 11750/08 a Klebsiella pneumoniae J 14368/08 —
ESBL pozitivni. VSechny kmeny byly kultivovany na Mueller Hinton agaru pfi 35 °C.

Slouceniny byly rozpustény v DMSO a poté nafedény Mueller Hinton bujonem
spH upravenym na hodnotu 7,0. Inokulum bylo roztfepano ve sterilnim
0,85% fyziologickém roztoku, denzita byla upravena na hodnotu 0,5 dle McFarlanda.
Testovana koncentrace latek byla v rozmezi 500-0,49 pumol/l, zaroven koncentrace
DMSO nepiesahla 1 % (V/V) a neovlivnila riist mikroorganismi. Jako standardy pro
testovani byly pouzity penicilin G (PEN), bacitracin (BAC), neomycin (NEOM),
ciprofloxacin (CPX) a fenoxymethylpenicilin (PHE). MIC se stanovila vizualné po 24 a
48 hodinéch inkubace pri 35 °C jako nejnizsi koncentrace inhibujici viditelny rtst

v porovnani s kontrolou.103
4.3.4. Hodnoceni antifungalni aktivity

Antifungalni aktivita byla také hodnocena na katedre Biologickych a l1ékaiskych
véd Farmaceutické fakulty v Hradci Kralové. Pro testovani bylo pouzito standardni

mikrodiluéni bujonové metody v 96-ti jamkovych mikrotitraénich deskach. Mezi
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testované kmeny byly zarazeny Candida albicans ATCC 44859, Candida tropicalis
156, Candida krusei E28, Candida glabrata 20/1, Trichosporon asahii 1188,
Aspergillus fumigatus 231, Lichtheimia corymbifera 272 a Trichophyton
mentagrophytes 445. Kultivace probihala na Sabouraudové gluk6zovém agaru pii
35 °C ve tmé a humidni atmosfére.

Slouceniny se rozpustily v DMSO a naredily RPMI 1640 ristovym médiem
s glutaminem a pH 7,0. Kolonie z agaru byla roztfepana ve sterilni vodé. Hustota
inokula se urcuje Biirkerovou komtirkou a hodnota vhodna pro testovani je
1,0-2,5x105 CFU/ml (u vlaknitych hub 100 konidii na 100 ¢tverci). Testovana
koncentrace latek byla vrozmezi 500-0,49 pumol/l, zaroven koncentrace DMSO
nepresahla 1 % (V/V) a neovlivnila riist kvasinek a hub. Jako standardy pro testovani
byly pouzity flukonazol (FLU), amfotericin B (AMB), vorikonazol (VOR) a nystatin
(NYS). MIC se stanovila vizualné po 24 a 48 hodinach inkubace pii 35 °C jako nejnizsi
koncentrace inhibujici riist v porovnani s kontrolou resp. po 72 a 120 hodinach u
vlaknitych hub.104

4.3.5. Hodnoceni antivirové aktivity

Antivirova aktivita byla hodnocena ve spolupraci s prof. Lieve Neasens z Rega
Institute for Medical Research — KU Leuven. Pouzité viry byly ze skupiny RNA i DNA
virl a zaroven byla stanovena cytotoxicita na vybranych bunécnych liniich. Metodika

je obsahla a presahuje ramec této disertacni prace.106-107
4.3.6. Hodnoceni herbicidni aktivity

Toto stanoveni probihalo ve spolupraci s fakultou Ptirodnich véd Komenského
Univerzity v Bratislavé pod vedenim doc. Katariny Kralové. Herbicidni aktivita byla
méfena jako inhibice fotosyntetického elektronového transportu v chloroplastech
rostliny Spinacea oleracea. Mira inhibice byla méfena pomoci fotoredukce
2 6-dichlorfenol-indofenolu (elektronovy akceptor). Slouceniny byly rozpustény
v DMSO, jehoz finalni koncentrace neptesahla 4 % a neovlivnila tak fotochemickou
aktivitu chloroplastti. U¢innost latek byla vyjadiena jako 50% inhibi¢ni koncentrace

IC50 v porovnani s kontrolou.108:109



5. KOMENTAR PUBLIKOVANYCH VYSLEDKU

Vysledky uvedené v této disertaéni praci byly publikovany formou c¢tyt ¢lanki
v odbornych védeckych casopisech, jednoho ¢lanku po tipraveé odeslaného do redakce
(¢eka se na konec¢né vyjadieni), dvou prispévki na elektronickych konferencich a také
formou jednoho ceského patentu, ktery byl nasledné uznan i jako evropsky, a prosly
naroénym recenznim fizenim. Proto nebudou uvedeny klasicky ve formé monografie,
ale jako komentar a diskuze téchto vysledkii. Budou komentovany pripadné vztahy
struktura — acinek (SAR) pripravenych sloucenin s odkazem na danou publikaci.
Detaily syntetické a analytické jsou v plném znéni uvedeny ve ¢lancich tvoricich prilohy
této disertacni prace. Ostatni sdéleni (plakatova sdéleni a prednasky na odbornych
védeckych konferencich) jsou uvedeny v seznamu vsSech vystupti. Pro Gcely komentaie

byly pripravené slouc¢eniny rozd€leny do skupin dle struktury vychozi latky.

5.1. DERIVATY VYCHAZEJICi Z 5-CHLOR-6-METHYLPYRAZIN-2,3-

DIKARBONITRILU

5.1.1. 5-Chlor-6-methylpyrazin-2,3-dikarbonitril

substituovany benzylaminy (komentar k priloze €. 1)
Hs

NC N C
T
/
NC N N
AL
Obrazek 9 — Struktura benzylamino derivatit odvozenych od 5-chlor-6-methylpyrazin-2,3-dikarbonitrilu

Jedna se o sérii 15 sloucenin, které jsou tvoreny dvéma aromatickymi jadry
spojenymi aminomethylenovym mustkem (-NHCH.-) (Obrazek 9). Pyrazinové jadro
je substituovano dvéma karbonitrilovymi skupinami, které lze povazovat za analoga
karboxamidové funkce PZA.

Syntéza finadlnich produkti byla provddéna v mikrovinném reaktoru
s fokusovanym polem. Vychozi latka byla rozpusténa v methanolu, byl pridan
benzylamin v dvojnasobném molarnim mnozstvi a ekvimolarni mnozstvi pyridinu.
Cel4 smés byla zahtivana ve specialni silnosténné sklenéné zkumavce uzaviené septem
uréené pro mikrovinny reaktor. Podminky byly stanoveny experimentalné a jsou
nasledujici: teplota zahrivani 150 °C, doba reakce 30 minut, vykon 120 W. Produkty

byly nasledné preciStény pomoci preparativni chromatografie a analyticky
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charakterizovany. Vytézky se pohybovaly vrozmezi 17 az 62 %. 14 produkti bylo
syntetizovano nové, jeden byl jiz diive charakterizovan v literature.

VétSina latek ztéto série vykazala antimykobakteridlni aktivitu proti kmeni
M. tbc H37Rv. Ta se pohybovala v rozmezi 6,25-25 ug/ml resp. 19,6-100,3 uM, z ¢ehoz
nejacinngjsi slouceniny byly substituovany na benzylaminové ¢asti molekuly elektron-
akceptorovymi skupinami (3,4-Cl; 2-Cl; 4-CF5). Ostatni slou¢eniny vykazujici aktivitu
také obsahovaly ve své molekule elektron-akceptorové skupiny v podobé halogenu ¢i
trifluormethylové skupiny. Naopak slouceniny s methylovou ¢i methoxy substituci
vykazaly aktivitu minimalni az nulovou. Pro porovnani biologické aktivity byly zvoleny
dva standardy — pyrazinamid (12,5 ug/ml, resp. 101,5 uM) a isoniazid (1,56 pg/ml,
resp. 11,4 uM). Vysledky jsou pro porovnani znazornény v Obrazku 10. Pouze dvé
slouc¢eniny vykazaly aktivitu proti atypickym mykobakteriim (M. kansasii a M. avium),

ale jeji hodnota byla zanedbatelna.

R R R R
NC_ N_ CH,
I \ji 1 2-CH; 5 4-OCHj; 9 2-Cl 13 2,4-OCH;
NC~ N7 H@R 2 3-CF, 6 H 10 2-F 14 3-NO.
3 3,4-Cl 7 4-NH. 11 4-CF, 15 4-Cl
4 4-CH3 8 3-Cl 12 2-CF;

@ Lipofilitalogk ®EHerbicidni aktivita BTBC

Obrazek 10 — Aktivita sloucenin vyjadirena jako log (1/MIC) resp. log (1/ICso) [M] ze série benzylamino derivati
odvozenyjch od 5-chlor-6-methylpyrazin-2,3-dikarbonitrilu a porovnant s experimentalné stanovenou lipofilitou
(TBC — M. tuberculosis H37Rv)



Nebyla pozorovana aktivita vii¢i rychle rostoucim mikroorganismiim, napft. proti
M. smegmatis ¢i testovanym kmentim bakterii a hub.

V této sérii byla zkoumaéana i herbicidni aktivita pripravenych sloucenin, ktera byla
meéfena jako mira inhibice fotosyntetického elektronového transportu. Vétsina latek
vykazala aktivitu, ktera vSak byla ve srovnani s primyslové pouzivanym standardem
Diurone® (DCMU; 3-(3,4-dichlorfenyl)-1,1-dimethylmocovina) nizsi. Nejlepsi aktivitu
ukéazala sloucenina 5-[(3,4-dichlorbenzyl)amino]-6-methylpyrazin-2,3-dikarbonitril a
to priblizné devétkrat nizs§i nez zminovany standard (IC50=16,4 uM). Neztstala ale bez
povsimnuti podobnost s DCMU, tedy 3,4-dichlor substituce na fenylovém jadre, ktera
miiZe byt pro Gc¢inek velice vhodna.

V ramci této série byla zjiSténa antimykobakterialni i herbicidni aktivita, ktera
byla v pripadé té herbicidni zavisla na lipofilité pripravenych sloucenin. Tento vztah lze
vyjadrit jako primou linearni zavislost. Zaroven byly urcéeny i vhodné substituenty
ovliviiujici pozitivné aktivitu. Jako nejvhodnéjsi se jevil 3,4-dichlorovany derivat
(sloucenina 3), ktery vykazal nejlepsi aktivitu v obou biologickych hodnocenich. Dalsi
skupinou s pozitivnim efektem byla trifluormethylové skupina v poloze 4- fenylového

jadra, pripadné v poloze 3- fenylové jadra.

5.1.2. 5-Chlor-6-methylpyrazin-2,3-dikarbonitril
substituovany aromatickymi fenylhydraziny

(komentar k priloze ¢. 2)

NC_ N_ CHs

I
/
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Obrazek 11 — Struktura aromatickijch fenylhydrazino derivatit odvozenijch od
5-chlor-6-methylpyrazin-2,3-dikarbonitrilu

Jedna se o sérii péti sloucenin, které jsou tvoreny dvéma aromatickymi jadry
spojenymi hydrazinovym miistkem (-NHNH-), s obecnou strukturou znazornénou na
Obréazku 11.

Syntéza finalnich produkti byla opét provadéna v mikrovinném reaktoru
s fokusovanym polem. Vychozi latka byla rozpusténa v methanolu, byl pridan
odpovidajici fenylhydrazino derivat v trojnasobném molarnim mnozstvi a pyridin
v ekvimolarnim mnozstvi. Cel4 smés byla zahtivana ve specialni silnosténné zkumavce

uzaviené septem za podminek stanovenych experimentalné: teplota zahtivani 140 °C,
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doba reakce 30 minut, vykon 120 W. Produkty byly nésledné piecistény pomoci
preparativniho chromatografu a analyticky charakterizovany. Vytézky se pohybovaly
v rozmezi 21 az 67 %.

Vsechny slouceniny z této série vykazaly antimykobakterialni aktivitu, at uz proti
kmeni M. tbc H37Rv ¢i proti ostatnim atypickym mykobakteriim. Ta se pohybovala
v rozmezi 1,56-100 pg/ml (5,5-338,7 uM). Nejucéinnéjsi sloucenina 4 (1,56 ug/ml) proti
kmeni M. tbc byla substituovana v poloze 4- fenylového jadra chlorem. Takto vysoka
aktivita byla zjisténa i u slouceniny nesubstituované a to vii¢i kmeni M. kansasii. To je
velice vyhodné s ohledem na to, ze PZA je proti tomuto kmeni netc¢inny a INH mé

aktivitu sniZzenou (6,25-12,5 pug/ml).

NC N\ CHj R R R
H
NC:[NIN’N 1 H 2-Cl 5 2-NO-
H

3
R
\© 2 3-Cl 4 4-Cl
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Obrazek 12 — Aktivita sloucenin vyjadrena jako log (1/MIC) [M] ze série fenylhydrazino derivatit odvozenych od
5-chlor-6-methylpyrazin-2,3-dikarbonitrilu v porovnani s experimentalné zjisténou lipofilitou
(TBC — M. tuberculosis H37Rv; MK — M. kansasii; SA — Staphylococcus aureus;
MRSA — methicilin rezistentni Staphylococcus aureus; SE — Staphylococcus epidermidis;
TM — Trichophyton mentagrophytes; AF — Aspergillus fumigatus; CK — Candida kruset)

Vramci této série byla pozorovana i aktivita antibakteridlni a antifungalni.
V souvislosti s antibakteridlnim skriningem byla zjiSténa zajimava selektivita viici

grampozitivnim mikroorganismiim a to predev$im u rodu Staphylococcus. Aktivita



byla zjisténa u vSech testovanych sloucenin a nejzajimavéjSim zjisténim byl fakt, ze
pripravené latky inhibuji riist methicilin rezistentniho kmene Staphylococcus aureus
(MRSA). Sloucenina 2 substituovana chlorem v poloze 3- a sloucenina 4 substituovana
chlorem v poloze 4- fenylového jadra svou aktivitou piedcily i pouzité standardy.

Antimykotickou aktivitu prokazaly opét vSechny testované latky, ale tato se lisila
vramci riznych kment. Nékdy bylo dosazeno i hodnot lepSich nez predstavovaly
antifungalni standardy. Nejvyraznéjsi inhibice bylo patrna u kmenit Candida krusei,
Aspergillus fumigatus a Trichophyton mentagrophytes.

Tato série byla testovana i na antivirovou aktivitu. Ta vSak byla zjiSténa pouze u
jedné slouceniny, a to 2-nitro derivatu proti chfipkovému viru A/HiN1, viru
vezikularni stomatitidy a ko¢i¢cimu herpesviru v rozmezi 2,4-9,2 M.

Problémem téchto sloucenin mtize byt jejich cytotoxicita. Nasvédcéuji tomu i
hodnoty ICso pro lidské hepatocyty HepG2 (21,9 a 27,8 uM pro nejucéinnéjsi latky). Pri
vypoctu indexu selektivity (SI), ktery se vyuziva pro urceni bezpecnosti léc¢iva (hodnota
poméru cytotoxicity a MIC by méla byt vys$si nez 10), vSak byl pro nejacinnéjsi
slouceninu stanoven jako SI = 14. Z ¢ehoZ vyplyva, ze je tato sloucenina pouzitelna.

Pripravena série se ukazala byt velice slibnou, proto jsme pristoupili k patentové
ochrané pripravenych a charakterizovanych sloucenin a jejich zjisténych biologickych
aktivit. Byla prokazana antimykobakterialni, antibakterialni a antifungélni aktivita,
ktera byla v nékolika pripadech lepsi nez pouzité standardy (viz Obr. 12). Jedna ze
sloucenin vykéazala i antivirovou aktivitu. Vramci této skupiny latek neni mozné
definovat vztah mezi lipofilitou a aktivitou. Casteéné je to zplisobeno mensim
mnozstvim pripravenych slouéenin oproti ostatnim sériim. Nejvyssi aktivita byla
pozorovana u sloucenin substituovanych chlorem, a to predevsim v poloze 3- a
4- fenylhydrazinového jadra. Jistou nevyhodou téchto sloucenin miize byt a je jejich
toxicita zjiSténa na bunkach HepG2. Na druhou stranu neztstava bez povSimnuti
selektivita téchto sloucenin proti grampozitivnim bakteriim. To by mohlo svédéit pro
mechanismus t¢inku spojeny s ovlivnénim konkrétniho aparatu v bakterialni burice a

ne pro obecny Gc¢inek zavisly na zminéné cytotoxicité.
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5.2. DERIVATY VYCHAZEJICI Z 3-CHLORPYRAZIN-2-KARBOXAMIDU
5.2.1. 3-Chlorpyrazin-2-karboxamid substituovany

aromatickymi aminy (komentar k priloze ¢. 3)

N_ _CONH,

(Y

NH
=

Obrazek 13 — Struktura aromatickych amino derivatit odvozenych od 3-chlorpyrazin-2-karboxamidu

Série 16 sloucenin, které tvori pyrazinové a fenylové jadro spojené sekundarnim
aminovym dusikem. 15 produkti bylo syntetizovano nové, jeden jiz byl popsan
v literatute. Na pyrazinovém jadre se dale vyskytuje volna karboxamidova funkce.

Tato série (obecna struktura na Obrazku 13) byla prvotné publikovana s cilem
vyzdvihnout vyhody mikrovinné syntézy a optimalizovat podminky pro
aminodehalogenacni reakci. Vysledky biologického skriningu budou po dokonceni
vSech testli publikovany v dalsi praci.

Byly porovnany metody konvenéniho zahtivani vramci klasické organické
chemie prfi 110 °C vtoluenu a metody mikrovinné syntézy. Bylo pouzito nékolik
proménnych. Kromé jiz zminéného typu zahtivani to byla také rizna rozpoustédla
(ana jejich zakladé i teploty), rtizné baze, rtizny reakéni cas a nakonec i pouZiti
ochlazovaci funkce mikrovinného reaktoru s fokusovanym polem. Tlak zde slouzil jako
indikator stability systému. Pokud by doslo k nadmérnému zvyseni, reakce by byla
predcéasné ukoncéena z bezpeénostnich divodi.

Porovnanim dvou zakladnich metod ohtevu, tedy konvenc¢niho a mikrovinného
(MW), bylo zjisténo, Ze mikrovlnami asistované reakce jsou vyrazné vyhodnéjsi, a to
z hlediska uspory casu, dspory rozpoustédel, zvySeni vytézkli a moznosti vyuziti
pretlakového systému. Tento uzavieny systém umoznuje vyuzivat nizkovrouci
rozpoustédla pri teplotich mnohonasobné piesahujicich teplotu varu.

Pouzita rozpoustédla pro MW syntézu byla tetrahydrofuran a methanol. Obé tato
rozpoustédla maji za atmosférického tlaku podobny bod varu (66,0 °C pro THF;
64,7 °C pro MeOH). V ramci reaktoru vSak byl rozdil v dosazenych teplotach zna¢ny. U
tetrahydrofuranu nebylo mozné dosahnout teplot vyssich jak 8o °C, jelikoz kvili

vznikajicimu pretlaku systém z bezpecnostnich diivodt reakei ukoncil. Methanol byl



pri 140 °C stéale pouzitelny. Zaroven je vhodnéjsi pro pouziti z diivodu své polarity.
Pripravené slouceniny vykézaly lepsi rozpustnost v polarné€jsim rozpoustédle. Ohrev
pomoci mikrovln je také efektivnéjsi diky existujicimu dipdlu v molekule methanolu.

Triethylamin a pyridin, pouzité jako baze, pri konvencénich metodach
nevykazovaly prakticky zadny rozdil ve vytézcich. Pii pouziti téchto bazi
v mikrovinném reaktoru vSak rozdil vznikal. Triethylamin je vtomto prostredi
nestabilni a dochazi k rozkladné reakci.*° Vzniklé reaktanty (predevsim diethylamin)
mohou dale reagovat s vychozimi slouceninami a poskytovat tak nechténé vedlejsi
produkty. Vtomto ptipadé by se mohlo jednat o 3-diethylaminopyrazin-2-
karboxamid. Po preparativni flash chromatografii bohuzel nebyl vedlejsi produkt
izolovan a nemohl tak byt charakterizovan. Pyridin je naopak i pfi vyssich teplotach
stabilni a umoznuje provadét reakce pri 140 °C. Z reakéni smési je navic snadno
odstranitelny.

Vliv ¢asu na vytéznost reakci nemél uz takovy vliv v ramci porovnavanych hodnot
(20, 30 a 45 min). Avsak rozdily tu byly a nejlepsich vysledki bylo dosazeno u reakei
probihajicich 30 minut.

Pouziti specialni funkce PowerMAX mikrovlnného reaktoru CEM Discover, ktera
zajisti pribézné chlazeni celé smési proudem vzduchu po dobu reakce, a tim zajisti i
vyssi vykon doddvanych MW bez nezddouciho nértistu reakéni teploty nad stanoveny
limit, prokazalo zna¢nou vyhodu. Vytézky téchto reakci se ve vétsiné pripadi témeér
zdvojnasobily.

Celkoveé doslo tedy k optimalizaci reakénich podminek pro aminodehalogenacni
reakci, které vysly takto: methanol jako rozpoustédlo, pyridin jako baze, teplota 140 °C,
reakéni doba 30 minut, 120 W vykon s pouzitim pribézného chlazeni (dle zdznamu
z reaktoru). Bez pribézného chlazeni byl vykon po zahrati na stanovenou teplotu

snizen a pohyboval se v rozmezi 10 az 20 W.

5.2.2. 3-Chlorpyrazin-2-karboxamid substituovany

benzylaminy (komentar k priloze €. 4)
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e

Obrazek 14 — Struktura benzylamino derivatit odvozenyjch od 3-chlorpyrazin-2-karboxamidu
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Jedna se o sérii 15 sloucenin, které jsou tvoreny opé€t dvéma aromatickymi jadry
spojenymi aminomethylenovym mistkem (-NHCH.-). Cast téchto latek (Sest
sloucenin) byla pfipravena v ramci diplomové prace Derivaty pyrazinu jako potencialni
antituberkulotika II.'* Pyrazinové jadro obsahuje volnou karboxamidovou skupinu,
viici které je benzylaminovy zbytek situovan v poloze 3-. Je zde tak na prvni pohled
patrny motiv pyrazinamidu (viz Obr. 14).

Syntéza finalnich produktt byla tedy rozdélena na dvé ¢asti. Sest derivatd bylo
pripraveno pomoci metod organické syntézy s konvenénim ohievem. Vychozi latka
byla rozpusténa v THF, byl pridan TEA (baze) v ekvimolarnim mnozstvi a dvojnasobné
molarni mnozstvi benzylaminu. Reakce probihala za refluxni teploty (70 °C) po dobu
15 hodin. Po precisténi se vytézky pohybovaly vrozmezi 24 az 50 %. Druha cast
sloucenin byla syntetizovana pomoci mikrovinného reaktoru s fokusovanym polem.
Vychozi latka byla rozpusténa ve specidlni silnosténné zkumavce v methanolu, byl
pridan benzylamin v dvojndsobném molarnim mnozstvi a pyridin v ekvimolarnim
mnozstvi. Podminky byly stanoveny experimentalné: teplota reakce 140 °C, reakéni
doba 30 minut, vykon reaktoru 120 W. Produkty byly podrobeny preparativnimu
chromatografickému precisténi a analyticky charakterizovany. Vytézky se pohybovaly
vrozmezi 26 az 80 % stim, Ze nejnizsi vytézky byly dosazeny u substituce
nitroskupinou v poloze meta fenylového jadra, coz je Casté a obvyklé. Divodem je
deaktivace jadra zapornym mezomernim efektem této skupiny.

Pouze ctyti slouceniny byly aktivni v testovani proti kmeni Mycobacterium
tuberculosis H37Rv. Aktivita se pohybovala vrozmezi 1,56-12,5 ug/ml resp.
6,4-42,1 uM (viz Obr. 15). Dvé slouceniny byly substituovany na benzylaminové ¢asti
molekuly trifluormethylovou skupinou, ktera se jiz ukéazala jako vhodny substituent
pro aktivitu ve skupiné 5-chlor-6-methylpyrazin-2,3-dikarbonitrilu substituovaného
benzylaminy, ale zaroven i pro zvySeni cytotoxicity. Zbylé aktivni latky obsahovaly
substituenty, jez ucinnost ne vzdy zvySuji (viz série 5-chlor-6-methylpyrazin-2,3-
dikarbonitrilu substituovaného benzylaminy, kap. 5.1.1.), vtomto pfipadé vsak
vyjimka potvrzuje pravidlo. V kontrastu s trifluormethylovou substituci, methylova a
aminoskupina vyrazné snizily toxicitu. Standardy pouzité pro testovani — pyrazinamid
(12,5 ug/ml, resp. 101,5 uM) a isoniazid (0,39 ug/ml, resp. 2,8 uM). Nejucéinnéjsi latka
(4-CH; derivat) byla svou aktivitou srovnatelna s isoniazidem a terapeuticky index
(SI), vypocitany na zakladé hodnot ICs ziskanych testovanim cytotoxicity na bunkach

HepG2 a hodnoté MIC, splnil pozadavky na bezpecné 1écivo, tedy hodnota SI byla vyssi



nez 10 (konkrétné >250, z divodu horsi rozpustnosti nebylo mozné urcit presnou
hodnotu). Slouéenina obsahujici trifluormethylovou skupinu poloze 3- Gc¢inkovala i
proti M. kansasii (25 pg/ml).

Aktivita vi¢i kmeniim M. avium a M. smegmatis nebyla pozorovana. Taktéz
antifungalni aktivita nebyla zaznamenana.

Nékteré derivaty byly uéinné proti dvéma kmentim bakterii (Staphylococcus
aureus, Enterococcus faecalis). Spolecnym jmenovatelem byla substituce elektron-
akceptorovymi skupinami svyjimkou slouceniny, kde bylo fenylové jadro
substituovano dvéma methoxylovymi skupinami, které jsou razeny mezi elektron-
donorové. Aktivita byla vSak ve srovnani se standardy nizkd shodnotami

nepresahujicimi 31,25 uM.
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[NIHQR 2 3-Cl 6 2-CH; 10 2-Cl 14 2,4-OCHj;
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Obrazek 15 — Aktivita sloudenin vyjadirena jako log (1/MIC) resp. log (1/ICs0)[M] ze série benzylamino derivati
odvozenych od 3-chlorpyrazin-2-karboxamidu v porovndnt s experimentalné zjisténou lipofilitou
(TBC — M. tuberculosis H37Rv)

Prakticky vSechny slouceniny inhibovaly fotosynteticky elektronovy transport
v chloroplastech rostliny Spinacea oleracea. Mira této inhibice byla az na vyjimky

zavisla na lipofilité. Aktivita nékterych latek se priblizila aktivité standardu Diurone®.



Nejlepsi aktivitu ukazala latka 3 3-[(3,4-dichlorbenzyl)amino]-pyrazin-2-karboxamid,
a to srovnatelnou se standardem. Je zde patrné i podobnost s DCMU, tedy 3,4-dichlor
substituce na fenylovém jadre, ktera se pro herbicidni Gc¢inek ukazala byt velice
vhodna. Tento fakt byl zaznamenan i u série benzylamino derivati odvozenych od 5-
chlor-6-methylpyrazin-2,3-dikarbonitrilu (kap. 5.1.1.).

Latky ztéto série byly podrobeny in silico testovani formou dokovani do
mykobakteridlniho enzymu enoyl-ACP reduktasy za ticelem zjiSténi mozného mista
zasahu potencialnich 1é¢iv (viz Obr. 16). Pro nejacinnéjsi derivaty byla vypoditana
vazebna afinita do aktivniho mista enzymu. Ta se svou hodnotou blizila zndmym
inhibitoriim. Byly zjistény stejné vazebné interakce, které jsou pro tento mechanismus
ucinku nezbytné. Av§ak neni mozné prohlasit, zda jsou tyto slouéeniny inhibitorem ¢i
ne. Doposud ziskané vysledky tuto hypotézu nemohou potvrdit ani vyvratit. Proto jsou

nutné dalsi experimenty, nejlépe inhibi¢ni studie na izolovaném enzymu.

Obrazek 16 — Kavita enoyl-ACP reduktasy s nadokovanymi nejuc¢innéjsimi slouceninami (oranzova — 3-CF;
derivat; zluta — 4-CHj derivat; tyrkysovad — 4-NH- derivat; zelend — 4-CF; derivat)
Orientace benzylaminového jadra sméruje ven z kavity namisto dovnitt aktivntho mista
Dokovano pomoct Schrodinger Suite 2014-2, vizualizace pomoci programu Maestro 9.8



Antituberkulotické in vitro testovani potvrdilo aktivitu u nékolika latek, jejichz
souhrn je uveden na Obrazku 15. 3-[(4-Methylbenzyl)amino]-pyrazin-2-karboxamid
byl svou aktivitou srovnatelny s isoniazidem a zaroven neprojevil in vitro cytotoxicky
efekt na bunkach HepG2. Zaroven se nepotvrdila Uéinnost viéi ostatnim
mikroorganismtim, z ¢ehoz lze vyvodit specificky mechanismus é¢inku. Herbicidni
aktivita se projevila napti¢ celou sérii a kulminovala opét u derivati s elektron-
akceptorovou substituci. Hodnoty srovnatelné se standardem dosahla latka

3-[(3,4-dichlorbenzyl)amino]-pyrazin-2-karboxamid.

5.2.3. 3-Chlorpyrazin-2-karboxamid substituovany

aromatickymi fenylhydraziny (komentar k priloze ¢. 2)
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Obrazek 177 — Struktura aromatickych fenylhydrazino derivatit odvozenych od 3-chlorpyrazin-2-karboxamidu

Jedné se opét o sérii péti sloucenin s obecnou strukturou znazornénou na Obr. 17,
ktera obsahuji dvé aromaticka jadra a spojovaci hydrazinovy mustek (-NHNH-).

Syntéza téchto latek, urychlend v mikrovinném reaktoru, vychazela
z 3-chlorpyrazin-2-karboxamidu. Ten byl rozpustén v methanolu, byl pridan
odpovidajici aromaticky fenylhydrazin v trojnasobném moldrnim mnozZstvi a
ekvimolarni mnozstvi pyridinu. Celd smés byla zahiivana s pouzitim podminek
stanovenych experimentalné: reakcni teplota 140 °C, reakéni doba 30 minut, vykon
120 W. Purifikované produkty byly charakterizovany analytickymi metodami. Vytézky
chromatograficky cistého produktu se pohybovaly v rozmezi 17 az 42 %.

Cela skupina pripravenych latek ptisobila na kmen M. tbc H37Rv. Viiéi ostatnim
testovanym kmentim mykobakterii byly tyto slouceniny netcéinné. Aktivita se
pohybovala v rozmezi 6,25-12,5 ug/ml, resp. 23,7-54,5 uM. Tyto hodnoty jsou pii
srovnani se standardy povzbudivé (INH — 2,8 uM; PZA — 203,1 uM) a zaroven je zde
patrnai jista selektivita. Nejucinnéjsi slouc¢enina obsahovala na jadie chlor v poloze 2-.
Tedy opét pozitivni vliv elektron-akceptorového substituentu.

Antimykoticka aktivita nebyla na rozdil od antibakterialni pozorovana prakticky
zadna. Antibakterialni ti¢inek byl zaznamenéan pouze u vybranych kment. To je do jisté

miry znak selektivity a pravdépodobné i specifického mechanismu tc¢inku. Ovlivnéné
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kmeny (Staphylococcus epidermidis a Enterococcus faecalis) jsou fazeny do skupiny
grampozitivnich mikroorganismi. Podobny trend byl zaznamenan i ve skupiné
dikarbonitrilovych derivati (viz kapitola 5.1.2.), zde je vSak aktivita vyrazné€ nizsi
(31,25-500 uM).

Na druhou stranu tyto slouceniny vykéazaly oproti latkdm obsahujicim
karbonitrilovou skupinu vyrazné nizsi cytotoxicitu. Hodnota ICs, pro nejacéinnéjsi
slouceniny byla az o dva rady lepsi a index selektivity pro antituberkulotickou aktivitu
prekrocil pozadovanou minimalni hodnotu 10 pro potencialné bezpeéna 1é¢iva (69 pro

nesubstituovany derivat a 77 pro 2-Cl derivat).
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Obrazek 18 — Aktivita sloucenin vyjadienad jako log (1/MIC) [M] ze série fenylhydrazino derivatit odvozenych od
3-chlorpyrazin-2-karboxamidu v porovndani s experimentalné zjisténou lipofilitou
(SE — Staphylococcus epidermidis; EF — Enterococcus faecalis; TBC — M. tuberculosis H37Rv)

Zjisténa selektivni antimykobakterialni aktivita vii¢i kmenu M. tbc H37Rv, ktera
byla lepsi nez u standardu PZA, posunula tuto sérii mezi latky s vySsim potencialem.
Zaroven i stanovena toxicita sveéd¢i pro mozné pouziti téchto latek v dalsim vyvoji.
Dalsim pozitivem je selektivita vii¢i grampozitivnim bakteriim (a to pouze nékterym),
coZ znovu nastinuje moznost konkrétniho mechanismu Gcéinku a ne pouze
nespecifického ucinku zaloZeného na toxicité latek. Rozdil mezi touto sérii a sérii se

substituovanym pyrazindikarbonitrilem je poloha substituentu, kdy se jako nejlepsi



kandidat projevil chlor v poloze 2- fenylhydrazinového jadra, kdezto u série odvozené

od dikarbonitrilu to byl chlor v poloze 3- a 4- fenylhydrazinového jadra (viz Obr. 18).

5.2.4. 3-Chlorpyrazin-2-karboxamid substituovany
alifatickymi a alicyklickymi aminy

(komentar k priloze €. 5)

N_ _CONH,

(L
1
N/ N’R
R2

Obrazek 19 — Struktura alkylamino derivatit odvozenych od 3-chlorpyrazin-2-karboxamidu

Série 18 sloucenin, které jsou typické volnou karboxamidovou funkei v poloze 2-
pyrazinového jadra a alifatickym ¢i alicyklickym retézcem navazanym pres sekundarni,
prip. terciarni amino skupinu v poloze 3- (Obr. 19).

Priprava téchto latek spocivala v aminodehalogenacni reakci vychozi latky
s alifatickymi aminy v prostfedi methanolu. Aminy byly do reakce pridavany
ve dvojnasobném molarnim mnozstvi. I pres predpoklad toho, Ze samotné aminy
mohou fungovat jako baze, tak byl do reakéni smési pridavan pyridin v ekvimolarnim
mnozstvi. Vysledné hodnoty vytézka byly vys$si nez bez pouziti pyridinu. Samotna
reakce probihala za ucasti mikrovin a podminky byly stanoveny experimentalné
(teplota 140 °C, reakéni ¢as 30 min, vykon reaktoru 120 W). Vytéznost reakci se
pohybovala v rozmezi 50 az 96 %. 16 produkti bylo syntetizovano de novo a dvé latky
byly jiz predtim popsany v literatute.

Biologicka aktivita téchto sloucenin byla omezena predevsim na herbicidni
pusobeni a casteéné pak na antifungalni Gc¢innost. Antimykobakterialni skrining
prokazal pouze slabou aktivitu u ¢tyf sloucenin snejdelsim alkylovym zbytkem
(MIC=50 pug/ml). Polohové izomery téchto latek substituované v poloze
5- pyrazinového jadra a v poloze 6- pyrazinového jadra vykazaly zpocatku podobny
trend. U kratSich alifatickych retézcti byla aktivita nulovda (MIC > 100 pg/ml).
S prodluzujicim se fetézcem vsak aktivita stoupala a derivaty s oktylovym zbytkem
aktivitou pred¢ily PZA a v pripadé 6-oktyl derivatu (MIC = 1,56 pug/ml; 6 uM) i INH.85

Podobny trend zvysovani aktivity byl pozorovan i vramci antibakterialniho

testovani, ale dosazena hodnota je zanedbatelna (MIC > 250 uM).
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Antimykotické testy ukéazaly zajimavy fakt, ze pro ucinek je velice vhodna
substituce nasycenym cyklickym aminem. Latky sdlouhym alkylovym fetézcem
(4-7 uhliki) byly prakticky neté¢inné (MIC > 250 uM). Slouceniny se 6-ti a 7-¢lennym
nasycenym cyklem inhibovaly celé spektrum testovanych hub a kvasinek v tadech
jednotek az desitek uM. Rozsifeni cyklu o jeden uhlik zvysilo aktivitu az na vyjimky
dvojnasobné. V porovnani s nékterymi standardy byla aktivita vyrazné vyssi.

Herbicidni hodnoceni bylo co do poctu aktivnich sloucenin Gspésnéjsi. VétSina
latek inhibovala elektronovy transport v chloroplastech. Mira inhibice byla piimo
zavisla na lipofilité potazmo na délce alkylového retézce. S rostouci lipofilitou rostla i
aktivita. Bylo zjiSténo, Ze pro acinek je nezbytna sekundarni aminoskupina, pres kterou
jenavazany alkylovy zbytek. Pokud je ve struktuie nahrazena terciarni aminoskupinou,

aktivita se vytraci. Pti srovnani s primyslove pouzivanym DCMU aktivita lepsi nebyla.

Rt R Rt R Rt R R | R
1 CH; H 6 | t-CsHu H 11 Cyclopentyl H 16 -(CH.).O(CHz)--
[NICONHZ 2 | C.H, H 7 | CHsy | H | 12 | Cyclohexyl H | 17 | -(CH.).NCH,(CH.).-
N7 N/R1 3 | GH, | H | 8 | GHy | H | 13 | Cycloheptyl | H | 18 | -(CH.).NH(CH.).-
R? 4| CH, | H | o | GHy, | H | 14 -(CH.)-
5 CsHu H 10 C,Hy CHy | 15 -(CH.)s-

B Lipofilita logk @Herbicidni aktivita BLC OCT ECK ETM BEAF BECG ETA mECA

Obrazek 20 — Aktivita sloucenin vyjadrena jako log (1/MIC), resp. log (1/ICso) [M] ze série alkylamino derivati
odvozenych od 3-chlorpyrazin-2-karboxamidu v porovndnt s experimentalné zjisténou lipofilitou
(LC — Lichtheimia corymbifera; CT — Candida tropicalis; CK — Candida krusei;
TM — Trichophyton mentagrophytes; AF — Aspergillus fumigatus; CG — Candida glabrata;
TA — Trichosporon asahii; CA — Candida albicans)



Tato série latek se zaradila mezi slouéeniny s herbicidni a antifungéalni Géinnosti
(viz Obr. 20). Bylo zjisténo, Ze pro antimykotické piisobeni je nezbytny alicyklicky
fetézec. SrozSifovanim kruhu roste i aktivita, coZz mtze byt spojeno i s rostouci
lipofilitou. Herbicidni vyuziti by nasly latky této série, které ve své strukture obsahuji
fragment se sekundarni aminoskupinou. Potencial téchto latek se zvySuje s rostouci
lipofilitou. Antimykobakterialni aktivita byla pozorovana spiSe u derivati
substituovanych v poloze 5- a pfedevsim v poloze 6- pyrazinového jadra. Toto zjisténi
mize vést k zaveéru, zZe usporadani dvou skupin vtésné blizkosti je pro ucinek
nevyhodné a neumoziiuje dostatetnou interakci scilovou strukturou
v mykobakteridlni bunce. Cytotoxicita nebyla pro tyto slouceniny zatim stanovena
z diivodu relativné nizké antimykobakterialni ticinnosti. Pro potencialni antimykotika

je v budoucnosti tieba tento parametr stanovit.

5.2.5. 3-Chlorpyrazin-2-karboxamid substituovany
benzylaminem na karboxamidové funkci a alifatickymi
aminy vpoloze 3- pyrazinového jadra (komentar

k priloze ¢. 6)

(0]
N
AN N
| H
_
N NH
Obrazek 21 — Struktura alkylamino derivatit odvozenijch od N-benzyl-3-chlorpyrazin-2-karboxamidu

Tato série s obecnou strukturou znazornénou na Obr. 21, sloZena z péti latek byla,
dokoncena jako komplementarni pro slouceniny substituované alkylovym retézcem
v polohéch 5- a 6- pyrazinového jadra pripravené B. Servusovou-Vanaskovou.

Derivaty byly pripraveny mikrovilnami asistovanou syntézou za podminek
experimentalné stanovenych (rozpoustédlo MeOH, baze pyridin, teplota 140 °C, doba
reakce 30 minut, vykon 120 W). Vytézky reakce se pohybovaly v rozmezi 51 az 75 %.

Biologické hodnoceni téchto sloucenin nepiineslo zadné zajimavé vysledky.
Nebyla pozorovana antimykobakterialni, antibakteridlni ani antifungalni aktivita.
Pouze vychozi latka (IN-benzyl-3-chlorpyrazin-2-karboxamid) vykazala aktivitu proti
kmeni M. tbc H37Rv s hodnotou 12,5 ug/ml (50 uM), ktera je vSak pouze srovnatelna
s PZA.
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Substituce volné karboxamidové skupiny se zde projevila jako netucelna a
neprinesla zadné pozitivni efekty. Pfi porovnani substituovaného a nesubstituovaného
derivatu doslo kvymizeni existujici aktivity. Slouceniny s alkylovym fetézcem
situovanym do poloh 5- a 6- pyrazinového jadra naopak svou aktivitu dale zvysSovaly a
to v zavislosti na délce retézce resp. lipofilité (MIC = 1,56-25 pug/ml resp. 4,6-88 uM).
Blizsi porovnani vlivu umisténi alkylového retézce bude diskutovano v ramci prace B.

Servusové-Vanaskové.
5.3. SHRNUTI A DISKUZE

Zakladem syntetické prace je pouziti mikrovlnami asistované syntézy. Podminky
pro tento zptisob pripravy slou¢enin byly porovnavany a optimalizovany na zakladé
ziskanych vytézkd. Pro tento pristup oproti metodam s konvenénim ohfevem hovori
minimalné zdvojnisobeni vytézki. Zaroven tato metoda patfi mezi tzv. metody
»zelené” chemie — je ekologicky priznivejsi a dnes je stale vice uprednostnovana.
Reakéni podminky pro mikrovlnny reaktor byly také porovnany a jako idealni bylo
zvoleno rozpoustédlo methanol, baze pyridin, teplota 140 °C, poc¢atec¢ni vykon 120 W a
¢as 30 minut za pouziti prubézného chlazeni.

Porovnanim vysledks biologickych hodnoceni miizeme konstatovat, ze vychozi
latka 5-chlor-6-methylpyrazin-2,3-dikarbonitril a jeji derivaty vykazaly lepsi aktivitu
nez derivaty 3-chlorpyrazin-2-karboxamidu. Toto zjiSténi mize byt podpoteno
skute¢nosti, ze zavedenim karbonitrilovych skupin se ¢asto zvySuje kromé Gcinku i
cytotoxicita. Ta se pak miize podilet na vysledné aktivité. Na druhou stranu, tento
predpoklad nelze uplatnit pokazdé. V sérii benzylamino derivati odvozenych od
3-chlorpyrazin-2-karboxamidu nejlepsi sloucenina predc¢ila svou aktivitou i stejné
substituovany derivat druhé vyse zminéné vychozi latky (kap. 5.1.1. a 5.2.2). V ramci
této publikace byly porovnany i aktivity jiz difive publikovanych derivata
s karbonitrilovou substituci a opé€t slou¢enina bez karbonitrilové skupiny méla lepsi
ucinnost a zaroven velmi nizkou toxicitu.

U derivati s druhym aromatickym jadrem lze vysledovat i vliv substituenti na
aktivitu danych sloucenin. Jako nejvhodnéjsi se az na vyjimky ukazaly elektron-
akceptorové skupiny (halogeny, trifluormethylové skupiny, a dalsi). Opét tu vyvstava
otazka vys$i toxicity u trifluormethyl derivati, ktera je nezadouci. Byly ale nalezeny
slouceniny aktivnéjsi s potencialné méné toxickymi skupinami. Mezi tyto zastupce

miizeme zaradit chlor derivaty (3,4-dichlor substituovana latka vykazala vynikajici



herbicidni aktivitu v obou sériich benzylamino derivati, viz kap. 5.1.1. a 5.2.2.), amino
derivaty ¢i methyl derivaty.

Vliv spojovaciho retézce také neni zanedbatelny. Slouceniny s jadry spojenymi
aminomethylenovym spojovacim mtistkem jsou oproti hydrazinovym derivatim méné
ucéinné. Nabizi se zde vyssi toxicita spojena s hydraziny, ale vysledky stanoveni
cytotoxicity tomu neodpovidaji. Toxicita neni vyrazné zvySena tak, aby tyto latky
nebyly vhodné pro dalsi testovani. Hydrazino derivaty jsou pomérné selektivni. U obou
sérii (viz kap. 5.1.2. a 5.2.3.) je patrna selektivita vii¢i grampozitivnim bakteriim. Latky
s volnou karboxamidovou skupinou jsou také selektivni vii¢i kmeni M. tbc H37Rv.
Dikarbonitrily t¢inkuji i na celé spektrum hub, takze zde se selektivita ponékud vytraci
a vraci se do avahy spiSe cytotoxicky efekt. Pro herbicidni ptisobeni 1épe vystupuje
uskupeni -NH-CH-. U téchto latek je mira inhibice elektronového transportu méritelna
a zavisla na lipofilité (viz kap. 5.1.1. a 5.2.2.). U derivati se spojovacim retézcem
typu -NH-NH- nebylo mozné viibec herbicidni aktivitu stanovit, jelikoz tyto derivaty
odbarvovaly suspenzi chloroplasti.

Vliv alkylového fetézce je také patrny. Ackoliv tyto latky nevykazaly
antimykobakterialni tcinnost, vliv délky alkylového retézce byl pozorovatelny u
stanoveni herbicidniho efektu (viz kap. 5.2.4.). S prodluzujicim se etézcem stoupala i
aktivita. Efekt tedy miize byt spojovan s vyssi lipofilitou, ale i s délkou retézce, kdy se
delsi substituenty mohou zaclenit do tylakoidni membréany a narusit tak jeji funkci.
Cykloalkylovy zbytek se naopak projevil jako velice vhodna substituce pro
antimykotickou aktivitu. S rozsifujicim se cykloalkylovym kruhem roste i antifungalni
aktivita. Vtéto sérii byl také pozorovan dilezity fakt, ze vyskyt sekundarniho
aminového dusiku je pro ucdinek esencidlni. Sloudeniny obsahujici terciarni
aminoskupinu ve formé nasycenych dusikatych heterocyklii neukazaly zadnou aktivitu.

Substituce volné karboxamidové skupiny nevedla ke sloucenindm s lepsimi
biologickymi vlastnostmi (viz kap. 5.2.5.). Latky majici alespon nizkou aktivitu se po
substituci benzylaminem na karboxamidové funkei staly neaktivnimi. Vysvétleni se
nabizi dvoji. Pro acinek je nezbytny volny karboxamid, ktery je dale v mykobakterialni
burce aktivovan pyrazinamidasou. Molekula substituovana v sousednich polohach 2-
a 3- pyrazinového jadra objemnéjSimi substituenty neméa Sanci proniknout do
specifickych kavit potencionéalnich mist zasahu. Tento predpoklad byl demonstrovan
na enzymu InhA, ktery obsahuje tzkou, specifickou kavitu, u které pozi¢ni zména

substituentii znemozni vstup do aktivniho mista.
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6. ZAVER

V tvodu disertaéni prace byl shrnut souc¢asny stav tuberkulézy jako onemocnéni,
jeji epidemiologie a soucasna farmakoterapie. Byla popsana rezistence a diskutovana
jako diivod pro vyvoj novych antituberkuloticky ptisobicich 1é¢iv. V navaznosti na tuto
problematiku byl nastinén prehled novych molekul zastoupenych v nékteré z fazi
klinického zkouseni a nejnovéjsi 1éciva predschvalena pro pouziti pti terapii rezistentni
TBC. Pro doplnéni byly zminény i lééebné rezimy pouzivané v soucasnosti a
doporucované WHO.

Dalsi c¢ast byla vénovana pyrazinamidu jako stéZejni molekule této prace. Byly
popsany chemické vlastnosti pyrazinového jadra. Mechanismus uc¢inku PZA je stale
pod drobnohledem védeckych skupin po celém svété. Teorii a nazori existuje jiz
nékolik. PZA, potazmo POA, vykazuji nespecificky, ale i specificky mechanismus
ucéinku. Ten nespecificky je zalozen na fyzikalné-chemickych vlastnostech téchto
molekul. Specificky tcinek je cilen na konkrétni, nejc¢astéji enzymatické, misto zasahu.
Na zavér byly shrnuty jiz pripravené derivaty PZA, které vykazaly antituberkulotickou
aktivitu. Byly vyzdvihnuty vztahy mezi strukturou a zjisténou aktivitou, které by mohli
ovlivnit dalsi smér vyzkumu.

Jelikoz vétsina sloucenin byla pripravena mikrovlnami asistovanou syntézou, byl
v zavéru avodni ¢asti shrnut tento moderni trend spolu s faktory, které vedly k jeho
vyuZziti.

PraktickA ¢ast se =zamérila na pripravua tii  vychozich latek
(5-chlor-6-methylpyrazin-2,3-dikarbonitrilu; 3-chlorpyrazin-2-karboxamidu;
N-benzyl-3-chlorpyrazin-2-karboxamidu). Ty byly podrobeny aminodehalogenacni
reakci v mikrovinném reaktoru za experimentalné stanovenych podminek. Bylo
pripraveno 79 derivati, z ¢ehoz 75 bylo v literatuire dosud nepopsanych. Jednalo se o
derivaty substituovanych aromatickych aminti, benzylaminti, aromatickych hydrazint
a alifatickych ¢i alicyklickych amint. Pripravené slouceniny byly podrobeny in vitro
biologickému testovani na antimykobakterialni aktivitu proti M. tuberculosis H37Rv,
M. kansasii, M. avium a M. smegmatis. V kazdé sérii pripravenych latek byla nalezena
alesponi jedna aktivni slouéenina proti M. tbc. Svou aktivitou ¢ast preddila i standard
PZA. Ty nejslibnéjsi slouceniny se svou Gc¢innosti priblizily i aktivité isoniazidu. Souhrn
je uveden v Tabulce 9. Byla zaznamenana i aktivita proti atypickym mykobakteriim, a

to predevsim proti M. kansasii, které jsou prirozené rezistentni viici PZA. U aktivnich



substanci v jednotlivych sériich, a poté i vramci celé prace, byly diskutovany vztahy
mezi strukturou a acinkem.

Dale se testovala antibakterialni a antifungélni Géinnost. V nékolika sériich byla
zjisténa aktivita a zaroven i selektivita, at uz kjednotlivym patogentim, nebo i
specifickou substituci na celou paletu mikroorganismii. Zajimavym zjisténim bylo, Ze
cykloalkylamino substituce v poloze 3- pyrazin-2-karboxamidu vyselektovala aktivitu
viici testovanym houbam a kvasinkam.

Dopliikové se testovala herbicidni aktivita, ktera se objevila prakticky v kazdé
sérii, nikdy vSak nedosahla hodnoty standardu.

Dalsim prinosem této disertacni prace je zavedeni antimykobakteridlniho
skriningu proti rychle rostouci mykobakterii M. smegmatis. Metodika byla prevzata
béhem vyzkumné staze v Cork Institute of Technology a dale upravena pro potieby
testovani na katedie Farmaceutické chemie a Farmaceutické analyzy. Byly
optimalizovany podminky, pipetované objemy a dalS§i parametry. Nyni je toto
hodnoceni soucasti standardniho biologického testovani na této katedie.

Dosazené experimentalni vysledky byly pribézné zvefejiiovany formou
prednések ¢i plakatovych sdéleni na narodnich a mezinarodnich konferencich a jako
puvodni ¢lanky vuznavanych (impaktovanych) c¢asopisech zamérenych na
farmaceutickou/medicinalni chemii. Dvé série pripravenych a biologicky zajimavé
aktivnich sloucenin byly prfedmétem narodni a mezinarodni patentové prihlasky.

Cela skupina pripravenych sloucenin se tak zaradila mezi latky pripravené na
Farmaceutické fakulté v Hradci Kralové a predevsim na katedie Farmaceutické chemie
a Farmaceutické analyzy, na jejiz vyzkumny zdmér navazala. Ziskané poznatky je

mozno dale zarocit v pripraveé novych, t¢innéjsich a bezpecnéjsich derivati.
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Tabulka 9 — Souhrn nejucinnéjsich substituci v kazdé pripravené sérii, hodnota minimdlni inhibi¢ni koncentrace
MIC u kmene M. tuberculosis H37Rv, cytotoxicita ICso u HepG2 bunék a index selektivity pro

antimykobakterialni ti¢innost v porovnant se standardy

R MIC M. tbe ICs0/SI
NC_ N_ CH,
I \I 3,4-Cl; 2-Cl; 6,25 pg/ml
NC” N ” | Nk 4-CF, (19,6-22,0 uM) Nestanoveno
=
NC_ N_ CH,
I \I N 1,56 pg/ml
— . -Cl ’ 26, M/1
NG NN S (5,5 M) 4N /17
N_ _CONH,
[ j: 1,56 ug/ml
Z -CH ’ > 250 UM / > 160
N u“@R A (6,4 1M) 50 M/
=
N_ _CONH,
[ j: N 6,25 pg/ml
Z 2-Cl ’ 81,4 uM
N H \©~R (23,7 LM) 481,4 uM / 77
N_ _CONH,
[ j: 1 R'=C5H.:-CsH,; 50 ug/ml
NS N,R Re—H (199,7-240,1 UM) Nestanoveno
R2
0]
\ &\N
[ I H/\© C4-Cs >100 ug/ml Nestanoveno
N7 > NH
Ralif
3 12,5 pg/ml
pH 5,5-5,6 (101,5 (M) 79,1 mM / 632812
PZA
pH 6,813 (3229? g/ S\I/}) Nestanoveno
INH 0,39-1,56 pg/ml 30 mM /

(2,8-11,4 uM)
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Nazev disertac¢ni prace  Derivaty pyrazinu jako potencidlni antituberkulotika

(priprava a studium biologickych vlastnosti)

Prace se zabyva derivaty pyrazinu se strukturalnim vztahem k pyrazinamidu
(PZA), u kterych je predpokladan antituberkuloticky ti¢inek. V vodu této prace jsou
shrnuty teoretické poznatky o tuberkul6ze (TBC), jeji epidemiologii a predevsim pak
vznik rezistence k soucasné uzivanym lé¢iviim. Je nastinén struc¢ny prehled aktualnich
antituberkulotik, déale novych sloucenin zavedenych nedavno do terapie, a také
nadé&jnych molekul ve vyvoji. Sifeji je popisovan PZA Yazeny mezi 1é¢iva 1. linie, ktery
je stézejni molekulou této prace. Jsou popsany mozné mechanismy tcinku a ¢aste¢né
také farmakologicky profil. Na zavér je uveden strucny piehled v minulosti jiz
pripravenych derivati PZA.

Prakticka cast této diserta¢ni prace je zameéiena na syntézu tii vychozich
sloucenin (5-chlor-6-methylpyrazin-2,3-dikarbonitril; 3-chlorpyrazin-2-karboxamid;
N-benzyl-3-chlorpyrazin-2-karboxamid), které byly substituovany pomoci
aminodehalogenacni reakce v mikrovinném reaktoru. Jedna se o 79 derivati, z nichz
je 75 novych, v literatuie jesté nepopsanych. Aminodehalogenace tii vychozich latek
probihala v pritomnosti aromatickych aminti, benzylamin{i, aromatickych
fenylhydrazinti a alifatickych ¢i alicyklickych aminii. Pripravené sloucéeniny byly
podrobeny in vitro antimykobakteridlnimu skriningu (Mycobacterium tuberculosis
H37Rv, M. kansasii, M. avium a M. smegmatis). Nékteré derivaty v ramci jednotlivych
sérii vykazaly aktivitu proti M. tuberculosis srovnatelnou nebo i lepsi nezli standard
hodnotdm isoniazidu. Nasly se i derivaty ucéinkujici na atypické mykobakterialni

kmeny. V ramci sérii byl diskutovan vztah mezi strukturou a aéinkem. VétSina latek
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byla také doplnkové otestovana na antibakterialni, antifungalni, antivirovou a
herbicidni aktivitu. I zde byly nalezeny slouceniny vykazujici zajimavé aktivity,
predevsim ve spojitosti s antimykotickou téinnosti.

Vysledky diserta¢ni prace navazuji na dlouhodoby vyzkumny zameér katedry
Farmaceutické chemie a Farmaceutické analyzy vramci Farmaceutické fakulty
v Hradci Kréalové. Predevsim pak na vysledky vyzkumné skupiny prof. PharmDr.
Martina Dolezala, Ph.D., zabyvajici se studiem novych potencialnich antituberkulotik
odvozenych od PZA.



8. ABSTRACT

Charles University, Faculty of Pharmacy in Hradec Kralové

Department of Pharmaceutical chemistry and Pharmaceutical analysis
Candidate Mgr. Ondrej Jandourek

Supervisor Prof. PharmDr. Martin Dolezal, Ph.D.

Consultant PharmDr. Jan Zitko, Ph.D.

Title of Doctoral Thesis Derivatives of pyrazine as potential antituberculars

(preparation and study of biological properties)

This work is focused on pyrazine derivatives with the structural relationship to
pyrazinamide (PZA) and with the potential antitubercular effect. In the introduction,
there are summarized theoretical findings about tuberculosis (TBC), its epidemiology
and primarily the development of resistance to current pharmacotherapy. Brief
overview of known antituberculars, novel compounds and auspicious molecules in
clinical trials is outlined. PZA, which is counted among the first line antitubercular
agents, is widely described due to its cardinal role in this thesis. PZA possible
mechanisms of action are described together with its pharmacological profile. Finally,
brief summary of already prepared derivatives of PZA is stated.

Practical part of this thesis is focused on synthesis of three starting compounds
(5-chloro-6-methylpyrazine-2,3-dicarbonitrile; 3-chloropyrazine-2-carboxamide;
N-benzyl-3-chloropyrazine-2-carboxamide) that were substituted by
aminodehalogenation reaction using microwave reactor. There were 79 compounds of
which 75 were novel and not described in literature. Aminodehalogenation was
accomplished by addition of aromatic amines, benzylamines, aromatic
phenylhydrazines, and aliphatic or alicyclic amines. Prepared compounds were in vitro
evaluated for their antimycobacterial activity against Mycobacterium tuberculosis
H37Rv, M. kansasii, M. avium a M. smegmatis. Some derivatives from prepared series
demonstrated activity against M. tuberculosis comparable to or better than standard
PZA (MIC ranging between 6 and 24 uM). The most auspicious compounds activities
were approximating to the activity of isoniazid. Derivatives active against other
mycobacterial species were identified. The structure-activity relationships were

discussed. Most of compounds were additionally tested for their antibacterial,
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antifungal, antiviral, and herbicidal activities finding compounds showing remarkable
results especially in connection with antimycotic efficacy.

The results of this thesis are following the long-standing research intention of the
Pharmaceutical chemistry and Pharmaceutical analysis department, Faculty of
Pharmacy, Charles University. Mainly, it is connected with research group of prof.
PharmDr. Martin Dolezal, Ph.D. that is dealing with the study of novel potentially

active antitubercular agents derived from PZA.
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Abstract: In this work a series of 15 N-benzylamine substituted 5-amino-6-methyl-
pyrazine-2,3-dicarbonitriles was prepared by the aminodehalogenation reactions using
microwave assisted synthesis with experimentally set and proven conditions. This
approach for the aminodehalogenation reaction was chosen due to its higher yields and
shorter reaction times. The products of this reaction were characterized by IR, NMR and
other analytical data. The compounds were evaluated for their antibacterial, antifungal and
herbicidal activity. Compounds 3 (R = 3,4-Cl), 9 (R = 2-Cl) and 11 (R = 4-CF3) showed
good antimycobacterial activity against Mycobacterium tuberculosis (MIC = 6.25 ng/mL).
It was found that the lipophilicity is important for antimycobacterial activity and the best
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substitution on the benzyl moiety of the compounds is a halogen or trifluoromethyl group
according to Craig’s plot. The activities against bacteria or fungi were insignificant. The
presented compounds also inhibited photosynthetic electron transport in spinach
chloroplasts and the ICsy values of the active compounds varied in the range from 16.4 to
487.0 umol/L. The most active substances were 2 (R = 3-CF3), 3 (R = 3,4-Cl) and 11
(R = 4-CF3). A linear dependence between lipophilicity and herbicidal activity
was observed.

Keywords: pyrazinamide derivatives; in vitro biological evaluation; microwave-assisted
synthesis; tuberculosis; lipophilicity

1. Introduction

Mycobacterium tuberculosis is counted with justification among the most dangerous and successful
microorganisms in today’s world, especially in developing countries which have become the reservoir
of resistant strains (the most burdened countries are in South Africa and East Asia) [1]. These strains
are causing the biggest number of problems connected to tuberculosis (TB) treatment [2]. The main
problem is resistance. It can be divided into three groups. The first one is called multidrug-resistant TB
(MDR-TB) and these microbes are resistant to all first-line antituberculotic drugs (pyrazinamide - PZA,
isoniazid - INH, rifampicin - RIF, ethambutol - ETH, streptomycin - STR). The second group is more
treacherous. This type of resistance is called extensively or extremely drug-resistant TB (XDR-TB)
with the resistance to the first-line anti-TB agents isoniazid and rifampicin together with the resistance
to any fluoroquinolone used in the therapy and to at least one of three injectable second-line
antituberculotic drugs (amikacin, kanamycin or capreomycin) [3]. The last and the latest category was
the most dreaded and was called totally drug-resistant TB (TDR-TB) and the first case was recorded in
India [4]. These mycobacterial strains were resistant to all current known therapy. Nowadays, this
group has disappeared with the approval of bedaquiline for therapy of resistant forms of tuberculosis.
Another problem is connected with the HIV pandemic. These two infectious diseases are influencing
each other in a synergic way so this has resulted in efforts to develop new anti-tubercular agents.

This work deals with a microwave-assisted synthesis of pyrazinamide analogues with potential
antimycobacterial activity. It is caused by the fact that pyrazinamide is counted among the first-line
anti-tuberculosis drugs used in current therapy. Its unique ability to kill the dormant forms of
Mycobacterium tuberculosis is crucial in shortening the time needed for the treatment, so PZA has
sterilizing activity especially in combination with rifampicin [5].

PZA itself has multiple mechanisms of action. The first described was the activation of this prodrug
via the enzyme pyrazinamidase (EC 3.5.1.19) to form pyrazinoic acid (POA). This metabolite causes a
lowering of the inner compartment pH in mycobacterial cells. This leads to inhibition of membrane
transport and then to cellular death [6—8]. The gene encoding this enzyme is called pncA gene and its
mutation is responsible for the origin of mycobacterial resistance to PZA [9].

The second mechanism of action is connected with fatty acid synthase I (FAS I) (EC 2.3.1.85). It is
suggested that the disruption of metabolism can be caused by inhibition of the cell membrane
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synthesis, which is essential for the survival of Mycobacteria, but this mechanism was mainly rejected
for PZA itself by Boshoff because there is only low inhibition [10]. On the other hand, the PZA
analogues such as 5-chloropyrazinamide, esters of pyrazinoic acid and esters of 5-chloropyrazinoic
acid were proven to act in this way [11-13].

Recent research has suggested a novel mechanism of action of PZA - inhibition of trans-translation.
This process is vital for survival and virulence of Mycobacteria and its inhibition leads to blockage of the
proteosynthetic apparatus in ribosomes and to cellular death. These assumptions were proven by
Zhang et al. [14].

Although PZA is the first-line antituberculotic drug, it was found that this molecule has exhibited
other interesting biological activities such as antifungal, antibacterial, antiviral and antineoplastic
effects [15-20].

There is another application of PZA derivatives that can be used in agriculture. The most successful
pyrazine derivative diquat-dibromide (6,7-dihydrodipyrido[1,2-a:2',1'-c]pyrazinediium-dibromide),
a non-selective, contact herbicide, which has been used to control many submerged and floating
aquatic macrophytes, was found to interfere with the photosynthetic process by releasing strong
oxidizers that rapidly disrupt and inactivate cells and cellular functions (at present banned in many EU
countries) [21]. Many structural variations of pyrazine compounds with herbicidal properties can be found
in the patent literature [22-25]. However, several pyrazine derivatives were also described as inhibitors of
Hill reaction which inhibit photosynthetic electron transport (PET) in photosystem (PS) 2 [18,26].
The site of action of these PET inhibitors in the photosynthetic apparatus was situated predominantly
on the donor side of PS2, in the section between oxygen evolving complex and intermediate D°,
i.e., tyrosine radical (Tyrpe) occurring on the 161% position in D, protein. Consequently, these
compounds can be considered as PS2 herbicides which could have ultimately adverse effect on plant
growth. In general, the PET-inhibiting effectiveness of pyrazine derivatives depends on compound
lipophilicity and ¢ Hammett constants of individual substituents. Hosseini et al. studied the electronic
and structural descriptors, which are the main factors for the cytotoxicity in the series of substituted
N-phenylpyrazine-2-carboxamides [27].

This study is focused on preparation of N-substituted structural and functional derivative of PZA
(5-chloro-6-methylpyrazine-2,3-dicarbonitrile) that was treated with ring-substituted benzylamines
using the advantages of a microwave reactor. It should be stressed that this type of syntheses has
become popular due to its higher yields, shorter reaction times or solvent savings in comparison with
conventional organic syntheses [28]. One of the main advantages is the heating. It is uniform through
the volume of the sample and the microwaves usually interact with molecules themselves not vessel
sides. Another benefit is connected with the temperature reached by the solvent used. The final
temperature is usually far higher than the standard boiling point of the solvent when using over-
pressurized systems. It is reached and bypassed in seconds. Improved heating usually leads to higher
yields and shorter reaction times. There is one limitation for choosing the conditions. It is the polarity
of the solvent when the non-polar solvents cannot be used in the way the polar ones can be. If the polar
solvent is used in the reaction, there is a direct coupling of microwaves with molecules. More polar
solvents have greater ability to interact with microwave radiation. Using the solvents with low polarity
(low absorbers) leads to longer times of heating and reaction. On the contrary, if the reagents
themselves are polar it could lower the disadvantages of non-polar solvents. Finally there are new
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approaches to microwave accelerated methods using ionic liquids or solid phase reactions (adsorption
on mineral oxides, phase transfer catalysis, neat reactions) [29]. Microwave assisted condensation in
polar solvent is used in this work to accelerate the aminodehalogenation reaction. The conditions for
the synthesis were proven experimentally. Antimycobacterial activity of the all prepared compounds
was determined and compounds were evaluated also in relation to inhibition of photosynthetic electron
transport (PET) in spinach (Spinacia oleracea L.) chloroplasts. The structure-activity relationships
between the chemical structure and in vitro biological activities of evaluated compounds are discussed.

2. Results and Discussion
2.1. Chemistry

The starting compound 5-chloro-6-methylpyrazine-2,3-dicarbonitrile and the final compounds 1-15
were synthesized according to the general procedure shown in Scheme 1. The aminodehalogenation
reaction of this starting compound and ring-substituted benzylamines yielded a series of 15 secondary
amines of which 14 were novel. 5-(Benzylamino)-6-methylpyrazine-2,3-dicarbonitrile (6) was
previously synthesised by Takematsu ef al. and the reported melting point was 118—-119 °C [30]. The
compound we obtained melted at 128.7-130.7 °C. This difference can be caused by the mode of
crystallization. All reactions were done using microwave reactor with focused field and yields were in
the range between 17% and 62%. Lower yields were caused by the purification using preparative
chromatography and recrystallization. It is also known that 3-nitro substitution, for which the yield was
the lowest, is counted among the electron-withdrawing groups reducing the basicity of the amine
nitrogen. Obtained analytical data were fully consistent with the proposed structures. Table 1 shows the
substituents and other data of the synthesized compounds.

Scheme 1. Synthesis of starting compound [30] and microwave assisted aminodehalogenation
reaction resulting in a series of compounds 1-15.

NC NH, O CH,4 NC N\ CH3 NC N\ CHj
MeOH, HCI POCl;
+ —_— Y —_—
/ /
NC NH, O OH NC N OH NC

NC N CHs NC N CHs
X X X
+ 1 r MW
P HoN / =
NC N Cl NC N N
H R
1-15

R = H, CH3, Cl, F, CF3, OCH3, NOZ, NH2
MW - MeOH, pyridin, 30 min, 140°C, 120W
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Table 1. Experimentally determined values of lipophilicity log 4, calculated values of log P,
electronic Hammett’s ¢ parameters and m parameters, 50% inhibition concentration
ICso [umol/L] values related to PET inhibition in spinach chloroplasts in comparison with
3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) standard and in vitro antimycobacterial
activity against M. tuberculosis H37Rv (minimal inhibition concentration (MIC) [ug/mL])
of compounds 1-15 compared to pyrazinamide (PZA) and isoniazid (INH) standards.

ICs MIC M.tuberculosis

Compound R log P log k c [umol/L] H37Rv [pg/mL|
1 2-CH; 341 04668 -0.17 0.1674 114.0 >100
2 3-CF; 3.84  0.5369 0.43 0.2375 37.7 12.5
3 3,4-Cl 4.04  0.7538 0.60 0.4544 16.4 6.25
4 4-CH; 341 05157 -0.17 0.2163 104.7 25
5 4-OCH; 2.8 0.2820 -0.27 —0.0174  464.6 >100
6 H 2.92  0.299%4 0 0 - 25
7 4-NH, 212 -0.2014 —0.15 -0.5008 - 25
8 3-Cl 348 0.5172 0.37 0.2178 57.4 12.5
9 2-Cl 348  0.4663 0.22 0.1669 79.0 6.25
10 2-F 3.08 0.3042 0.06 0.0048 195.6 12.5
11 4-CF; 3.84  0.5626 0.51 0.2632 39.6 6.25
12 2-CF; 3.84 0.4865 0.51 0.1871 71.6 12.5
13 2,4-OCH; 2.67 03699 —0.55 0.0705 - 25
14 3-NO, 271  0.1808 0.71 -0.1186 4874 12.5
15 4-Cl 348 0.5384 0.23 0.2390 86.5 12.5
PZA - 12.5
INH - 1.5625
DCMU 1.9 -

n= log k(substituled) - log k(unsubstituted).
2.2. Calculated and Experimentally Set Lipophilicity

Lipophilicity is one of the most important factors that can affect the biological effect of the
compound. It is connected with the membrane transport and other biological processes and it is also
connected with solubility in the media. This physical-chemical property can be set experimentally. In
this work we have used the Reversed Phase - High Performance Liquid Chromatography (RP-HPLC)
methodology for measuring the capacity factors £ with the calculation of log & that can be correlated to
calculated values of lipophilicity log P (resp. Clog P). These calculations were carried out by using PC
program CS ChemBioDraw Ultra 13.0. The results of these measurements are shown in the Table 1.

The lowest lipophilicity was shown by compound 7 (R = 4-NH,) and on the contrary, compound 3
(R = 3,4-Cl) was the most lipophilic compound of this series. Lipophilicity, based on log k values,
increased for substituents in the benzyl part of the molecule as follows: 4-NH; < 3-NO, <4-OCH3; <H
< 2-F <2,4-OCHj; < 2-Cl < 2-CHj3 < 2-CF3 < 4-CHj3 < 3-Cl < 3-CF;3 < 4-Cl < 4-CF; < 3,4-Cl

The dependence of the measured log k& parameters on the calculated log P values showed an
approximate linearity, which is shown in Figure 1, and the corresponding correlation can be expressed

by the following regression equation:
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log k= —0.810 x (20.150) + 0.371 x (£0.045) x log P 0
r=0.915,5=0.092, F=66.9,n=15

Figure 1. Plot of experimentally measured log &k parameter on calculated log P (CS
ChemBioDraw Ultra version 13.0).
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2.3. Biological Assays

2.3.1. Antimycobacterial /n Vitro Screening

All prepared compounds were tested against four strains of Mycobacterium. These were
M. tuberculosis and three non-tuberculosis strains. The most active substances against M. tuberculosis
were compounds 3, 9 and 11. Their activity expressed as minimal inhibition concentration (MIC) was
6.25 pg/mL and the activities of standards were 12.5 pg/mL for PZA and 1.5625 pg/mL for INH.
Nearly the whole series showed activity against M. tuberculosis H37Rv, which was in the range from
25 to 6.25 pg/mL, but compounds 11 and 12 were also active against other strains and both of them
were active against M. avium 152. These strains are usually resistant or unsusceptible to pyrazinamide.
This is the reason why INH was chosen as second standard. Obtained results can be compared with
other synthesised compounds and a comparison can be drawn between more mycobacterial strains not
only M. tuberculosis.

As shown in Figure 2, dependence of antimycobacterial activity on lipophilicity expressed by n
constant (log k) as well as on the ¢ constant of the R substituent was observed. The most active
compounds (MIC = 6.25 pg/mL) were 3 (R = 3,4-Cl), 9 (R = 2-Cl) and 11 (R = 4-CF3) and were
mentioned above. All of these compounds are situated in the right upper quadrant of the Craig’s plot.
Further groups are represented by compounds 2 (R = 3-CF3), 8 (R = 3-Cl), 10 (R = 2-F), 12 (R = 2-CF3),
14 (R = 3-NO;) and 15 (R = 4-Cl) showing moderate activity with MIC = 12.5 pg/mL and compounds
4 (R = 4-CH3), 6 (R = H), 7 (R = 4-NH) and 13 (R = 2,4-OCH3) with MIC = 25 pg/mL. Low
antimycobacterial activity with MIC >100 pg/mL was exhibited by compounds 1 (R = 2-CH3) and 5
(R = 4-OCHs). It can be stated that the activity is more dependent on © constant than on ¢ constant.
On the other hand this dependence is not unambiguous. However, it is clear that the lipophilicity is
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important for antimycobacterial activity and the most suitable ring substituents are electron-withdrawing
groups such as halogen or trifluoromethyl moieties.

Figure 2. Dependence of antimycobacterial activity of studied compounds on the =n
constant (log k) as well as on the ¢ constant of R substituent.
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2.3.2. Antimycobacterial In Vitro Screening Against M. smegmatis

This evaluation was performed against fast-growing Mycobacterium smegmatis using isoniazid and
ciprofloxacin as standards. None of the compounds showed activity against this mycobacterial strain. This
may be caused by the fact that this fast-growing mycobacterium is less susceptible to antibiotic treatment.

2.3.3. Antifungal and Antibacterial In Vitro Screening

This evaluation was performed in order to obtain results for antifungal and antibacterial activity
against eight fungal strains and eight bacterial strains. None of the prepared compounds showed
antibacterial activity against the tested strains. On the contrary, compounds 7 (MIC = 500 umol/L),
10 (MIC = 500 pmol/L) and 12 (MIC = 125 pumol/L) exhibited activity against Trichophyton
mentagrophytes but in comparison to standards, this activity was negligible. It can be also caused by
the bigger susceptibility of this fungal strain being evaluated.

2.3.4. Herbicidal Activity of Prepared Compounds

The studied compounds inhibited photosynthetic electron transport in spinach chloroplasts (Table 1).
The PET inhibiting activity of studied compounds 1-15 expressed by ICsy value varied from
16.4 pmol/L (3) to 487.0 umol/L (14). The inhibitory activity of the most active compounds 3 was 8.6
times lower than that of the standard DCMU (ICsp = 1.9 pumol/L), a well-known PS2 herbicide.
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Compounds 6 (R = H), 7 (R = 4-NH;) and 13 (R = 2,4-OCHj3) were inactive and ICs, values related to
PET inhibition could not be determined. It can be stated that the inhibitory activity increases linearly
with increasing lipophilicity of the compounds based on the dependence of PET inhibiting activity of
studied dicarbonitriles 1-15 on log P (Figure 3A) and log & (Figure 3B).

Figure 3. Dependence of PET inhibiting activity on the log P (A) or log & (B) of
compounds 1-185.
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Also if compound 14 (R = 3-NO;) was excluded, the dependence of PET inhibiting activity on the
Hammett constant ¢ of R substituent showed again linear dependence (Figure 4). A linear increase of
PET-inhibiting activity was observed in the range of ¢ from -0.15 (7; R = 4-NH,) to 0.6 (3; R = 3,4-Cl).

Figure 4. Dependence of PET inhibiting activity of compounds 1-15 on the ¢ constant of
the R substituent.
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The correlation between log (1/ICsp) [mol/L] and log P or between log (1/ICsp) [mol/L] and &
constant of R substituent could be expressed by the following equations:

plso=0.577 x (£ 0.882) + 1.002 x (+ 0.250) log P

()
r=0.950,s=0.127, F=82.5,n=11



Molecules 2014, 19 659

plso = 3.881 x (+ 0.182) + 1.051 x (£0.503) &

3
r=0.844,s=0.217,F=2234,n=11 ®)

The use of both the above mentioned descriptors (log P and o) in a multilinear correlation did not
improve the results of statistical analysis:

plso =0.949 x (£ 1.669) + 0.887 x (+ 0.504) log P+ 0.160 x (£ 0.594) ¢
4)
r=0.952,s=0.131, F=38.6,n=11
Similarly, better results of statistical analysis were obtained for the correlation between log (1/ICs)
[mol/L] and log & than for multilinear correlation using two descriptors (log k and o).

plso =2.703 (£0.414) + 2.835 (£0.816) log k 5)
r=0934,s=0.144,F=61.8,n=11

plso =2.997 x (£ 0.331) +2.034 x (+ 0.738) log k£ + 0.481 (0.303) ©)
r=0976s=0.093F=802n=11

These results indicate that lipophilicity of the compound is determining for PET-inhibiting activity
of the studied N-substituted 5-amino-6-methylpyrazine-2,3-dicarbonitriles. Lee et al. focused on the
search for the minimum structural requirements for herbicidal evaluation of 5-(R')-6-(R*)-N-(R’-
phenyl)-pyrazine-2-carboxamide analogues as a new class of potent herbicides in a previous paper [31].
Based on ICsg values of 19 pyrazine derivatives related to PET inhibition in spinach chloroplasts which
were published by Dolezal et al. [15], Lee derived and discussed quantitatively 3D-QSARs models
between the substituents (R'-R?) changes of the analogues and their herbicidal activity using
comparative molecular field analysis (CoMFA) and comparative molecular similarity indice analysis
(CoMSIA) methods. It was predicted that the herbicidal activity increases when large steric
substituents were introduced to one part of the ortho- and meta- positions on the N-phenyl ring as
R’- substituent and small steric substituents on the other part. The same 19 pyrazine derivatives with
herbicidal activity were also subjected to the two dimensional quantitative structure activity
relationships studies using Vlife Molecular Design 3.0 module which contains various combinations of
thermodynamic, electronic, topological and spatial descriptors [32]. It was found that decreasing of
number of hydrogen bond acceptor atoms and reduction the any atoms (single, double or triple
bonded) separated from any oxygen atom by a seven bond distance in a molecule could be helpful for
designing more potent herbicidal agents.

Because the studied N-substituted 5-amino-6-methylpyrazine-2,3-dicarbonitriles were found to
inhibit the Hill reaction, they can be considered as photosystem 2 (PS2) inhibitors, i.e., PS2 herbicides
which ultimately adversely affect growth of weeds as well as agricultural plants. The PS2 inhibitors
can act on the donor and/or the acceptor side of PS2. Using EPR spectroscopy it was found that
N-phenylpyrazine-2-carboxamides interacted with the D° intermediate which is situated at 161"
position in D, protein occurring on the donor side of PS2. Due to interaction of these pyrazine
derivatives with this part of PS2, the photosynthetic electron transport from the oxygen evolving
complex to the reaction centre of PS2 was impaired and consequently, the electron transport between
PS2 and PS1 was inhibited [33]. Use of an artificial electron-donor, 1,5-diphenylcarbazide (DPC),
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acting in the Z°/D° intermediate is suitable to estimate whether the studied PET inhibitor acts only on
the donor or also on the acceptor side of PS2. Complete restoration of PET after DPC addition to
chloroplasts activity of which was inhibited by an inhibitor, indicates that PET between the core of
PS2 (P680) and the secondary quinone acceptor Qg was not affected by this inhibitor. Consequently,
its site of inhibitory action is situated on the donor side of PS2. However, upon addition of DPC to the
studied dicarbonitriles only partial restoration of PET was observed (up to 85% of the control) and
therefore it could be assumed that the studied compounds block PET not only by interaction with
proteins occurring in the section between the oxygen evolving complex (OEC) and the Z°/D*
intermediate but to PET inhibition contributes also their interaction with some constituents of
photosynthetic apparatus on the acceptor side of PS2. Similar results were obtained previously with
5-tert-butyl-N-(3-hydroxy-4-chlorophenyl)pyrazine-2-carboxamide and 5-fert-butyl-6-chloro-N-(3-
fluorophenyl)pyrazine-2-carboxamide [33].

Compounds 1-15 affected the chlorophyll a (Chla) fluorescence in spinach chloroplasts. As shown
in Figure 5, the intensity of the Chla emission band at 686 nm belonging to the pigment—protein
complexes in photosystem 2 decreased in the presence of compound 3 [34]. This finding indicates a
perturbation of the Chla—protein complexes in the thylakoid membrane caused by the tested
compound. Similar Chla fluorescence decrease in spinach chloroplasts was observed previously
with several PET inhibitors, i.e., N-benzylpyrazine-2-carboxamides [35], ring-substituted
3-hydroxynaphthalene-2-carboxanilides [36] and 1-hydroxynaphthalene-2-carboxanilides [37],
2-hydroxynaphthalene-1-carboxanilides [38] and ring-substituted 4-arylamino-7-chloroquinolinium
chlorides [39].

Figure 5. Fluorescence emission spectra of Chla of untreated spinach chloroplasts and
chloroplasts treated with 0, 0.13, 0.25 and 0.51 mmol/L of compound 3 (R = 3,4-Cl) (the curves
from top to bottom); excitation wave length A =436 nm; chlorophyll concentration 10 mg/L.

_ 120+

:é 4

%, 100 4

b 4

2 80

B 4

£ 604 /
Q

g ]

@ 40—/
] ]

(]

= 0_

650 660 670 680 690 700 710
A [nm]

3. Experimental
3.1. General

All the chemicals used for preparation of starting compound and final products were purchased
from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA) and were reagent or higher grade of purity.
Starting compound was prepared according to proven methodology of conventional organic synthesis.
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The final aminodehalogenation reactions were performed in CEM Discover microwave reactor with
focused field (CEM Corporation, Matthews, NC, USA) connected to the Explorer 24 autosampler
(CEM Corporation) and this equipment was running under CEM’s Synergy™ software for monitoring
the progress of reactions. The reaction progress was checked by Thin Layer Chromatography (TLC)
(Alugram® Sil G/UV254, Machery-Nagel, Postfach, Germany) using 254 nm wavelength UV
detection. All the obtained products were purified by crystallization or by preparative flash
chromatography (CombiFlash® Rf, Teledyne Isco Inc., Lincoln, NE, USA), using gradient elution with
hexane (LacheNer, Neratovice, Czech Republic) and ethyl acetate (Penta, Prague, Czech Republic) as
mobile phases. Silica gel (0.040-0.063 nm, Merck, Darmstadt, Germany) was used as the stationary
phase. NMR spectra were recorded on Varian Mercury—VxBB 300 (299.95 MHz for 'H and
75.43 MHz for ">C) or Varian VNMR S500 (499.87 MHz for 'H and 125.71 MHz for "°C)
spectrometers (Varian Corporation, Palo Alto, CA, USA). Chemical shifts were reported in ppm (J)
and were applied indirectly to tetramethylsilane as a signal of solvent (2.49 for 'H and 39.7 for "°C in
DMSO-dg). Infrared spectra were recorded with spectrometer FT-IR Nicolet 6700 (Thermo Scientific,
Waltham, MA, USA) using attenuated total reflectance (ATR) methodology. Melting points were
assessed by SMP3 Stuart Scientific (Bibby Scientific Ltd., Staffordshire, UK) and were uncorrected.
Elemental analyses were measured with EA 1110 CHNS Analyzer (Fisons Instruments S. p. A., Carlo
Erba, Milano, Italy). Calculation of electronic Hammett’s ¢ parameters was carried out on the software
ACD/Percepta ver. 2012 (Advanced Chemistry Development, Inc., Toronto, ON, Canada).

3.2. Starting Compound and Final Products Synthesis

The starting compound 5-chloro-6-methylpyrazine-2,3-dicarbonitrile was synthesized in a two-step
reaction according to the reported methodology [30]. The first step was a condensation reaction
between diaminomaleonitrile (0.025 mol) and pyruvic acid (0.025 mol), which were dissolved in
methanol (60 mL), and hydrochloric acid (10 mL, 15%) was added dropwise. It takes two hours to
react at room temperature. After the evaporation of two thirds of the solvent, hot water (80 mL) was
added and then the rest of methanol was evaporated in vacuo. The whole mixture was cooled to 5 °C to
initiate the crystallization. The product was collected by suction, dried overnight and subsequently
chlorinated with phosphoryl chloride. Product (0.015 mol) was again dissolved in POCI; (0.060 mol)
and cooled to 0 °C. Pyridine (0.020 mol) was added dropwise and after the termination of the
exothermic reaction, the mixture was heated to 90 °C for 2 h. Excess POCl; was evaporated in vacuo
and the rest of product was extracted into toluene three or four times, the toluene was evaporated and
then the crude product was recrystallized from chloroform. The starting compound (1.12 mmol) was
finally treated with 15 variously ring-substituted benzylamines (2.24 mmol) and all these
aminodehalogenation reactions took place in the microwave reactor. The conditions used for
microwave syntheses were as follows—150 °C, 30 min, 120 W, methanol as a solvent, pyridine as a
base and were set experimentally. The reaction was monitored by TLC using hexane/ethyl acetate 2:1
mixture as mobile phase. The final compounds were purified using flash column chromatography with
gradient elution using a hexane/ethyl acetate system and if necessary recrystallization from a mixture
of ethanol and water.
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3.3. Analytical Data of the Prepared Compounds

5-Methyl-6-[(2-methylbenzyl)amino]pyrazine-2,3-dicarbonitrile (1). Light orange crystalline solid.
Yield 47.9%; M.p. 152.1-152.9 °C; IR (ATR-Ge, cm '): 3381y, (-NH-), 2226y, (-CN), 1570y, 1521,
1403, 1349, (arom.); "H-NMR (500 MHz) & 8.61 (1H, bs, NH), 7.25-7.10 (4H, m, H3', H4', H5',
H6'), 4.56 (2H, s, NCH,), 2.47 (3H, s, CH3), 2.33 (3H, s, CH3); "C-NMR (125 MHz) & 152.9, 147.5,
136.0, 135.6, 130.2, 130.1, 127.5, 127.2, 125.9, 117.4, 115.7, 114.8, 42.5, 21.3, 19.0; Elemental
analysis: calc. for C;sHi;3Ns (MW 263.12): 68.42% C, 4.98% H, 26.60% N; found 68.22% C,
5.17% H, 26.44% N.

5-Methyl-6-{[3-(trifluoromethyl)benzyl]amino}pyrazine-2,3-dicarbonitrile (2). Yellow-orange crystalline
solid. Yield 51.6%; M.p. 158.5-159.7 °C (decomp.); IR (ATR-Ge, cm '): 3377y (-NH-), 2227, (-CN),
1570y, 1521, 1402y, 13531, 1324 (arom.), 1128, (-C-F); 'TH-NMR (300 MHz) & 8.75 (1H, bs, NH),
7.77-7.60 (1H, m, H2"), 7.68-7.50 (3H, m, H4', H5', H6"), 4.69 (2H, d, J = 4.6 Hz, NCH>), 2.46 (3H, s,
CHs); >C-NMR (75 MHz) § 152.9, 147.7, 139.6, 131.8, 130.0, 129.6, 129.2 (q, J = 31.5 Hz), 124.5 (q,
J=4.0 Hz), 124.4 (q, J=272.3 Hz), 124.0 (q, /= 4.0 Hz), 117.7, 115.6, 114.8, 44.0, 21.2; Elemental
analysis: calc. for C;sHoF3Ns (MW 317.27): 56.78% C, 3.18% H, 22.07% N; found 56.59% C, 3.30%
H, 21.93% N.

5-[(3,4-Dichlorobenzyl)amino]-6-methylpyrazine-2,3-dicarbonitrile (3). Light yellow crystalline solid.
Yield 60.9%; M.p. 154.4-156.2 °C; IR (ATR-Ge, cm '): 3329,, (-NH-), 2227, (-CN), 1568, 1516,
14664, 1402, (arom.); '"H-NMR (300 MHz) & 8.69 (1H, bs, NH), 7.61 (1H, d, J = 1.9 Hz, H2'), 7.57
(1H, d, J = 8.2 Hz, HS"), 7.33 (1H, dd, J = 8.2 Hz, J = 1.9 Hz, H6'), 4.59 (2H, s, NCH,), 2.46 (3H, s,
CHs); PC-NMR (75 MHz) & 152.8, 147.8, 139.4, 131.1, 130.6, 130.0, 129.8, 129.6, 127.9, 117.8,
115.6, 114.8, 43.3, 21.2; Elemental analysis: calc. for C;4HoCl,Ns (MW 318.16): 52.85% C, 2.85% H,
22.01% N; found 52.71% C, 3.05% H, 21.88% N.

5-Methyl-6-[(4-methylbenzyl)amino]pyrazine-2,3-dicarbonitrile (4). Light yellow crystalline solid.
Yield 60.5%; M.p. 140.8-142.3 °C; IR (ATR-Ge, cm '): 3370, (-NH-), 2223, (-CN), 1576, 1519,
1438, 1400, 1351 (arom.); 'H-NMR (300 MHz) & 8.68 (1H, bs, NH), 7.24-7.18 (2H, m, AA', BB,
H2', H6"), 7.14-7.09 (2H, m, AA', BB', H3', HS"), 4.55 (2H, bs, NCH,), 2.44 (3H, s, CH3), 2.26 (3H, s,
CHs); C-NMR (75 MHz) & 152.8, 147.5, 136.4, 135.0, 130.1, 128.1, 127.5, 117.3, 115.7, 114.9, 44.1,
21.2, 20.8; Elemental analysis: calc. for C;sH;3Ns (MW 263.30): 68.42% C, 4.98% H, 26.60% N;
found 68.30% C, 5.17% H, 26.43% N.

5-[(4-Methoxybenzyl)amino]-6-methylpyrazine-2,3-dicarbonitrile (5). Ochre crystalline solid. Yield
61.3%; M.p. 153.0-154.2 °C (decomp.); IR (ATR-Ge, cm '): 3345, (-NH-), 2948,, (-OCH3), 2223,
(-CN), 1585, 1570y, 1511y, 1462, 1403, (arom.); 'H-NMR (300 MHz) & 8.66 (1H, bs, NH),
7.29-7.23 (2H, m, AA', BB', H2', H6'), 6.90-6.84 (2H, m, AA', BB', H3', HS"), 4.52 (2H, bs, NCH,),
3.71 (3H, s, OCH3), 2.43 (3H, s, CH3); >C-NMR (75 MHz) & 158.6, 152.8, 147.4, 130.1, 129.9, 129.0,
117.3, 115.7, 114.9, 113.9, 55.2, 43.8, 21.2; Elemental analysis: calc. for C;sH;3sNsO (MW 279.30):
64.51% C, 4.69% H, 25.07% N; found 64.35% C, 4.81% H, 24.84% N.
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5-(Benzylamino)-6-methylpyrazine-2,3-dicarbonitrile (6) [30]. Yellow-orange crystalline solid. Yield
53.3%; M.p. 128.7-130.7 °C (described in the literature 118-119 °C); IR (ATR-Ge, cm '): 3404,
(-NH-), 2228, (-CN), 1564, 1508, 1454, 1400y, 1357s (arom.); 'H-NMR (300 MHz) & 8.72 (1H,
bs, NH), 7.37-7.20 (5H, m, H2', H3', H4", H5', H6"), 4.61 (2H, d, J = 3.3 Hz, NCH,), 2.45 (3H, s,
CHs); >C-NMR (75 MHz) § 152.9, 147.5, 138.1, 130.1, 128.5, 127.5, 127.2, 117.4, 115.7, 114.9, 44.3,
21.2; Elemental analysis: calc. for Ci4H;;Ns (MW 249.27): 67.46% C, 4.45% H, 28.10% N; found
67.21% C, 4.63% H, 27.95% N.

5-[(4-Aminobenzyl)amino]-6-methylpyrazine-2,3-dicarbonitrile (7). Brown crystalline solid. Yield
37.2%; M.p. 154.9-156.5 °C; IR (ATR-Ge, cm ): 3413y, (-NH,), 3376 (-NH-), 2234, (-CN), 1572y,
1519, 1440, 1402, 1352 (arom.); 'H-NMR (300 MHz) & 8.54 (1H, bs, NH), 7.04-6.94 (2H, m,
AA', BB', H2', H6"), 6.54-6.45 (2H, m, AA', BB', H3', HS"), 4.97 (2H, bs, NH,), 4.41 (2H, d, J = 3.8 Hz,
NCH,), 2.41 (3H, s, CH;); >C-NMR (75 MHz) & 152.7, 148.0, 147.3, 130.2, 128.7, 124.7, 117.0,
115.8, 114.9, 113.9, 44.2, 21.2; Elemental analysis: calc. for Ci4H;2Ng (MW 264.29): 63.62% C,
4.58% H, 31.80% N; found 63.48% C, 4.45% H, 31.65% N.

5-[(3-Chlorobenzyl)amino]-6-methylpyrazine-2,3-dicarbonitrile (8). Yellow crystalline solid. Yield
60.2%; M.p. 151.0-151.8 °C; IR (ATR-Ge, cm '): 3306,, (-NH-), 2248, (-CN), 15675, 15135, 1468,
1401, 1351, (arom.); 'H-NMR (300 MHz) & 8.70 (1H, t, J = 5.9 Hz, NH), 7.43-7.39 (1H, m, H2",
7.38-7.27 (3H, m, H4', H5', H6'), 4.61 (2H, d, J = 5.9 Hz, NCH,), 2.46 (3H, s, CHs3); *C-NMR
(75 MHz) &6 152.9, 147.7, 140.7, 133.2, 130.4, 130.0, 127.4, 127.2, 126.2, 117.7, 115.6, 114.9, 43.8,
21.2; Elemental analysis: calc. for Ci4H;¢CINs (MW 283.72): 59.27% C, 3.55% H, 24.68% N; found
59.08% C, 3.71% H, 24.57% N.

5-[(2-Chlorobenzyl)amino]-6-methylpyrazine-2,3-dicarbonitrile (9). Dark orange crystalline solid.
Yield 24.7%; M.p. decomp.; IR (ATR-Ge, cm '): 3381y, (-NH-), 2227,, (<CN), 1570, 1521, 1474,
1440, 1401, 1351, (arom.); 'H-NMR (300 MHz) & 8.68 (1H, bs, NH), 7.51-7.24 (4H, m, H3', H4',
H5', H6"), 4.66 (2H, s, NCH,), 2.49 (3H, s, CH3); "C-NMR (75 MHz) & 153.0, 147.7, 134.9, 132.3,
130.0, 129.4, 129.1, 1289, 127.4, 117.8, 115.6, 114.8, 42.4, 21.2; Elemental analysis: calc. for
Ci4H;0CINs (MW 283.72): 59.27% C, 3.55% H, 24.68% N; found 59.08% C, 3.68% H, 24.90% N.

5-[(2-Fluorobenzyl)amino]-6-methylpyrazine-2,3-dicarbonitrile (10). Dark yellow crystalline solid.
Yield 60.8%; M.p. 134.8-136.3 °C; IR (ATR-Ge, cm '): 3377y (-NH-), 2231, (-CN), 1573, 1523,
1491,, 1402, 1354, (arom.); 'H-NMR (300 MHz) & 8.68 (1H, t, J = 5.3 Hz, NH), 7.42-7.10 (4H, m,
H3', H4', H5', H6'), 4.63 (2H, d, J = 5.3 Hz, NCH,), 2.46 (3H, s, CH3); >*C-NMR (75 MHz)  160.0 (d,
J = 2448 Hz), 152.9, 147.6, 129.8 (d, J = 20.4 Hz), 129.8, 129.4 (d, J = 8.3 Hz), 124.6 (d, J = 17.8
Hz), 124.5 (d, J = 6.6 Hz), 117.7, 115.5 (d, J = 9.2 Hz), 115.2, 114.8, 38.3, 21.2; Elemental analysis:
calc. for Ci4HoFNs (MW 267.26): 62.92% C, 3.77% H, 26.20% N; found 62.71% C, 3.59% H,
26.38% N.

5-Methyl-6-{[4-(trifluoromethyl)benzyl]aminopyrazine-2,3-dicarbonitrile (11). Light yellow crystalline
solid. Yield 38.3%; M.p. 148.4-149.6 °C; IR (ATR-Ge, cm™'): 3397, (-NH-), 2232, (-CN), 1570,
15205, 1422, 1399, 1324, (arom.), 1114, (-C-F); '"H-NMR (300 MHz) & 8.54 (1H, t, J = 5.3 Hz,
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NH), 7.71-7.64 (2H, m, AA', BB', H2', H6'), 7.38-7.52 (2H, m, AA', BB', H3', HS'), 4.69 (2H, d,
J=15.3 Hz, NCH,), 2.51 (3H, s, CH3); C-NMR (75 MHz) & 152.9, 147.7, 143.1, 130.0, 128.2, 127.9
(q, J = 31.5 Hz), 1254 (q, J = 3.7 Hz), 124.5 (q, J = 272.0 Hz), 117.8, 115.6, 114.8, 44.0, 21.2;
Elemental analysis: calc. for C;sHoFsNs (MW 317.27): 56.78% C, 3.18% H, 22.07% N; found 56.59%
C,2.99% H, 21.91% N.

S5-Methyl-6-{[2-(trifluoromethyl)benzyl] amino!pyrazine-2,3-dicarbonitrile (12). Yellow-orange crystalline
solid. Yield 49.1%; M.p. 157.8-159.4 °C (decomp.); IR (ATR-Ge, cm '): 3408, (-NH-), 2230,, (-CN),
15695, 1522, 14304, 1409, 1398, 1368, 1314y, (arom.), 1114, (-C-F); '"H-NMR (300 MHz) & 8.76
(1H, bs, NH), 7.77-7.71 (1H, m, H3'), 7.64-7.43 (3H, m, H4', HS', H6'), 4.77 (2H, bs, NCH,),
2.51 (3H, s, CHs); “C-NMR (75 MHz) & 153.0, 147.7, 136.3, 132.9, 130.0, 128.3, 127.8, 126.4 (q,
J=30.3 Hz), 126.1 (q, /= 6.0 Hz), 124.7 (q, J=274.0 Hz), 118.0, 115.5, 114.7, 41.1, 21.2; Elemental
analysis: calc. for C;sHoF3Ns (MW 317.27): 56.78% C, 3.18% H, 22.07% N; found 56.62% C, 3.08%
H, 22.00% N.

5-[(2,4-Dimethoxybenzyl)amino]-6-methylpyrazine-2,3-dicarbonitrile (13). Ochre crystalline solid.
Yield 62.3%; M.p. 151.6-152.9 °C; IR (ATR-Ge, cm '): 3336y, (-NH-), 2924, (-OCH3), 2224, (-CN),
1609, 1574y, 1509, 1467, 1440, 1405, (arom.); 'H-NMR (300 MHz) & 8.45 (1H, t, J = 5.7 Hz,
NH), 7.07 (1H, d, J = 8.2 Hz, H6"), 6.55 (1H, d, J= 2.5 Hz, H3"), 6.43 (1H, dd, /= 8.2 Hz, /= 2.5 Hz,
H5"), 4.47 (2H, d, J = 5.7 Hz, NCH,), 3.80 (3H, s, OCH3), 3.72 (3H, s, OCHs), 2.44 (3H, s, CHj3);
3C-NMR (75 MHz) & 160.1, 158.1, 153.0, 147.4, 130.2, 128.8, 117.3, 117.2, 115.8, 114.9, 104.6,
98.5, 55.7, 55.4, 39.5, 21.3; Elemental analysis: calc. for CicH;sNsO, (MW 309.32): 62.13% C, 4.89%
H, 22.64% N; found 62.36% C, 5.01% H, 22.52% N.

5-Methyl-6-[(3-nitrobenzyl)amino]pyrazine-2,3-dicarbonitrile (14). Orange-red crystalline solid. Yield
17.2%; M.p. decomp.; IR (ATR-Ge, cm™'): 3394, (-NH-), 2231, (-CN), 1571y, 1547, 1524, 1478,
1430y, 13965, 1366,, 1348, (arom.); '"H-NMR (300 MHz) § 8.79 (1H, t, J = 5.8 Hz, NH), 8.23 (1H, s,
H2", 8.11 (1H, d, J = 7.8 Hz, H4"), 7.81 (1H, d, J = 7.8 Hz, H6'), 7.62 (1H, t, J = 7.8 Hz, HS"), 4.73
(2H, d, J = 5.8 Hz, NCH,), 2.47 (3H, s, CH3); >C-NMR (75 MHz) & 152.9, 148.0, 147.8, 140.6, 134.4,
130.0, 130.0, 122.5, 122.3, 117.9, 115.6, 114.8, 43.8, 21.2; Elemental analysis: calc. for C14H;(NO,
(MW 294.27): 57.14% C, 3.43% H, 28.56% N; found 56.93% C, 3.64% H, 28.56% N.

5-[(4-Chlorobenzyl)amino]-6-methylpyrazine-2,3-dicarbonitrile (15). Brown crystalline solid. Yield
30.8%; M.p. 152.8-154.8 °C (decomp.); IR (ATR-Ge, cm '): 3378, (-NH-), 2230, (-CN), 1570,
1521, 1487y, 1441, 1403, 1347, (arom.), 804, (-C-Cl); '"H-NMR (500 MHz) & 8.42 (1H, bs, NH),
7.39-7.33 (4H, m, H2', H3', H5', H6"), 4.59 (2H, s, NCH,), 2.45 (3H, s, CH3); °C-NMR (125 MHz) &
152.8, 147.6, 137.2, 131.8, 130.0, 129.4, 128.5, 117.6, 115.6, 114.8, 43.7, 21.2; Elemental analysis:
calc. for C4HoCINs (MW 283.72): 59.27% C, 3.55% H, 24.68% N; found 59.16% C, 3.65% H,
24.62% N.
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3.4. Lipophilicity HPLC Determination and Calculations

Experimental lipophilicity parameter log k was ascertained using an Agilent Technologies 1200 SL
HPLC system with a SL G1315C Diode-Array Detector, ZORBAX XDB-C18 5 pm, 4 x 4 mm, Part
No. 7995118-504 chromatographic pre-column and ZORBAX Eclipse XDB-C18 5 pm, 4.6 x 250 mm,
Part No. 7995118-585 column (Agilent Technologies Inc., Colorado Springs, CO, USA). The
separation process was controlled by Agilent ChemStation, version B.04.02 extended by spectral
module (Agilent Technologies Inc.). A solution of MeOH (HPLC grade, 70%) and H,O (HPLC-Milli-
Q Grade, 30%) was used as mobile phase. The total flow of the column was 1.0 mL/min, injection
20 pL, column temperature 30 °C. Detection wavelength A= 210 nm and monitor wavelength
A= 270 nm were chosen for this measurement. The KI methanol solution was used for the dead time
(TD) determination. Retention times (TR) of synthesized compounds were measured in minutes. The
capacity factors k were calculated using Microsoft Excel according to formula £ = (TR — TD)/TD,
where TR is the retention time of the solute and TD denotes the dead time obtained via an unretained
analyte. Log k, calculated from the capacity factor £, is used as the lipophilicity index converted to
log P scale. Values of log P and Clog P were calculated with the PC programme CS ChemBioDraw
Ultra 13.0 (CambridgeSoft, Cambridge, MA, USA).

3.5. Biological Assays
3.5.1. Antimycobacterial /n Vitro Screening

Mycobacterial screening was performed against four mycobacterial stems (M. tuberculosis H37Rv
CNCTC My 331/88, M. kansasii CNCTC My 235/80, M. avium ssp. avium CNCTC My 80/72,
M. avium CNCTC My 152/73 (Czech National Collection of Type Cultures, National Institute of
Public Health, Prague, Czech Republic)) using isoniazid and pyrazinamide (Sigma-Aldrich) as
standards. Culturing medium was Sula’s semisynthetic medium (Trios, Prague, Czech Republic) with
pH 6.0. Tested compounds were dissolved in dimethylsulfoxide (DMSO) and diluted with medium to
final concentrations 100, 50, 25, 12.5, 6.25, 3.125 and 1.5625 pg/mL. The method used for this assay
was microdilution broth panel method. The final concentration of DMSO did not exceed 1% (v/v) and
did not affect the growth of Mycobacteria. The cultures were grown in Sula’s medium at 37 °C in
humid dark atmosphere. The antimycobacterial activity was determined using Alamar Blue colouring
after 14 days, resp. 6 days against M. kansasii, of incubation as MIC (pug/mL). This evaluation was
done in cooperation with Department of Clinical Microbiology, University Hospital in Hradec
Kralove, Hradec Kralove, Czech Republic.

3.5.2. Antimycobacterial In Vitro Screening Against M. smegmatis

This assay was focused on the activity against fast growing Mycobacterium smegmatis MC2155
(CIT Collection, Cork Institute of Technology, Cork, Ireland). The method used there was also
microdilution broth panel method and as the medium was used Middlebrook 7H9 Broth with 10% of
OADC supplement (Sigma-Aldrich). Tested compounds were dissolved in DMSO and medium and
the final concentrations were set as 1000, 500, 250, 125, 62.5, 31.25, 15.625 and 7.8125 pg/mL. The



Molecules 2014, 19 666

final concentration of DMSO did not exceed 2% (v/v) and did not affect the growth of M. smegmatis.
The standards used for determination of activity were isoniazid and ciprofloxacin. MIC was read after
48 h of incubation at 37 °C, addition of Alamar Blue stain was followed by 12 h of additional
incubation with this reagent. This screening was performed under the patronage of the Department of
Biological Sciences, Cork Institute of Technology, Cork, Ireland.

3.5.3. Antifungal and Antibacterial In Vitro Screenings

Antibacterial evaluation was made using the microdilution broth method in plates M27A-M1
(200+10) against eight bacterial stems from the Czech Collection of Microorganisms (Brno, Czech
Republic) or clinical isolates from Department of Clinical Microbiology, University Hospital in
Hradec Kralove (Hradec Kralove, Czech Republic) (Staphylococcus aureus CCM 4516/08,
Staphylococcus aureus H 5996/08 methicillin resistant, Staphylococcus epidermidis H 6966/08,
Enterococcus sp. J14365/08, Escherichia coli CCM 4517, Klebsiella pneumoniae D 11750/08,
Klebsiella pneumoniae J 14368/05 ESBL positive, Pseudomonas aeruginosa CCM 1961). Mueller
Hinton broth was used for the cultivation that was done in humid atmosphere at 35 °C. The readings
were made after 24 and 48 h and MIC was set as 80% inhibition of control. The standards were
neomycin, bacitracin, penicillin G, ciprofloxacin and phenoxymethylpenicillin and tested products
were dissolved in DMSO (final concentration of DMSO did not exceed 1% (v/v)) [40].

Antifungal evaluation was also accomplished with microdilution broth method. On the contrary,
there was used RPMI 1640 broth with glutamine as medium and conditions were humid and dark
atmosphere, pH 7.0 (buffered with 3-morpholinopropane-1-sulfonic acid) and 35 °C. Eight fungal
strains were used (Candida albicans ATCC 44859, Candida tropicalis 156, Candida krusei E28,
Candida glabrata 20/1, Trichosporon asahii 1188, Aspergillus fumigatus 231, Absidia corymbifera
272, Trichophyton mentagrophytes 445) together with 4 antimycotic standards amphotericin B,
voriconazole, nystatin and fluconazole. The MIC was set as 80% inhibition of control and readings were
made after 24 and 48 h (50% IC, 72 and 120 h for fibrous fungi) and tested compounds were also dissolved
in DMSO (final concentration of DMSO in medium did not exceed 2.5% (v/v)) [41].

3.5.4. Study of the Inhibition of Oxygen Evolution Rate in Spinach Chloroplasts

Chloroplasts were prepared from spinach (Spinacia oleracea L.) according to Masarovicova and
Kralova [42]. The inhibition of photosynthetic electron transport (PET) in spinach chloroplasts was
determined spectrophotometrically (Genesys 6, Thermo Scientific, Madison, WI, USA) using an
artificial electron acceptor 2,6-dichlorophenol-indophenol (DCPIP) according to Kralova et al. [43]
and the rate of photosynthetic electron transport (PET) was monitored as a photo-reduction of DCPIP.
The measurements were carried out in a phosphate buffer (0.02 mol/L, pH 7.2) containing sucrose
(0.4 mol/L), MgCl, (0.005 mol/L) and NaCl (0.015 mol/L). The chlorophyll content was 30 mg/L in
these experiments and the samples were irradiated (~100 W/m?) from a 10 cm distance with halogen
lamp (250 W) using a 4 cm water filter to prevent warming of the samples (suspension temperature 4 °C).
The studied compounds were dissolved in DMSO due to their limited water solubility. The applied
DMSO concentration (up to 4% (v/v)) did not affect the photochemical activity in spinach chloroplasts
(PET). The inhibitory efficiency of the studied compounds was expressed as the ICs values, i.e., molar
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concentration of the compounds causing 50% decrease in the oxygen evolution relative to the
untreated control. The comparable ICsy value for a selective herbicide 3-(3,4-dichlorophenyl)-1,1-
dimethylurea (Diurone®, DCMU) was about 1.9 umol/L [44].

3.5.5. Study of Fluorescence of Chlorophyll a in Spinach Chloroplasts

The fluorescence emission spectra of chlorophyll a (Chla) in spinach chloroplasts were recorded on
fluorescence spectrophotometer F-2000 (Hitachi, Tokyo, Japan) using excitation wavelength Ax = 436 nm
for monitoring fluorescence of Chla, excitation slit 20 nm and emission slit 10 nm. The samples were
kept in the dark 2 min before measuring. The phosphate buffer used for dilution of the chloroplast
suspension was the same as described above. Due to low aqueous solubility the compounds were
added to a chloroplast suspension in DMSO solution. The DMSO concentration in all samples was the
same as in the control (10% (v/v)). The chlorophyll concentration in chloroplast suspension
was 10 mg/L.

4. Conclusions

A series of 15 pyrazinamide derivatives (14 of them novel) was synthesized by aminodehalogenation
reactions focusing on microwave assisted synthesis. All the final compounds were characterized with
IR, NMR and other analytical data and then subjected to in vitro evaluation in order to discover their
potential antimycobacterial, antifungal, antibacterial and herbicidal activities.

The lipophilicity was measured using RP-HPLC methodology and also calculated or predicted with
the PC program CS ChemBioDraw Ultra 13.0. These values were compared and the dependence
between log & and log P was linear.

In antimycobacterial screening compounds 3 (R = 3,4-Cl), 9 (R = 2-Cl) and 11 (R = 4-CF3) showed
good activity against wild strain M. tuberculosis H37Rv (MIC = 6.25 ng/mL) compared to the standards
pyrazinamide (MIC = 12.5 pg/mL) and isoniazid (MIC = 1.56 ug/mL). Compounds 11 (R = 4-CF3) and 12
(R = 2-CF;) were active against the non-tuberculosis strains M. kansasii and M. avium as well.
Although the majority of synthesized compounds were active, there is no clear dependence between
lipophilicity and antimycobacterial activity, but it can be stated that the most potent substances were
also from the group of most lipophilic compounds and the most favourable substitutions are the
electron-withdrawing groups such as chlorine or trifluoromethyl. Activity against fast growing
Mycobacteria was also determined but no active substances were identified.

No interesting results were observed in antibacterial and antifungal screenings. Three compounds
(7 (R = 4-NH»), 10 (R = 2-F), and 15 (R = 4-Cl)) showed insignificant activity against the fungus
Trichophyton mentagrophytes, which was found to be worse compared to the standards. The rest of
substances showed no in vitro antibacterial or antifungal activity.

On the contrary, N-substituted 5-amino-6-methylpyrazine-2,3-dicarbonitriles were found to inhibit
the Hill reaction in spinach chloroplasts which indicated that these compounds act as PS2 inhibitors.
The ICs values related to PET inhibition varied in the investigated set in the range from 16.4 pmol/L
(3; R =3,4-Cl) to 487.0 umol/L (14; R = 3-NO,). The lipophilicity of the compounds was determinant
for PET-inhibiting activity. The site of inhibitory action of studied compounds in the photosynthetic
apparatus is situated both on the donor and on the acceptor side of PS2. Perturbation of the
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Chla-protein complexes in the thylakoid membranes caused by the tested compounds was documented
by a decrease of the Chla emission band intensity at 686 nm belonging to the pigment-protein
complexes in photosystem 2.

Based on the obtained results it can be assumed that the antifungal and antibacterial activities of
studied compounds are not directly dependent on lipophilicity. This conclusion cannot be applied for
the herbicidal activity because there is a linear dependence between activity and lipophilicity.
Dependence between antimycobacterial activity and the benzyl substituents was found. This reliance
was expressed by the lipophilicity parameter log & resp. @ constant and showed the importance of the
ring-substituted benzyl moiety.
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Substituted 2-(2-phenylhydrazinyl)pyrazine, process for iis preparation, its use and a

pharmaceutical composition containing the same

Field of the Invention

The present invention relates to novel compounds based on substituted phenylhydrazinyl-
pyrazines, processes for their preparation, and their use as antituberculous drugs and

pharmaceutical preparations containing them.

Background of the Invention

Substituted pyrazine derivatives belong to compounds having significant biological activity,
they are used as essential drugs (Miniyar P.B., Murumkar P.R., Patil P.S., et al.: Mini Rev.
Med. Chem. 13, 1607-25, 2013; Ferreira S.B., Kaiser C.R. Exp. Opin. Ther. Patents 22, 1033-
51,2012).

Tuberculosis (TB), caused by Mycobacterium tuberculosis complex (MTB), has for many
years belonged to the most widespread infectious diseases in the world. Its incidence and
mortality has so far failed to reduce despite existing antituberculotic therapy (World Health
Organization, Stop TB Partnership. Tuberculosis Global Facts 2014). The reason is the
emergence and development of increasingly resistant forms of the disease agent and co-
infection with HIV, the incidence in the Czech Republic is increasing (Ustav zdravotnickgch
informaci a statistiky CR; Tuberkul6za a respiraini nemoci 2012, Prha UZIS, 2013, 111pp.).
Therefore, it is necessary to develop new more efficient low-molecular antituberculotic drugs
active against increasingly occurring resistant and/or multiresistant mycobacterial strains.

The most important first line anti-tuberculosis drugs (along with isoniazide, rifampicin and
ethambutol) include pyrazinamide (PZA). Only PZA, or rifampicin, are active against latent
forms of TB (i.e. semidormant mycobacieria occurring in acidic environment tissues). Thanks
to PZA is the treatment shortened from 9-12 to 6 months, which is due to the ability to kill
mycobacteria persisting in an acidic environment (Zhang H., et al. The FEBS Journal 275,
753-762, 2008). PZA does not act by a single mechanism, but we recognize still new ways of
its action: a) PZA is a prodrug, which is converted with the enzyme
nikotinamidase/pyrazinamidase (PncA) to the pyrazinoic acid (POA), as its active form.
There is an accumulation of POA and intracellular acidification (Dolezal M., KeSetovi& D.,

Zitko J. Curr. Pharm. Design, 2011, vol. 17, no. 32, p. 3506-3514). This disturbance leads to
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influencing the activity of enzymatic systems and disrupting the processes that are dependent
on the pH gradient at the interface organelle / cytoplasmic compartment (Zhang H., et al. The
FEBS Journal 275, 753-762, 2008). Furthermore, POA acts by inhibiting protein and RNA
synthesis, serine uptake, disruption of membrane potential in the acidic pH (Wright H.T,,
Reynolds K.A. Curr. Opin. Microbiol. 10, 447-453, 2007); b) PZA influences RpsA - an
enzyme system responsible for regulating biological processes, including cell adhesion,
migration and differentiation (Zimic M., et al. Microb. Drug Resist. 18, 372-375, 2012;
Sayahi H., et al. Chemistry & Biodiversity 9, 2582-2596, 2012). Through this process PZA
inhibits trans-translation, which is a process to prevent the creation of non-functional
proteins, and is associated with stress survival, virulence and recovery of nutrient starvation
(Shi W., Zhang X., Jiang X., et al. Science 333, 1630-1632, 2011); c) estimated competition
of PZA (and 5-chloro-pyrazine-2-carboxamide) with NADPH for binding to the complex
FAS I (Fatty Acid Synthase). The synthesis of mycolic acids, which are part of the cell wall
of mycobacteria, is inhibited. Also POA is binding to FAS I, but in different location of the
enzyme (Zimic M., et al. Microb. Drug Resist. 18, 372-375, 2012; Sayahi H., et al. Chemistry
& Biodiversity 9, 2582-2596, 2012). Recently it has been found that FAS 1is the primary goal
of the pyrazinamide derivatives, including 5-chloropyrazinamide, which also inhibits FAS
complex II. FAS [ is involved in the synthesis of short chain-mycolic acids, FAS II mediates
the synthesis of long chain-mycolic acids. One of the key enzymes of FAD II is the enoyl-
ACP reductase (Ngo S.C., et al. Antimicrob. Agenis Chemother. 51, 2430-2435, 2007).

Y AT

pyrazinamide 5-chioropyrazine-2-carboxamide

CONH, CONH,

Pharmaceutical research and development has neglected the field of antituberculotics (AT);
for almost 40 years there have been no launch of a new drug in this indication group;
currently (2015), only 3 new antituberculotics (entirely new structures), bedaquilline,
delamanid and pretomanid, are in the third stage of clinical trials worldwide. However, these
new ATs must be combined with, e.g,, PZA or rifampicin. Due to problems of TB therapy,

any new substance is highly expected since resistance develops gradually to actually used
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ATs and it is only a matter of time when no effective drugs will be available against TB
(Matthias Stehr M., Elamin A.A., Singh M. Curr. Top. Med. Chem. 14, 110-129, 2014).

GHa
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bedaquilline delamanid
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N 0
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O F
pretomanid

For the reasons mentioned above there persist attempts to find an AT which would act against
MDR-TB strains, or against latent forms of TB. They must be structurally novel compounds
which act by novel mechanisms other than the currently used AT, or with an improved
pharmacokinetic profile, New potential ATs, which are now in preclinical and clinical stage
of development, are often substances which contain a nitro moiety in their molecule. Relevant
examples include the nitroimidazoles pretomanid, OPC-67683 and delamanid. Another
promising group of AT are oxazolidinones, for example linezolid and sutezolid, containing,
inter alia, the carboxamide functional moiety (Matthias Stehr M., Elamin A.A., Singh M.
Curr. Top. Med. Chem. 14, 110-129, 2014).

Reatytes
onN” N

OPC-67683 OCF;
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For all these substances, the nitro or carboxamide moieties have proved essential for the
antimycobacterial activity, but the mechanisms of action were different for each other
(Matthias Stehr M., Elamin A.A., Singh M. Curr. Top. Med. Chem. 14, 110-129, 2014). The
pyrazinecarboxamide motif can be found in a wide range of modern drugs such as the
antineoplastic agent bortezomib (Palle Raghavendracharyulu Venkata, Kadaboina Rajasekhar,
Murki Veerendeer et al., Bortezomib and proces for producing same. US2010226597 (2010)),
the antivirotic favipiravir (Furuta Y, Takahashi K, Shirakib K, et al. T-705 (favipiravir) and
related compounds: Novel broad-spectrum inhibitors of RNA viral infections. Antiviral Res.
82, 95-102, 2009), or telaprevir (Zeuzem 8., Andreone P., Pol S., et al. Telaprevir for
Retreatment of HCV Infection. New Engl. J. Med. 25, 2417-28, 2011).

o)
o Fu N
H
N N l = NH,
[/ | tlt \l/\r N” “oH
O __B.
SN HO” " “OH

bortezomib favipiravir

o

ﬁ%fM”m

telaprevir

A PZA fragment is also contained in a large number of drugs which are in the clinical trial
phase, for example pyrazine derivatives patented as kinase inhibitors (Charrier J.D., Durrant

S.J., Kay D., et al. Compounds useful as inhibitors of ATR kinase; US2014113005 (2014);
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Song Y., Xu Q., Jia Z., et al. Preparation of pyrazine derivatives for use as Syk kinase activity
inhibitors. US20130131040 (2013); Boyle R.G., Boyce R.J. Preparation of 1-(substituted
phenyl)-3-(5-cyano-pyrazin-2-yl) urea compounds as Chk-1 kinase inhibitors.
WO02013072502 (2013); Collins L., Lainchbury M., Matthews T.P., Reader J.C. Preparation of
5-(pyridin-2-ylamino)pyrazine-2-carbonitrile compounds as CHK1 inhibitors.
W02013068755 (2013); Collins L, Lainchbury M., Matthews T.P., Reader J.C. 5-(pyridine-2-
yl-aminopyrazine-2-carbonitrile compounds and their therapeutic use. AU2012335409
(2014)).

Over the past decades, methods of microwave synthesis methods and their applications
suitable for the development of new drugs have got the forefront of interest of pharmaceutical
chemists. These reactions usually provide a higher yield, require significantly shorter reaction
time, and reduce the consumption of solvents compared to conventional methods of organic
synthesis. In some cases, the desired products can be obtained only by using a microwave
synthesis. Advantages of these reactions can be explained by the interaction of microwaves
and molecules; the possibility of reaching a temperature greater than the boiling point of the
solvent at atmospheric pressure (in a sealed system) is also very advantageous (Hayes B.L.
Microwave Synthesis: Chemistry at the Speed of Light; CEM Publishing: Matthews, NC,
USA, 2002; De la Hoz A., Diaz-Ortiz A., Moreno A. Microwaves in organic synthesis.
Thermal and non-thermal microwave effects. Chem. Soc. Rev. 34, 164-178, 2005). During
microwave heating, microwaves act directly on the molecules present in the reaction mixture
and heating is hence not dependent on the thermal conductivity of the container, unlike in
classical heating. The fransmission of energy from the microwave heating to the substance
proceeds by two basic mechanisms, either by dipole rotation, or by ion conductivity. Dipole
rotation is an interaction of the spin at which polar molecules attempt to align with rapidly
changing electric field of the microwaves. This rotational motion of molecules results in
energy transfer. The second way is to transmit energy through the ion conduction. If free ions
or ionic groups are present in the reaction mixture, these will move in the solution under the
influence of an electric field, which leads to energy expenditure due to the increased extent of
precipitation and a conversion of kinetic energy into heat occurs. The temperature of the
substance also affects the ionic conductivity - as the temperature rises, energy transfer
becomes more efficient (Hayes B.L. Microwave Synthesis: Chemistry at the Speed of Light;
CEM Publishing: Matthews, NC, USA, 2002; Lidstrém P., Tierney J., Wathey B., Westman J.
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Microwave assisted organic synthesis - a review. Tetrahedron. 57, 9225-9283, 2001). Also the
choice of solvents for microwave-assisted synthesis can be critical to the outcome of the
reaction. The important characteristics of used solvents include their polarity, the rule for
which is that the more polar solvent, the higher the ability to interact with microwaves will be.
Even solvents having a low boiling point can be used in this synthesis because the microwave
energy reaches and exceeds the boiling point of most of solvents in a few seconds. Using of
pressurized reaction vessels further ensures recovery of solvents with a low boiling point.
Another important factor in selecting the solvent is how efficiently the solvent molecules
interact with microwaves and convert the microwave energy into thermal energy. The
microwave synthesis can be applied even in systems without using any solvent. There are
three main types of reactions without solvent: reaction mixtures adsorbed on mineral oxides,
reactions of a phase transfer catalyst and a clean reactions (Hayes B.L. Microwave Synthesis:
Chemistry at the Speed of Light; CEM Publishing: Matthews, NC, USA, 2002).

The compound 5-chloro-6-methyl-pyrazine-2,3-dicarbonitrile (II) was used in the past for the
preparation of a series of substituted 5-benzylamino-6-methylpyrazine-2,3-dicarbonitriles; the
obtained products did not show significant biological properties in the tests (Jandourek, O.;
Dolezal, M.; Paterova, P.; Kubicek, V.; Pesko, M.; Kunes, J.; Coffey, A.; Guo, J.; Kralova, K.
Molecules 19, 651-671,2014). Also, the compound 3-chloropyrazine-2-carboxamide (III) was
used in the past for the preparation of a series of substituted 3-(alkylamino)pyrazine-2-
carboxamides; the products obtained did not show significant biological properties in the
assays (Jandourek, O.; Dolezal, M.; Kunes, J.; Kubicek, V.; Paterova, P.; Pesko, M.; Buchta,
V.; Kralova, K.; Zitko, J. Molecules 19, 9318-9338, 2014).

Disclosure of the invention

The invention relates to novel substituted 2-(2-phenylhydrazinyl)pyrazine of the general
formula I

R' N_ _R®

T X n K

RZ N N,N R?
H

R® R6
RT
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wherein each R!, R?is independently H or CN; R? is CH; or CONHy; each R*, R°, R®, R7, R®is
independently H, Cl, or NOx.

Another object of the invention is a method for preparing of a substituted 2-(2-
phenylhydrazinyl)pyrazine of general formula I, consisting in that the substituted

chloropyrazine of general formula
1 3
R I N iR
RZ N7

wherein each R!, R? is independently H or CN; R? is CH; or CONH,, is reacted with a
substituted phenylhydrazine of general formula

wherein each R4, RS, Rﬁ, R7, R is independently H, Cl, or NO;, in a polar solvent, under the
conditions of microwave synthesis to form a substituted phenythydrazinylpyrazine of general
formula L

From the above physical conditions of microwave synthesis, we have chosen, as the best, the
following reaction conditions: polar solvent: methanol, time 30 min., temperature 140 °C,
pressure 15 kPa and an output of 120 W.

Another object of the invention relates to the use of the above mentioned substituted 2-(2-
fenylhydrazinyl)pyrazine of the formula 1 according to the invention for use as an
antituberculotic against Mycobacterium tuberculosis and against its atypical strains
(mycobacteriosis pathogens), including pathogenic strains isolated from the sick patients.

All compounds of the general formula I contain, in their molecule, the hydrazino group, but
their toxicity in the tests carried out is very low. These substances are exceptional with by
their low toxicity since the hydrazine group in the molecule of a drug usually bears higher

toxicity or irritation. Based on current knowledge of pharmaceutical chemistry such
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substitution in the field of synthesis of new promising drugs previously has always been
considered undesirable.

An indispensable role for the effect is also played by theselected a six-membered heterocyclic
pyrazine ring, or the pyrazinecarboxamide or pyrazinecarbonitrile fragment, because such
moiety represents the aza analog of nicotinamide, which plays a crucial role in the
metabolism of mycobacteria.

The essence of the invention consists is a combination of the six-membered heterocycle
pyrazine and an aromatic part, linked each other with a linking hydrazine bridge. The
heteroaromatic ring is substituted with a carboxamide or carbonitrile moieties, while the
aromatic ring is unsubstituted, or substituted with nitro groups or chlorine atoms in various
positions.

The starting compounds II and III are accessible by conventional methods of organic
synthesis (Takematsu T., Segawa H., Miura, T. et al. A. 2,3-Dicyanopyrazines. USP4259489,
1981; Dlabal X., Palat K., Lycka A., Odlerova Z. Synthesis and 'H- and C-NMR spectra of
sulfur derivatives of pyrazine derived from amidation product of 2-chloropyrazine and 6-
chloro-2-pyrazinecarbonitrile. Tuberculostatic activity. Collect. Czechoslov. Chem. Commun,
55, 2493-2500, 1990).

NC NH: © CHy NC. N CHs NE N\ CHy
] . MeOH, HOL l _POCh I
- P
NG NHy O OH NG N OH NC N cl
Q= Il ey

< H:NOG

(L=

The final products of general formula I were in turn obtained by
amino(hydrazino)dehalogenation of the corresponding substituted chloropyrazine by the
reaction with an appropriately substituted phenylhydrazine (Scheme 1), wherein R' a R*isH
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(hydrogen atom) or -CN (carbonitrile group), R® is -CH; (methyl) or -CONH; (carboxamide)
group and R, R®, RS, R”, R® are H (hydrogen atom), Cl (chlorine) or -NO; (nitro moiety),
under the conditions of microwave synthesis. Their preparation is not synthetically difficult,

and the raw material from which they are prepared is readily accessible and inexﬁensive.

4
R _N. _R® H T RS R' _N. .R®
= HoN” = R*
SR — O
RZNT i RE RE 2PN N RS
RZ N ﬁ
7
R RE R®

R'f
Scheme 1

The synthesis of the products of general formula I was carried out in the focused microwave
field apparatus CEM Discover (CEM Corporation, Matthews, NC, USA). Using of the
technology of microwaves, which is a part of the electromagnetic waves with wavelengths of
1 em to 1 m (mainly used frequency of 2450 MHz), greatly facilitates and accelerates all
reactions. In fact, microwaves easily and quickly change the polarity of the electromagnetic
field used. The resulting oscillation act on the polar compound and, by oscillating the reaction
material, give it energy. This might lead to the erosion of bonds and increasing of the kinetic
energy of the molecules. This in fact increases the temperature and it is just the thermic effect
which is of significant benefit of the methodology used (Hayes B.L. Microwave Synthesis:
Chemistry at the Speed of Light; CEM Publishing: Matthews, NC, USA, 2002; De la Hoz A.,
Diaz-Ortiz A., Moreno A. Microwaves in organic synthesis. Thermal and non-thermal
microwave effects. Chem. Soc. Rev. 34, 164—178, 2005). The apparatus used is equipped with
a so-called focused field, which is advantageous since the microwaves are aimed directly to
the reaction mixture placed in a waveguide. Another positive aspect of the method used bis

also time, energy and solvents saving.

The prepared compounds of general formula I have been evaluated in vitfro against the strains
of M kansasii 235/80, M. avium 80/72, M avium 152/73 and M tuberculosis H37Rv using a
fluid Sula’s semisynthetic medium (Trios, Prague, Czech Republic) by the microdilution
method in comparison with pyrazinamide (PZA) at pH 5.6. The tested compounds were
dissolved in dimethylsulfoxide (DMSO) and diluted with the medium to final concentrations
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of 100, 50, 25, 12,5, 6,25, 3,125 and 1,563 ug/mL. The results were read after two or three
weeks. Pyrazinamide (PZA) was used as the standard. The results are shown in Table 1.
Results indicate high antimycobacterial activity, for all tested compounds of formula I it was
2-16x higher than that of the used standard PZA. High activity was discovered against M
kansasii for compounds 1-5 of general formula I and against M gvium in the case of

compounds 2-4 of general formula I.

Table 1 Antimycobacterial activity of compounds of general formula I

Compound Evaluated {cede)
Strain MIC (ug L)
1 2 3 4 5 6 7 8 9 10 PZA

M. tuberculosis H37Rv] 6,25 | 12,5 | 12,5 | 1.56 | 125} 12.5 | 625 | 125 | 125 | 125 25

M. kansasii My 235/80 1 1.56 | 12.5 ; 12.5 | 12.5 | 12.5 | >100 | >100 | >100 [ >100 | >100 | >100

]
M avium 80/72 >100 | 50 50 | 50 | 100 | >100 | =100 ) >100 [>100 >100 | >100
1
M. avium 152/73 >100 | 25 [125|125| 100 | >100 | >100 | >100 | >100 | >i00 [ >100

All compounds corresponding to general formula I were also tested for their antifungal
activity in vitro using the microdilution broth assay.

Medium used: RPMI 1640 with glutamine

Incubation duration: 24 — 48 hrs. (for TM: 48 — 72 hrs.)

Incubation method: static, in the dark, humid atmosphere

Reading: visual / photometric (OD 540 nm); MIC = ICy, for filamentous fungi: 1Csy
(inhibition of the control)
pH / buffer: 7.0 / MOPS (0,165 M)

Temperature: 35 °C

Strains evaluated (code, number):
CA - Candida albicans ATCC 44859

CT - Candida tropicalis 156
CK - Candida krusei E28
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CG — Candida glabrata 20/1
TA — Trichosporon asahii 1188

AF — Aspergillus fumigatus 231
AC — Absidia corymbifera 272

TM - Trichophyton mentagrophytes 445
Standards: FL.Z — Fluconazole, AMB — Amphotericin B
The results are shown in Table 2. The results show antifungal activity in virtually most of the

11
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tested compounds of general formula I. High antifungal activity was discovered of for the

compounds 1, 2 and 4 of general formula I against yeasts and filamentous fungi.

Tab. 2 Antimycotic activity of compounds with general formula I

strain

Compound Evaluated (code)

MIC/Cgy IC5 (}Lmol.L'])

(code) 1 V234516 7 8 9 10 |[FLZ |AMB
ca 20 |1562 125 >500 125 >500 >500 500 500 >250  >125 | 025 [0.016
48h [3125 500 >500 250 >500 >500 >500 >500 >250  >125 | 0.5 |0.063
cp 24| 625 250 >500 250 >500 >500 >500 >500 >250  >125 | 05 }0.063
48h | 250 >500 >500 500 >500 >500 >500 >500 >250  >125 | >12810.063
ck 24| 39 049 781 3125 >500 >500 500 500 >250  >125 | 16 |0.125
48h { 7.81 3.9 15.62 250 >500 >500 >500 >500 >250  >125 ( 32 [0.125
cc 24| 625 250 >500 1562 >500 >500 S00 >500 >250 125 | 4 ) 0031
48h | 625 250 >500 31.25 >500 >500 >500 >500 >250  >125 | 16 |0.125
pa 24| 625 250 >500 1562 >500 500 500 >500 >250  >125 [025| 1
48h | 125 250 >500 625 >500 500 >500 >500 >250 >125 | 05 | 2
Ap 240 |3125 1562 625 39 >500 >500 500 250  >250  >125 |>128 | 025
48h | 62.5 250 >500 15.62 >500 >500 >500 >500 >250  >125 |>128|0.125
Ac  24h[3125 1562 125 781 >500 500 500 125 >250  >125 [>128} 1
48h | 31.25 1562 >500 15.62 >500 >500 500 250  >250  >125 |>128) 2
oy 72h| 500 049 165 049 250 500 500 500 >250 125 | 8 1
120h| 500 7.81 7.81 39 250 500 500 500 >250 >125 | 16 | 1
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The prepared derivatives corresponding to general formula 1 were tested for their

antibacterial activity in vitro, using the microdilution broth test.

Medium used: Mieller Hinton broth
Incubation duration: 24 — 48 hrs.

Incubation method: static, in the dark, humid atmosphere

Reading; visual / photometric (OD 540 nm); MIC = ICg (80 % of inhibition of the

control)

Temperature: 35 °C

Strains evaluated (code, number):

SA — Staphylococcus aureus CCM 4516/08

MRSA - Staphylococcus aureus (methicilin resistant) H 5996/08
SE — Staphylococcus epidermis H 6966/08

EF — Enterococcus sp. J 14365/08

EC — Escherichia coli CCM4517

KP — Klebsiella pneumoniae D 11750/08

KP-E - Klebsiella pneumoniae (ESBL positive) J 14368/08
PA — Pseudomonas aeruginosa CCM 1961

Standards: NEOM — Neomycin sulphate, BAC — bacitracin, PEN — penicillin G, CIPR —
ciprofloxacin, PHEN — phenoxymethylpenicillin.

The results are shown in Table 3. The results show that selective antibacterial activity was
discovered for virtually most of the compounds of general formula I tested against

staphylococci and enterococci.
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Tab. 3 Antibacterial activity of compounds with general formula I

PCT/CZ2015/000127

Compound Evaluated (code)

Strain MIC/ICy, (umol.L™")
(code) 1 2|3t 4] 5}t 6] 71 8] 9] 10 [NEOM|BA[PEN [CIPRIPHEN
ga 24hf 625 1562 625 7.81 625 >500 500 500 500 >250[ 3.9 153 024 098 024
48h| 62.5 62.5 125 1562 250 >500 500 500 500 >250| 3.9 312 024 098 0.24
MRsA 2%h| 625 7.81 125 1562 625 >500 500 500 500 >250| 0.98 15.3j 125 500 250
48h} 62.5 62.5 125 15.62 250 >500 >500 >500 5060 >250] 0.98 31.2 125 500 500
SE 24h 1 15.62 31.25 62.5 7.81 31.25 500 31.25 62.5 62.5 31.25] 39 15.6:31.25 250 625
48h | 15.62 62.5 62.5 15.62 3125 500 31.25 625 62.5 31.25| 7.81 312 125 250 250
gr  24h]| 250 250 125 500 500 500 250 625 250 625 250 312 781 098 7.81
48h| 250 >500 125 500 500 >500 250 625 500 62.5| 250 312 15.62 098 7.8%
EC 24h ] >500 >500 >500 >500 >500 >500 >500 >500 >500 >250) 0.98 >506 125 0.06 >500
48h | >500 >500 >500 >500 >500 >500 >500 >500 >500 >250) 098 >500 125 0.06 >500
_KT—?Ah >500 >500 >500 >500 >500 >500 >500 >500 >500 >250| 0.98 >500 250 0.12 >500
48h§ >500 >500 >500 >500 >500 >500 >500 >500 >500 >250| 0.98 >500 500 0.12 >500
L;_Ed;’ztlh >500 >50Q >500 >500 >500 >500 >500 >500 >500 >230{ 0.98 >500 >500 >500 >500
48h | >500 >500 >500 >500 >500 >500 >500 >500 >500 >250) 0.98 >3500 >500 >500 >500
Tnh >500 >500 >500 500 >500 >500 >500 >500 >500 >250] 7.81 >500 >500 3.9 >500
120h) >500 >500 >500 500 >500 >500 >500 >500 >500 >250 | 15.62 >500 >500 7.81 >500

The prepared derivatives corresponding to the general formula I were also tested for antiviral

activity at Rega Institute for Medical Research, Katholieke Universiteit, Leuven, Belgium

(Prof. Dr. Lieve Naesens and co-workers). The viral infections against which efficacy was

evaluated included: Influenza virus A (HIN1; H3N2) and B, Herpes simplex virus-1 and -2,

Vesicular stomatitis virus, Vaccinia virus, Parainfluenza-3 virus, Reovirus-1, Sindbisvirus,

Coxsackie virus B4, Punta Toro virus, Respiratory syncytial virus, Feline corona virus, Feline

herpes virus. Zanamivir, ribavirin, amantadin, rimantadin, ribavirin, and ganciclovir, inter

alia, were used as standards. The results are shown in Table 4, wherein the given ECsg values

[uM] is the effective concentration at which a 50% inhibition of the studied virus induced

cytopathic effect occurs. Only for compounds 5 and 6 corresponding to the general formula I

antiviral effects have been discovered.
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Tab. 4 Antiviral activity of compounds with general formula [

Compd. ECso [uM]

Code / Influenza A/HIN1 Vesicular stomatitis | Feline herpes virus

Standard visual CPE score MTS virus
5 4.0 2.4 89/89 5.0/92
6 - - - 4,.0/82
Zanamivir 4.0 1.5 - -
Ribavirin 12 10 -
Amantadin 100 201 - -
Rimantadin 20 7.3 - -
Ribavirin - - 25.0/112.0 -
Ganciclovir - - 0.9/3.8

The most active compounds of general formula I were subjected to basic toxicity MTT tests
on human hepatocytes, or on a CRFK cell culture (Crandel-Ress feline cells). The results are
shown in Tables 5 and 6. The results show that even at the highest concentration used (20
pM) of the evaluated potential antitubercular compounds corresponding to the general
formula I hepatocyte viability is not affected. Standard methodology was used (Owen T.C.
USP5185450, 1993; Crandell R.A., Fabricant C.G., Nelson-Rees W.A. In Vitro 9, 176-185,
1973).

Table 5 Cytotoxicity of selected compounds of general formula I evaluated on human
hepatocytes Hep G2 (data are sorted from highest to lowest toxicity)

Compound Cytotoxicity ICsy (uM)
3 21.9

5 278

7 481.4

6 863.7

Table 6 Cytotoxicity of selected compounds of general formula I evaluated on CRFK cell
culture (cell line derived from kidney cells of domestic cats)

Compound Cytotoxicity CCso (uM)
1 37
3 54
4 33
5 48
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10 >100

Examples

The following examples illustrate the process of the present invention relating to the

preparation and use of substituted 2-(2-fenylhydrazinyl)pyrazines of general formuia I

1 3
RN N R®
H
R8 R®
R?

1
wherein the symbols RLR? R® R R°, RS R, and R® are as defined above.

Thin Layer Chromatography (TLC) was used for monitoring and controlling thesynthetic
reactions and for verifying the purity of the products. Hexane and ethyl acetate (1:1) were
used as mobile phases. The reaction progress was checked with TLC plates (Merck,
Darmstadt, Germany), silica gel 60 F3s4, using 254 nm wavelenght UV detection.

For chemicals used for the following reactions the basic physical constants have been
validated. The solvents used for the preparation of starting compounds II and III (acetone,
toluene, and chloroform), were thoroughly purified and dried. A conventional, commercially
available, anhydrous methanol was used for the preparation of the final synthesized products.

Newly synthesized products were separated and purified by using of preparative
chromatograph CombiFlash® Rf (Teledyne Isco, Inc. Lincoln, Nebraska, USA). Melting point
confirmation of pure product was determined with open capillary apparatus Stuart Scientific,
SMP30 (Bibby Scientific Ltd., Staffordshire, UK) and was uncorrected.

Identity of compounds prepared was recorded and checked by means of "H-NMR and "C-
NMR spectra on Varian Mercury VX-BB 300 and Varian VNMR S500 spectrometers (Varian
Corp., Palo Alto, CA, USA). The spectra were recorded in deuterated CDCl; or DMSO at the
correct room temperature and the frequency of 300 MHz for 'H and 75 MHz for *C; and 500
MHz for 'H and 125 MHz for "*C, respectively. Chemical shifts were reported in ppm (§) in

ppm units and were applied indirectly to tetramethylsilane as a signal of solvent (2.49 for 'H
and 39.7 for *C in DMSO-d6).
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Infrared spectra were recorded in deuterated CDCl; or DMSO with spectrometer FT-IR
Nicolet 6700 (Thermo Scientific, Waltham, MA, USA) using attenuated total reflectance
(ATR) methodology.

Elemental analyses were measured with an EA 1110 CHNS Analyzer (Fisons Instruments S.
p. A., Carlo Erba, Milano, Italy). All measured values are given in percent.

Experimental lipophilicity parameter log k¥ was ascertained using an Agilent Technologies
1200 SL HPLC system with a SL. G1315C Diode-Array Detector, ZORBAX XDB-C18 5 um,
4 x 4 mm, Part No. 7995118-504 chromatographic pre-column and ZORBAX Eclipse XDB-
Cl18 5 pm, 4.6 x 250 mm, Part No. 7995118-585 column (Agilent Technologies Inc.,
Colorado Springs, CO, USA). The separation process was controlled by Agilent ChemStation,
version B.04.02 extended by spectral module (Agilent Technologies Inc.). A solution of
MeOH (HPLC grade, 70%) and H,O (HPLC-Milli-Q Grade, 30%) was used as mobile phase.
The total flow of the column was 1.0 mL/min, injection 20 pL, column temperature 30 °C.
Detection wavelength 2= 210 nm and monitor wavelength 3= 270 nm were chosen for this
measurement. The KI methanol solution was used for the dead time (TD) determination.
Retention times (TR) of synthesized compounds were measured in minutes. The capacity
factors £ were calculated using Microsoft Excel according to the formula & = (TR — TD)/TD,
where TR is the retention time of the solute and TD denotes the dead time obtained vig an
unretained analyte. Log %, calculated from the capacity factor £, is used as the lipophilicity
index converted to log P scale. Values of log P and Clog P were calculated with the PC
programme CS ChemBioDraw Ultra 13.0 (CambridgeSoft, Cambridge, MA, USA).

Example 1: 5-Methyl-6-(2-phenylhydrazinyl)pyrazine-2,3-dicarbonitrile (1)

NC._ N
J
NC” N

CHs

i
i
0

Compound 1 is prepared by reaction of phenylhydrazine (3 mmol) with 35-chloro-6-
methylpyrazine-2,3-dicarbonitrile (I, 1 mmol) in 3 mL of methanol and pyridine {1 mmol).
The reaction is performed in a microwave reactor at the temperature 140°C, pressure 15 kPa
and an output of 120 W during 30 min. After completing the reaction, product 1 was isolated
and purified by column chromatography on silica gel (mobile phase: hexane / ethyl acetate
1:1), yield 29%. Analytical data for compound 1: Brown-red crystalline solid; Mp. = 158.1-
159.7°C; Elemental analysis calculated for Ci3H;¢Ng (m.w. 250.26): 62.39 % C, 4.03 % H,
33.58 % N; found 62.49 % C, 4.30 % H, 33.31 % N; IR (ATR-Ge, cm™): 3398 (-NH-), 3297
(-NH-), 2238 (-CN), 1603, 1554, 1485, 1445, 1393 (pyr); 'H-NMR (300 MHz, CDCls) 6 10.03



WO 2016/095877 PCT/CZ2015/000127
17

(1H, bs, NH), 8.16 (1H, bs, NH), 7.21-7.06 (2H, m, H2’, H6"), 6.84-6.65 (3H, m, H3’, H4",
H5%), 2.50 (3H, s, CHs); *C NMR (75 MHz, DMSO) & 153.8, 1482, 146.7, 130.1, 129.1,
119.3, 119.0, 115.5, 114.8, 112.6, 21.2; Lipophilicity: calc. value log P = 2.07; experimental
determined value log k = 0.2218.

Example 2: 5-(2-(3-chlorophenyl)hydrazinyl)-6-methylpyrazine-2,3-dicarbonitrile (2)

DO
o

Compound 2 is prepared by reaction of 3-chlorophenylhydrazine (3 mmol) with 5-chloro-6-
methylpyrazine-2,3-dicarbonitrile (I, 1 mmol) in 3 mL of methanol and pyridine (1 mmol).
The reaction is performed in a microwave reactor at the temperature 140°C, pressure 15 kPa
and an output of 120 W during 30 min. After completing the reaction, product 2 was isolated
and purified by column chromatography on silica gel (mobile phase: hexane / ethyl acetate
1:1), yield 65%. Analytical data for compound 2: Green-brown crystalline solid; Mp. = 177.0-
177.8°C; Elemental analysis calculated for Cj3HoCINg (m.w. 284.70): 54.84% C, 3.19% H,
29.52% N; found 54.95% C, 2.95% H, 29.54% N; IR (ATR-Ge, cm™): 3314 (-NH-), 3285 (-
NH-), 2231 (-CN), 1599, 1549, 1485, 1430, 1398 (pyr); "H-NMR (300 MHz, CDCl3) & 10.05
(1H, bs, NH), 8.46 (1H, bs, NH), 7.16 (1H, t, J = 8.0 Hz, H5"), 6.89-6.71 (3H, m, H2", H4',
H6"), 2.52 (3H, s, CHz); “C NMR (75 MHz, DMSO) & 153.6, 149.9, 147.0, 133.9, 130.7,
130.0, 119.3, 118.8, 115.5, 114.8, 111.8, 111.2, 21.3; Lipophilicity: calc. value log P = 2.63;
experimental determined value log k= 0.2499.

Example 3: 5-(2-(2-chlorophenyl)hydrazinyl)-6-methylpyrazine-2,3-dicarbonitrile (3)

CH3

2k

Compound 3 is prepared by reaction of 2-chlorophenylhydrazine (3 mmol) with 5-chloro-6-
methylpyrazine-2,3-dicarbonitrile (II, 1 mmol) in 3 mL of methanol and pyridine (1 mmol).
The reaction is performed in a microwave reactor at the temperature 140°C, pressure 15 kPa
and an output of 120 W during 30 min. After completing the reaction, product 3 was isolated
and purified by column chromatography on silica gel (mobile phase: hexane / ethyl acetate
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1:1), vield 67%. Analytical data for compound 3: Green-brown crystalline solid; Mp. >
250.0°C (decomp.); Elemental analysis calculated for Ci3sHgCINg (m.w. 284.70). 54.84% C,
3.19% H, 29.52% N; found 54.78% C, 3.22% H, 29.34% N; IR (ATR-Ge, cm"): 3289 (-NH-
), 2231 (-CN), 1594, 1564, 1488, 1442, 1398 (pyr); 'H-NMR (300 MHz, CDCl;) § 10.17 (1H,
bs, NH), 7.90 (1H, bs, NH), 7.34 (1H, dd, J=7.8 Hz, J= 1.1 Hz, H3"), 712 (1K, t, J= 7.8
Hz, H5"), 6.88 (1H, dd, J= 7.8 Hz, J= 1.1 Hz, H6"), 6.83-6.75 (1H, m, H4"), 2.54 (3H, s,
CHa); C NMR (75 MHz, DMSO) § 153.6, 146.8, 143.7, 130.0, 129.5, 128.0, 120.3, 119.4,
117.7, 115.4, 114.8, 113.4, 21.2; Lipophilicity: calc. value log P = 2.63; experimental
determined value log k= 0.1793.

Example 4: 5-(2-(4-chlorophenyl)hydrazinyl)-6-methylpyrazine-2,3-dicarbonitrile (4)

NC._ Ny
NCI N/:[

CHs

N
L
H
‘ Cl

Compound 4 is prepared by reaction of 4-chlorophenylhydrazine (3 mmol) with 5-chloro-6-
methylpyrazine-2,3-dicarbonitrile (I, 1 mmol) in 3 mL of methanol and pyridine (1 mmol).
The reaction is performed in a microwave reactor at the temperature 140°C, pressure 15 kPa
and an output of 120 W during 30 min. After completing the reaction, product 4 was isolated
and purified by column chromatography on silica gel (mobile phase: hexane / ethyl acetate
1:1), yield 21%. Analytical data for compound 4: Light-brown crystalline solid; Mp. = 152.0-
152.8°C; Elemental analysis calculated for Ci3HoCINg (m.w. 284.70): 54.84% C, 3.19% H,
29.52% N; found 55.11% C, 2.89% H, 29.32% N; IR (ATR-Ge, cm™"): 3355 (-NH-), 3306 (-
NH-), 2225 (-CN), 1598, 1557, 1491, 1437, 1397 (pyr); '"H-NMR (300 MHz, CDCl3) & 10.06
(1H, bs, NH), 8.36 (1H, bs, NH), 7.22-7.13 (2H, m, AA’, BB’, H2', H6"), 6.86-6.77 (2H, m,
AA’, BB, H3", H5"), 2.51 (3H, s, CH3); ">C NMR (75 MHz, DMSO) & 153.7, 147.3, 146.9,
130.0, 128.9, 122.6, 119.2, 115.5, 114.8, 114.2, 21.2; Lipophilicity: calc. value log P = 2,63;
experimental determined value log k= 0.2333,

Example 5: 5-(2-(2-nitrophenyl)hydrazinyl)-6-methylpyrazine-2,3-dicarbonitrile (5)

CHj

NC._Ng NO,
R

NC” N7 N \@
H
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Compound 5 is prepared by reaction of 2-nitrophenylhydrazine (3 mmol) with 5-chloro-6-
methylpyrazine-2,3-dicarbonitrile (II, 1 mmol) in 3 mL of methanol and pyridine (1 mmol).
The reaction is performed in a microwave reactor at the temperature 140°C, pressure 15 kPa
and an output of 120 W during 30 min. After completing the reaction, product 5 was isolated
and purified by column chromatography on silica gel (mobile phase: hexane / ethyl acetate
1:1), yield 38%. Analytical data for compound 5: Dark-brown crystalline solid; Mp. = 189.9-
190.6°C; Elemental analysis calculated for C;3H;N;0; (m.w. 295.26): 52.88% C, 3.07% H,
33.21% N; found 52.99% C, 2.90% H, 33.21% N; IR (ATR-Ge, cm ') 3410 (-NH-), 3327 (-
NH-), 2232 (-CN), 1614, 1558, 1489, 1445, 1401 (pyr), 1516, 1341 (-NO,); 'H-NMR (300
MHz, CDCls) 8 10.40 (1H, bs, NH), 9.58 (1H, bs, NH), 8.22-8.06 (1H, m, Ar), 7.62-7.47 (1H,
m, Ar), 7.32-7.19 (1H, m, A1), 6.98-6.84 (1H, m, Ar), 2.36 (3H, s, CHz); °C NMR (75 MHz,
DMSO) 6 154.8; 146.4; 144.6; 136.7; 132.5; 130.5; 126.1; 118.6; 117.4; 115.7; 115.3; 114.7,
21.2; Lipophilicity: calc. value log P = 1.15; experimental determined value log k= -0.0512.

Example 6: 3-(2-phenylhydrazinyl)pyrazine-2-carboxamide (6)

N. _CONH,

L Lk
e

N?

Compound 6 is prepared by reaction of phenylhydrazine (3 mmol) with 3-chloropyrazine-2-
carboxamide (III, 1 mmol) in 3 mlL methanol and pyridine (1 mmo!). The reaction is
performed in a microwave reactor at the temperature 140°C, pressure 15 kPa and an output of
120 W during 30 min. After completing the reaction, product 6 was isolated and purified by
column chromatography on silica gel (mobile phase: hexane / ethyl acetate 1:1), vield 42%.
Analytical data for compound 6: Orange crystalline solid; Mp. = 161.3-162.0°C; Elemental
analysis for C;;HyNsO (m.w. 229,24): 57.63% C, 4.84% H, 30.55% N; found 57.88% C,
4.94% H, 30.52% N; IR (ATR-Ge, cm™): 3444 (-NH-), 3292 (-CONHy,), 1669 (-C=0), 1604,
1533, 1482, 1413 (pyr); "H-NMR (300 MHz, CDCl3) § 10.01 (1H, bs, NH), 8.30 (1H, bs, NH),
8.24 (1H, d, J=2.3 Hz, H5), 7.95-7.90 (2H, H6, NHy), 7.87 (1H, bs, NH»), 7.16-7.04 (2H, m,
H2', H6"), 6.76-6.62 (3H, m, H3", H4", H5"); °C NMR (75 MHz, DMSO) § 168.7, 155.7,
149.6, 146.7, 132.2, 129.0, 127.2, 118.7, 112.2; Lipophilicity: calc. value log P = -0.22;
experimental determined value log k= -0.2382.
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Example 7: 3-(2-(2-chlorophenyl)hydrazinyl)pyrazine-2-carboxamide (7)

EI

CONHZCl

Compound 7 is prepared by reaction of 2-chlorophenylhydrazine (3 mmol) with 3-
chloropyrazine-2-carboxamide (III, 1 mmol) in 3 ml. methanol and pyridine (1 mmol). The
reaction is performed in a microwave reactor at the temperature 140°C, pressure 15 kPa and an
output of 120 W during 30 min, After completing the reaction, product 7 was isolated and
purified by column chromatography on silica gel (mobile phase: hexane / ethyl acetate 1:1),
yield 17%. Analytical data for compound 7: Brown crystalline solid; Mp. = 193.6-194.7°C;
Elemental analysis calculated for C;1H;oCINsO (m.w. 263.68): 50.10% C, 3.82% H, 26.56%
N; found 50.36% C, 3.94% H, 26.68% N; IR (ATR-Ge, cm™"): 3448 (-NH-), 3315 (-CONH,),
1679 (-C=0), 1595, 1536, 1490, 1412 (pyr); 'H-NMR (300 MHz, CDCl) § 10.06 (1H, bs,
NH), 8.31 (1H, bs, NH), 8.26 (1H, J= 2.4 Hz, H5), 7.96 (1H, d, J= 2.4 Hz, H6), 7.88 (1H, bs,
NH,), 7.67 (1H, bs, NH,), 7.28 (1H, dd, J= 7.8 Bz, J= 1.5 Hz, H3"), 7.10-7.05 (1H, m, H5"),
6.78 (1H, dd, J = 7.8 Hz, J = 1,5 Hz, H6"), 6.72 (1H, dt, J = 7.8 Hz, J = 1.5 Hz, H4"); “C
NMR (75 MHz, DMSO) & 168.5, 155.3, 146.4, 145.1, 132.6, 129.4, 128.0, 127.5, 119.5,
117.4, 113.0; Lipophilicity: calc. value log P = 0,34; experimental determined value log &k =
0.0872.

Example 8: 3-(2-(3-chlorophenyl)hydrazinyl)pyrazine-2-carboxamide (8)

CXx

ONH2

o

Compound 8 is prepared by reaction of 3-chlorophenylhydrazine (3 mmol) with 3-
chloropyrazine-2-carboxamide (III, 1 mmol) in 3 mL methanol and pyridine (1 mmol). The
reaction is performed in a microwave reactor at the temperature 140°C, pressure 15 kPa and an
output of 120 W during 30 min. After compieting the reaction, product 8 was isolated and
purified by column chromatography on silica gel (mobile phase: hexane / ethyl acetate 1:1),
yield 24%. Analytical data for compound 8: Dark brown crystalline solid; Mp. = 119.5-
120.9°C; Elemental analysis calculated for C;;HypCINsO (m.w. 263.68): 50.10% C, 3.82% H
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26.56% N; found 50.31% C, 3.71% H, 26,55% N; IR (ATR-Ge, cm"): 3445 (-NH-), 3253 (-
CONHy), 1671 (-C=0), 1598, 1522, 1476, 1413 (pyr); 'H-NMR (300 MHz, CDCl;) 3 'H
NMR (300 MHz, CDCl3) & 8.34 (2H, bs, NH2), 7.92 (2H, bs, H5, H6), 7.63 — 6.82 (4H, m,
H2', H4’, H5', H6"), 5.71 (2H, bs, NH); *C NMR (75 MHz, DMSO) & 168,89, 152.20,
146,20, 140.24, 134.40, 132.36, 129.72, 126.57, 122.94, 120.26, 118.52; Lipophilicity: calc.
values log P = 0.34; experimental determined values log k= 0.5898.

Example 9: 3-(2-(4-chlorophenyhhydrazinyl)pyrazin-2-carboxamide (9)

P

CONH;

N
T
H

(of

Compound 9 is prepared by reaction of 4-chlorophenylhydrazine (3 mmol) with 3-
chloropyrazine-2-carboxamide (Ifl, 1 mmol) in 3 mL methanol and pyridine (1 mmol). The
reaction is performed in a microwave reactor at the temperature 140 °C, pressure 15 kPa and
an output of 120 W during 30 min. After completing the reaction, product 9 was isolated and
purified by column chromatography on silica gel (mobile phase: hexane / ethyl acetate 1:1),
yield 23%. Analytical data for compound 9: Brown crystalline solid; Mp. = 155.3-156.2°C;
Elemental analysis calculated for Cy;H;¢CINsO (m.w. 263.68): 50.10% C, 3.82% H, 26.56%
N; found 50.27% C, 3.72% H, 26.35% N; IR (ATR-Ge, cm ") 3453 (-NH-), 3202 (-CONH,),
1686 (-C=0), 1596, 1527, 1491, 1405 (pyr); 'H-NMR (300 MHz, CDCl3) § 11.40 (1H, bs,
NH), 8.45 (1H, bs, NH), 8.40 (1H, d, J=2.3 Hz, H5), 8.05 (1H, d, J= 2.3 Hz, H6), 8.01 (1H,
bs, NH), 7.75-7.67 (2H, m, AA’, BB’, H2", H6"), 7.40-7.32 (2H, m, AA’, BB", H3", H5"); *C
NMR (75 MHz, DMSO) & 168.9, 151.7, 145.8, 138.3, 132.9, 128.9, 127.7, 126.1, 121.4;
Lipophilicity: calc. values log P = 0.34; experimental determined values log k= 0.5996.

Example 10: 3-(2-(2-nitrophenyl)hydrazinyl)pyrazine-2-carboxamide (10)

CONH, \
2

N

.
L s
N~ "N

Compound 10 is prepared by reaction of 2-nitrophenylhydrazine (3 mmol) with 3-
chloropyrazine-2-carboxamide (III, 1 mmol) in 3 mL methanol and pyridine (1 mmol). The

reaction is performed in a microwave reactor at the temperature 140 °C, pressure 15 kPa and
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an output of 120 W during 30 min. After completing the reaction, product 10 was isolated and
purified by column chromatography on silica gel (mobile phase: hexane / ethyl acetate 1:1),
yield 17%. Analytical data for compound 10: Red-braun crystailine solid; Mp. = 237.2-
238.2°C; Elemental analysis calculated for C;1H oNgOs (m.w. 274.24): 48.18% C, 3.68% H,
30.65% N; found 48.27% C, 3.73% H, 3.73% N; IR (ATR-Ge, cm™"): 3455 (-NH-), 3279 (-
CONHy), 1683 (-C=0), 1615, 1575, 1498, 1439 (pyr); 'H-NMR (300 MHz, CDCl;) § 10.24
(1H, bs, NH), 9.53 (1H, bs, NH), 8.35 (1H, bs, NH2), 8.29 (1H, J= 1.8 Hz, H5), 8.10 (1H, dd,
J=18.1 Hz, H3"), 8.03 (1H, 4, J = 1.8 Hz, H6), 7.92 (1H, bs, NH2), 7.50 (1H, t, J= 8.1 Hz,
H57,7.17.(1H, d, J= 8.1 Hz, H6"), 6.83 (1H, t, J= 8.1 Hz, H4'); >C NMR (75 MHz, DMSO)
8 168.3, 155.0, 146.5, 146.4, 136.7, 133.3, 131.7, 128.0, 126.0, 117.7, 115.2; Lipophilicity:
calc. value log P = 0.35; experimental determined value log £ =-0.3118.

Examples of pharmaceutical formulations — tablets

In the manufacture of solid dosage forms, the procedure technologies conventional in this art,
a dry or wet granulation, is followed, which is well-known to a person skilled in the art.
Commonly employed and recognized excipients providing the dosage form with the desired
physical properties are used.

Examples for dry granulation:

Example 11 (content of the active ineredient 100 rﬁg):

Active ingredient of the general formula I (1 or 6) 100.0 mg
Microcrystalline cellutose 75.0 mg
Carboxymethyl starch sodium 3.5mg
Magnesium stearate 0.5 mg
Colloidal silica gel 0.5 mg

Example 12 (content of the active ingredient 200 mg):

Active ingredient of the general formula I (1 nebo 6) 200.0 mg
Microcrystalline cellulose 95.0 mg
Carboxymethyl starch sodium 7.0 mg

Magnesium stearate 1.0mg



WO 2016/095877

23

Colloidal silica gel

Example 13 (content of the active ingredient 300 mg):

Active ingredient of the general formula I (1 or 6)
Microcrystailine cellulose

Carboxymethyl starch sodium

Magnesium stearate

Colloidal silica gel

Example 14 (content of the active ingredient 400 mg):

Active ingredient of the general formula I (1 or 6)
Microcrystalline cellulose

Carboxymethyl starch sodium

Magnesium stearate

Colloidal silica gel

Example 15 (content of the active ingredient 500 me):

Active ingredient of the general formula I (1 or 6)
Microcrystalline cellulose

Carboxymethy! starch sodium

Magnesium stearate

Colloidal silica gel

PCT/CZ2015/000127

1.0 mg-

300.0 mg
115.0 mg
10.5 mg
1.5 mg
1.5 mg

400.0 mg
130.0 mg
14.5mg
2.0 mg
2.0mg

500.0 mg
140.0 mg
175 mg
2.5 mg
2.5 mg

The active ingredient is mixed with the individual ingredients and the tableting blend is

compressed in a tablet machine in the usual manner.

Examples of wet granulation:

Example 16 (content of the active ingredient 100 mg):

Active ingredient of the general formula I (1 or 6)
Potato starch
Lactose

Povidone

100.0 mg
48.0 mg
27.0 mg

3.0 mg
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Carboxymethyl starch sodium
Magnesium stearate
Talc

Example 17 (content of the active ingredient 200 mg):

Active ingredient of the general formula I (1 or 6)
Potato starch

Lactose

Povidone

Carboxymethyl starch sodium

Magnesium stearate

Talc

Example 18 (content of the active ingredient 300 mg):

Active ingredient of the general formula I (1 or 6)
Potato starch

Lactose

Povidone

Carboxymethyl starch sodium

Magnesium stearate

Tale

Example 19 (content of the active ingredient 400 mg):

Active ingredient of the general formula I (1 or 6)
Potato starch

Lactose

Povidone

Carboxymethyl starch sodium

Magnesium stearate

Talce

PCT/CZ2015/000127

4.0 mg
0.2 mg
1.8 mg

200.0 mg
60.8 mg
34.2 mg

6.0 mg
8.0 mg
0.4 mg
3.6 mg

300.0 mg
73.6 mg
41.4 mg

9.0mg
12.0mg
0.6 mg
54 mg

400.0 mg
823 mg
46.8 mg
12.0 mg
16.0 mg

0.8 mg
7.2 mg
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Example 16 (content of the active ingredient 500 mg):

Active ingredient of the general formula I (1 or 6) 500.0 mg
Potato starch 96.0 mg
Lactose 54.0 mg
Povidone 15.0 mg
Carboxymethyl starch sodium 20.0 mg
Magnesium stearate 1.0 mg
Talc 9.0 mg

The active ingredient is gradually mixed with lactose, potato starch, the mixture is granulated
in an aqueous solution of povidone, the dried granulate is mixed with sodium carboxymethyl
starch, magnesium stearate and talc and the resulting blend is compressed in a tablet machine

in the usual way.
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CLAIMS

1. Substituted 2-(2-phenylhydrazinyl)pyrazines of the general formula I

1 3
5
R2 N/ |I§I|,N R
RS RS
R?

wherein each R', R?is independently H or CN; R® is CH; or CONHy; each R, R®, R® R, R%is
independently H, CL, or NO,.

2. A process for preparing 2-(2-phenylhydrazinyl)pyrazines of general formula I according to
claim 1, characterized in that a substituted chloropyrazine of general formula

RtN\ R
L
RZN ¢

wherein each R, R? is independently H or CN; R® is CH; or CONH,, is reacted with a
substituted phenylhydrazine of general structure

4
H ) RS
HoN~
R® RS
R7

wherein each R*, R, RS, R”, R®is independently H, Cl, or NO,, in a polar solvent, under the
conditions of microwave synthesis to form a substituted 2-(2-phenylhydrazinyl)pyrazine of

general formula 1.
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3. The process according to claim 2, characterized in that the microwave synthesis is carried
out in a polar solvent preferably in methanol, at 140°C and 15 kPa pressure and power of 120

W for 30 minutes.

4. Substituted 2-(2-phenylhydrazinyl)pyrazines of general formula I according to claim 1 for

use as a medicament.

5. Substituted 2-(2-phenylhydrazinyl)pyrazines of general formula I according to claim 1 for

use as an antituberculotic drug.

6. Substituted 2-(2-phenylhydrazinyl)pyrazines of general formula I according to claim 1 for
use as an antibacterial drug for the treatment of mycobacteriosis caused by M. kansasii and/or

M. avium.

7. Substituted 2-(2-phenylhydrazinyl)pyrazines of general formula [ according to claim 1 for
use as an antifungal drug for the treatment of infections caused by yeasts and filamentous
fungi.

8. Substituted 2-(2-phenylhydrazinyl)pyrazines of general formula I according to claim 1 for
use as an antibacterial drug for the treatment of infections caused by staphylococci and

enterococei.

9. Substituted 2-(2-phenylhydrazinyl)pyrazines of general formula I according to claim 1 for

use as an antiviral drug for the treatment of viral infections.

10. Use of substituted 2-(2-phenylbydrazinyl)pyrazines of general formula I according to
claim 1 for the formulation of a drug for the treatment of tuberculosis.

11. Use of substituted 2-(2-phenylhydrazinyl)pyrazines of general formula I according to
claim 1 for the formulation of a drug for the treatment of mycobacteriosis caused by M

kansasii and/or M, avium.
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12. Use of substituted 2-(2-phenylhydrazinyl)pyrazines of general formula I according to
claim 1 for the formulation of a drug for the treatment of fungal infections caused by yeasts
and filamentous fungi.

13. Use of substituted 2-(2-phenylhydrazinyl)pyrazines of general formula I according to
claim 1 for the formulation of a drug for the treatment of bacterial infections caused by

staphylococci and enterococei.

14. Use of substituted 2-(2-phenylhydrazinyl)pyrazines of general formula I according to

claim 1 for the formulation of drug for the treatment of viral infections.
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Microwave-Assisted Synthesis of Pyrazinamide Derivatives: The Coupling Reaction
of 3-Chloropyrazine-2-Carboxamide and Ring-Substituted Anilines
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“Department of Medicinal Chemistry and Pharmaceutical Analysis, Faculty of Pharmacy in Hradec Kralove, Charles
University in Prague, Heyrovskeho 1203, 50005 Hradec Kralove, Czech Republic
*Department of Organic and Inorganic Chemistry, Faculty of Pharmacy in Hradec Kralove, Charles University in

Prague, Heyrovskeho 1203, 50005 Hradec Kralove, Czech Republic

Abstract: A new approach for aminodchalogenation reaction between 3-chloropyrazine-2-carboxamide and ring-
substituted anilines is described. A series of 16 compounds (15 of them novel) derived from pyrazinamide have been syn-
thesized successfully using the advantage of microwave-assisted reaction. The conditions for this aminodehalogenation
reaction have been put to investigation to optimize the conversion, yield and time. The final methodology reduces the
time needed for reaction from 24 hours using conventional heating to 30 minutes under microwave irradiation and in-
creases the yield. The synthetic procedure together with analytical data of all compounds is presented. Lipophilicity prop-

erties were calculated and experimentally determined.

Ondrej Jandourek

Keywords: Aminodehalogenation, aniline, carboxamide, heterocycles, microwave synthesis, pyrazinamide, tuberculosis.

1. INTRODUCTION

Tuberculosis (TB) is one of the most dangerous and unpredict-
able infectious diseases. It is caused by Mycobacterium tuberculosis
(MTB). The number of new cases has been falling slowly since
2006. During the year 2010, there were 8.8 million cases of TB
worldwide and one eighth of these patients died. One reason could
be complications which have appeared in the last decades — resis-
tance to current first-line antituberculotic drugs (isoniazid, rifam-
picin, pyrazinamide, and ethambutol) and HIV co-infection [1].
There are a few stages of resistance: MDR-TB (multidrug resistant
TB) when the pathogen is resistant to the first line antitubercular
drugs, XDR-TB (extreme drug resistant TB) when there exists the
resistance to the first line antitubercular drugs together with at lcast
three main intravenous second line antitubercular drugs, and the
newest one - TDR-TB (totally drug resistant TB) when resistance to
whole current known therapy occurs. The number of resistant
strains is still rising up, especially in South Africa or East Asia,
where the most burdened countries are situated [2, 3]. HIV co-
infection Icads to seventy times higher risk of contagion between
positive patients. When AIDS manifests itself, the risk of TB
transmission is 170 times higher compared to HIV negative people.
10% of TB infected people are also HIV positive. So these facts
result in an effort to find new active compounds. And the micro-
wave assisted reaction is one of the ways how the novel active
compounds can be found.

Microwave-assisted synthesis is very popular and the applica-
tion of this mecthodology has rapidly risen during the last yecars.
Using microwaves instcad of conventional heating for organic reac-
tions lead to higher yiclds, better conversions, solvent savings,
volumetric heating (uniform throughout the sample) and last but not
least shortening of the reaction times. The main disadvantage of
emerging side-products can be eliminated by using preparative
chromatography or other suitable separating methods [4]. The mi-
crowave-accelerated heating (direct interactions with molecules
themselves, not solvent or vessel, higher temperatures than conven-
tional heating) leads to new technologics for drug discovery and
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in Prague, Heyrovskeho 1203, 50005 Hradec Kralove, Czech Republic;
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development. The wavelengths of microwave radiation are located
in the range from 1 millimetre to 1 metre (frequencies 0.3 - 300
GHz). The microwave device we used works with wavelength 12.2
centimetres (frequency 2.455 GHz). The effect of microwave irra-
diation consists of thermal and non-thermal effects. The ability of
some compounds or solvents to transform the electromagnetic en-
ergy into heat is one of the thermal effects. It is necessary to have a
dipole moment in the molecule of solvent or another used com-
pound because it causes sensitivity to the extemnal electric field
which provides the energy for rotation of the molecule itself. The
phase difference between the oscillating electric field of microwave
apparatus and dipolar structures causes energy loss that gives rise to
dielectric heating. Another parameter of solvent important for better
interaction with the external electric field is loss tangent which
expresses the extent of ability to convert the energy into heat. This
results in rapid temperature increase. Non-thermal effects are not so
clear and are a controversial matter with a few theories and models
postulated. They would appear to be less important than stated in
earlier publications. Also using over pressurized system leads to the
possibility of reaching much higher temperature above the boiling
point of solvents (in this case the temperature of methanol was
more than two times higher than its boiling point at atmospheric
pressure) [5-18].

Compounds bearing the pyrazine ring possess remarkable bio-
logical activities and pharmaceutical 1mportance, some derivatives
occur as natural products and/or drugs. PZA itself is a very impor-
tant anti-tuberculosis drug because it shortens the time needed for
therapy up to two thirds (18 months -> 6 months) due to its activity
against dormant forms of MTB. Its mechanism of action was not
clearly explained for a long time. Onc of the {irst theses claims that
PZA itself needs the activation vig enzyme pyrazinamidase (nicoti-
namidase) (EC 3.5.1.19). Its active form is pyrazinecarboxylic acid
which is suspected to cause the acidification of inner compartment
of mycobacterial cells that leads to cellular death [19, 20]. The the-
ory which suggested the inhibiting mechanism of fatty acid syn-
thase I (FAS 1) (EC 2.3.1.85) followed after that. This enzyme is
essential for the composition of mycobacterial cell wall. This
mechanism is specific for 5-chloropyra-zinamide derivative rather
than for PZA itself [21]. Zhang and his co-workers have come with
a new theory that has suggested the inhibition of frans-translation
as the main mode of action (a mechanism which is critical for the
survival and virulence of bacteria). Then they have proved this
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Fig. (1). Synthesis of starting compound by homolytic amidation of 2-chloropyrazine.

theory in vitro [22). Some pyrazine derivatives have proven activity
in biological screenings (antifungal, antibacterial, herbicidal, anti-
tuberculotic, antineoplastic, efc.) [23-29]. As a first-line antituber-
culotic agent, the small molecule of pyrazinamide (PZA) is very
suitable for chemical modifications using a microwave reactor,
especially for a few reactions (Buchwald-Hartwig amination or
aminodehalogenation reactions) which can be accomplished in
minutes, instead of hours or days. We have chosen the modifica-
tions for new PZA derivatives on the behalf of these results. Sub-
stituents were also chosen according to our previous experiences
and gathered results of our research. Microwave-assisted reactions
were used because of many positive aspects e.g. lower costs
(smaller amounts of solvents and starting compounds...), speed and
safety.

2. MATERIALS AND METHODS
2.1. General

All chemicals used were reagent or higher grade of purity. They
were purchased from Sigma-Aldrich or Fluka (Sigma-Aldrich, Co.,
Steinheim, Germany). Plates for thin layer chromatography (TLC)
were made by Merck (Silica gel 60 F254) (Merck KGaA, Darm-
stadt, Germany) and the detection wavelength was 254 nm (UV
light). Microwave reactions were performed by microwave reactor
with focused field (CEM Discover, CEM Corporation, Matthews,
North Carolina, USA) equipped with autosampler (Explorer 24,
CEM Corporation). The reaction course was monitored with CEM s
Synergy™ software. All compounds were purified using prepara-
tive chromatography (CombiFlash® RF, Teledyne Isco, Inc., Lin-
coln, NE, USA). Silica gel was used as the stationary phase 0.040 -
0.063 mm (Merck KGaA, Darmstadt, Germany) and it was made
use of hexane as the mobile phase (Lach-Ner, s.r.o., Neratovice,
Czech Republic) and ethyl acetate (Penta, Prague, Czech Republic)
in gradient elution. NMR spectra were measured with Varian Mer-
cury-VxBB 300 spectrometer (Varian corp., Palo Alto, California,
USA, 299.95 MHz for 'H, 75.43 MHz for °C) or Varian VNMR
S500 spectrometer (Varian corp., Palo Alto, California, USA,
499.87 MHz for 'H, 125.71 MHz for '°C). Chemical shifts are re-
ported in ppm (8) and are indirectly related to TMS (tetramethylsi-
lane) via a signal of solvent (2.49 for 'H and 39.7 for *C in DMSO-
ds or 7.28 for 'H and 77.0 for °C in CDCl3). Melting points were
determined by SMP3 Stuart Scientific apparatus (Bibby Sterling
LTD, Staffordshire, UK) and are uncorrected. Infrared spectra was
recorded by ATR methodology (Attenuated Total Reflectance)
using spectrometer FT-IR Nicolet 6700 (Nicolet - Thermo Scien-
tific, Waltham, MA, USA) on germanium crystal, and elemental
analysis was performed on EA 1110 CHNS Analyzer (Fisons In-
struments S. p. A., Carlo Erba, Milano, Italy). Lipophilicity pa-
rameters log P and Clog P were calculated with programme CS
ChemBioOffice Ultra 13.0 (CambridgeSoft, Cambridge, MA,
USA). Experimental lipophilicity parameter log k was ascertained
using HPLC system. Agilent Technologies 1200 SL liquid chroma-
tography with Diode-array Detector SL G1315C, chromatographic
pre-column ZORBAX XDB-CI8 5 um, 4 x 4 mm, Part No.
7995118-504 and column ZORBAX Eclipse XDB-C18 5 um, 4.6 x
250 mm, Part No. 7995118-585 (Agilent Technologies Inc., Colo-
rado Springs, CO, USA) were used. The separation process was
controlled by Agilent ChemStation, version B.04.02 extended by
spectral module (Agilent Technologies Inc.). A solution of MeOH
(HPLC grade, 70 %) and H,0O (HPLC-Milli-Q grade, 30 %) was
“used as mobile phase. The total flow of the column was

1.0 mL/min, injection 20 pL, column temperature 30 °C. 210 nm as
detection wavelength and 270 nm as monitor wavelength were cho-
sen. The KI methanol solution was used for the dead time (Tp)
determination. Retention times (Tgr) of synthesized compounds
were measured in minutes. The capacity factors k& were calculated
using Microsoft Excel according to formula 4= (Ty - Tp)/Tp, where
Tg is the retention time of the solute and Tp denotes the dead time
obtained via an unretained analyte. Log , calculated from the capac-
ity factor k, is used as the lipophilicity index converted to log P scale.

2.2, Chemistry

The starting compound, 3-chloropyrazine-2-carboxamide, was
synthesized by two different methods. The first one (Fig. 1) pro-
ceeded from 2-chloropyrazine (170 mmol) which was dissolved in
formamide (146.5 mL). This mixture heated to 90 °C was treated
with ammonium peroxodisulfate (180 mmol) in small amounts and
stirred for 3 hours at the same temperature. It was left to stand for
24 hours at laboratory temperature and then diluted with water. The
filtrate collected by suction was extracted continuously with chloro-
form for 16 hours [30, 31]. The mixture of three isomers was sepa-
rated by preparative chromatography with gradient elution in the
system hexane - ethyl acetate using silica gel filled columns. The
separation started with 100% of hexane and ethyl acetate was added
gradually. 3-Chloropyrazine-2-carboxamide was eluted when the
ratio between these two solvents was approximately 20 : 80. After
this purification, the crude product was recrystallized from ethanol.
This method was not so efficacious because the yields from this
reaction are usually about 15-20% and the time for preparation is
two days, so another procedure was necessary to be found.

The second method was partial hydrolysis of nitrile group (Fig.
2) of 3-chloropyrazine-2-carbonitrile (Fluorochem, Co., UK). This
compound (104 mmol) was added portion-wise into the mixture of
concentrated (35%) hydrogen peroxide (29 mL) and water (195
mL), which was alkalized with 8% (w/v) solution of sodium hy-
droxide to pH 9 and heated to 50 °C. The mixture was stirred for 2
hours and 30 minutes at 55 °C and pH 9 after addition of the whole
amount of carbonitrile. Then it was necessary to cool the whole
mixture in the fridge to initiate the crystallization. The crude prod-
uct was also recrystallized from ethanol [30]. The yield of this reac-
tion was approximately 80% and it was not necessary to purify the
product using the preparative chromatography.

1 N
Ny © H,0, =
| pZ H9 | z
N en P N
Fig. (2). Synthesis of starting compound via partial hydrolysis.

The final products, N-substituted 3-aminopyrazine-2-
carboxamides, were prepared from the starting compound 3-
chloropyrazine-2-carboxamide that was treated with a range of 16
various ring-substituted anilines (Fig. 3). All reactions were carried
out using the microwave reactor with focused field. However, the
first three products were synthesised under various reaction condi-
tions in order to increase the yield and to compare the conventional
and microwave heating outcomes. The parameters of reactions
which were modified were temperature, time, solvent or base in-
cluding classic reflux method. These steps were proceeded in order
to optimize the conditions for the aminodehalogenation reaction.
All these new compounds were purified using preparative flash
chromatography with gradient elution (hexane - ethyl acetate) and

Cl

CONH,
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recrystallized from ethanol or ethanol and water if necessary. All
final products were chemically characterized (‘"H NMR, *C NMR,
IR, melting point and elemental analysis).

N~ CONH; N Ny~ CONH;

(X 3»—(X

N7 Ci H,N N~ NH
]
K

R

Fig. (3). General scheme of aminodehalogenation reaction.

2.3. Process of Optimization

We have chosen different reaction conditions (see Table 1). The
first condition, that was necessary to choose, was a solvent. Toluene
was used for reflux method with conventional heating because of its
higher boiling point. This solvent was also used due to better prepa-
ration of sample for preparative chromatography (faster evapora-
tion) and experiences with this solvent in our working group. Tetra-
hydrofuran (THF) and methanol (MeOH) were chosen for micro-
wave-assisted reactions due to their differences in polarity. The
second variable was the base added for neutralization of emerging
hydrogen chloride. Two compounds were used - pyridine and
triethylamine. Next parameters to be set were time, temperature and
the usage of PowerMAX function that was used to reach higher
microwave power. It is a special function of Discover reactor that
could ensure the higher power output during whole reaction times.
The problem arises when the temperature reaches the set point, the
microwave output would be lowered to not overheat mixture. If the
mixture is cooled during the whole reaction then a lower tempera-
ture would lead to endeavour to get the desired temperature by
higher power output. The power output decreases to hold the set
temperature after reaching it when using non-PowerMAX methods.
The starting compound (3-chloropyrazine-2-carboxamide, 200 mg,
1.27 mmol) was added into 50ml round bottom flask together with
toluene (10 ml). This mixture was treated with the aromatic amine
(2.54 mmol), pyridine or triethylamine (1.27 mmol) and preheated
to 110 °C. The reaction mixture reacted for 24 hours with whole
time stirring. The result of the reaction was monitored by TLC. The
developing system hexane and ethyl acetate (3:2) was found to
show the best results. This method was used for conventional heat-
ing. For microwave procedure, 3-chloropyrazine-2-carboxamide
(200 mg, 1.27 mmol) and aromatic amine (2.54 mmol) were put
into special 10ml vial with septum cap. Then 3 ml of solvent (THF
or MeOH) and a base (pyridine or triethylamine, 1.27 mmol) were
added. The sealed vial was put into the reactor. The microwave
output was set to 200W with high stirring using PowerMAX func-
tion or not. The temperature and reaction times were specified ac-
cording to Table 1. Reaction monitoring was carried out at the end
of procedure using TLC chromatography. The developing condi-
tions were the same as they were for the conventional reaction.
Results are presented in Table 1. The lower temperature used for
THF is caused by the fact that using higher temperatures leads to
spurting the mixture from the vial even if using the pressurized
system. Afterwards TLC followed with the mixture absorbed on
silica gel. Flash chromatography with gradient elution was used for
purification. The recrystallization was carried out using ethanol or
ethanol and water if necessary.

3. RESULTS AND DISCUSSION

Many ways for preparation of the amines using aminodehalo-
genation reaction are known and used. But on the other hand, poor
results of these techniques on the synthesis of proposed pheny-
laminopyrazines led to attempts to modify and improve them along
with taking the advantage of microwave technology. The trials,
which were focused on solvent, showed that methanol was the best

Current Organic Synthesis, 2015, Vol. 12, No. 2 191

solvent. It is caused by the fact that toluene and tetrahydrofuran are
not so useful for the microwave reactor. They belong to non-polar
solvents so the thermal effect of microwaves does not affect them in
sufficient manner. Another problem was associated with THF.
When the temperature was higher than 80 °C, the system got
probably over-pressurized and the mixture squirted out of the vial.
But the highest pressure indicated by the system’s sensor before the
leakage was only 172.4 kPa, so it is not absolutely clear why this
happened. The base was chosen on the ground of the stability.
Triethylamine is probably unstable under microwave conditions and
is decomposing quickly. A few studies focused on the stability of
this tertiary amine, but not exactly under microwave conditions,
were published. One of them showed that triethylamine which is
exposed to the acid catalysis of hydrochloric acid on alumina de-
composed very quickly to two main products - ethylene and diethy-
lamine [32]. In view of the fact that hydrochloric acid is formed
during the aminodehalogenation reaction, it could be one of the
alternatives to occur. The emerging diethylamine could react with
3-chloropyrazine-2-carboxamide to yield 3-diethylaminopyrazine-
2-carboxamide as a side product. However the products of the ami-
nodehalogenation using triethylamine as a base were isolated only
in insufficient amounts to be characterised and also it was not a
subject of interest of this study. On the contrary, pyridine is more
stable and its basicity is sufficient to be used as a base in this work.
The temperature also varied in wide range and the highest one
showed the best results. However, when the temperature exceeded
140 °C, the product started to decompose. The last parameter was
time. The optimal value was found to be approximately 30 minutes.
Shortening the duration of the reaction led to lower yields. Longer
time did not show better results than 30 minutes by contrast. And
sometimes the yield was also lower. PowerMAX function was used
in order to reach higher power output that was guaranteed by con-
tinuous cooling during whole reaction time. These reaction mix-
tures were more irradiated and the results showed interesting con-
sequences leading to higher yields compared to syntheses per-
formed without PowerMAX function. It cannot be concluded if this
is a proof of non-thermal effects. There are many theories and pos-
tulates but it is still a unknown field of microwave assisted chemis-
try. On the other hand few aspects showed the positive effect of
irradiation using higher power output compared to lower one i.e.
yields were approx. two times higher when using PowerMAX func-
tion. We obtained 16 compounds with 15 of them were novel and it
was necessary to characterize them. Compound 1 (3-(phenylamino)
pyrazine-2-carboxamide) had been synthesised in recent work by
Taylor et al. [33]. The melting point was given as 170-172 °C and
elemental analysis was measured with these results: 61.9% C, 4.7%
H and 26.7% N. Our measurements were as follows: M. p. 169.9-
171.2 °C; 61.69% C, 4.58% H and 26.14% N. These results are
comparable to each other. All phenyl-ring substituted 3-phenyl-
aminopyrazine-2-carboxamides 1-16 are presented in Table 2. The
yields that we obtained from reactions were in the range from 12%
to 85%. They were affected by the electronic properties of the sub-
stituents and/or their steric effects. The lowest yields were observed
with electron withdrawing substituents such as -CF;; 3,4-Cl,; 3-Br
or ortho substituted anilines predisposed for steric hindrance, e.g.
2,5-(CH3),.

3.1. Optimized Procedure of the Aminodehalogenational Re-
action

3-Chloropyrazine-2-carboxamide (200 mg, 1.27 mmol) and
substituted aniline were put into special thick-walled glass 10 mL
vial together with a magnetic stirrer. Methanol (3 ml) and pyridine
(100 mg, 1.27 mmol) were added. The sealed tube was put into the
microwave reactor. The conditions were set according to previous
optimization. They were: power output 200W, temperature 140 °C,
reaction time 30 minutes using PowerMAX function (Fig. 4).
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Table 1. Experimental conditions used for the optimization and calculated yields as a result of this process.

Jandourek et al.

Compound Solv. + Temp. Base Pressure Time Yield
Toluene Pyridine AP Overnight 41.6%
110°C Triethylamine AP Overnight 43.2%
N/A 20 min 3.6%
Pyridine N/A 30 min 3.7%
Tetrahydrofuran N/A 45 min 2.6%
Ns CONH, 80°C N/A 20 min 0%
[ I Triethylamine N/A 30 min 0%
N NH
N/A 45 min 0%
730.8 kPa 20 min 11.8%
751.5 kPa 30 min 51.7%
Pyridine
599.8 kPa 45 min 48.9%
Methanol
820.5 kPa PowerMAX, 30 min 84.9%
140 °C
N/A 20 min 0%
Triethylamine 668.8 kPa 30 min 0%
N/A 45 min 0%
Toluene Pyridine AP Overnight 4.4%
110°C Triethylamine AP Overnight 2.3%
N/A 20 min 0%
Pyridine N/A 30 min 0%
Tetrahydrofuran N/A 45 min 0%
Ny~ CONH, 80°C N/A 20 min 0%
[ I Triethylamine N/A 30 min 0%
N NH
N/A 45 min 0%
730.8 kPa 20 min 0%
Cl 586.1 kPa 30 min 18.0%
Pyridine
599.8 kPa 45 min 8.6%
Methanol
668.8 kPa PowerMAX, 30 min 36.8%
140 °C
N/A 20 min 0%
Triethylamine 703.3 kPa 30 min 0%
N/A 45 min 0%
Toluene Pyridine AP Overnight 8.4%
110°C Triethylamine AP Overnight 3.9%
N/A 20 min 0%
Pyridine N/A 30 min 0%
Tetrahydrofuran N/A 45 min 0%
Ny~ CONH, 80°C N/A 20 min 0%
[ I Triethylamine N/A 30 min 0%
N NH
N/A 45 min 0%
717.1 kPa 20 min 13.1%
Br 703.3 kPa 30 min 19.9%
Pyridine
834.3 kPa 45 min 17.1%
Methanol
820.5 kPa PowerMAX, 30 min 25.5%
140 °C
N/A 20 min 0%
Triethylamine 572.3 kPa 30 min 0%
N/A 45 min 0%

N/A - not available (due to the leakage of the mixture out of the vial or unsuccessful experiment with TEA);

AP - atmospheric pressure.
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Table 2. List of prepared compounds, their appearance and lipophilic properties.

N CONH,
X
X
N NH
Q
N
R

No. R Appearance log P/ Clog P log &

1 H bright yellow crystals 0.87/2.18 0.270

2 2,5-(CHs), bright yellow crystals 1.84/3.17 0.528
3 4-iPro bright yellow crystals 2.10/3.60 0.864
4 3-F ochre crystals 1.03/2.33 0.386
5 3-C1 yellow crystals 1.43/2.90 0.599

6 3-Br yellow crystals 1.70/3.05 0.661

7 3,4-Cl, yellow crystals 1.99/3.50 0.892
8 3-CF; light yellow crystals 1.79/3.10 0.636

9 4-CF, dark yellow crystals 1.79/3.10 0.697
10 3,5-(CF3), light ochre crystals 2717399 1.100
11 2-OH dark yellow to orange crystals 0.48/1.51 -0.010
12 3-OH yellow crystals 0.48/1.51 -0.273
13 4-OH light brown crystals 0.48/1.51 -0.365
14 3-OCH; golden crystals 0.74/2.10 0.251

15 4-0OCH, dark yellow crystals 0.74/2.10 0.159
16 3,5-(OCH;), yellow crystals 0.62/2.08 0.262

CONH,

N.
X
NH -
[N\ICO 2 /@ . MeOH, 140°C, 30 min, 200W N” “NH
. hil
N/ F pyridine = I

cl HN
X
R

Fig. (4). Optimized conditions for microwave-assisted aminodehalogenation reaction.

50 -
45 A
4.0 A
35 4

Q 3.0 -
80,5 4
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1.5 4
1.0 4
0.5 A

0.0 T T T T T v T v )
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35

log P

Fig. (5). Dependence of calculated values Clog P on calculated values log P.
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Fig. (6). Dependence of experimentally determined log & on calculated log P values of tested compounds.

3.2. Lipophilicity

There were acquired two calculated parameters of lipophilicity.
The difference between log P and Clog P is based on various ways
of calculations. Different algorithm is used to get both values. But
there should be the linear dependence between log P and Clog P
that is shown in Fig. 5. Disadvantage of this method is the impossi-
bility of distinguishing the positional isomers of compounds.

The dependence of experimentally determined lipophilicity pa-
rameter log k on calculated log P is shown in Fig. 6. While for com-
pounds 1-11 and 14-16 linear dependence of log k on log P was
determined (r = 0.967), the estimated log k values for 3-[(3-
hydroxyphenyl)amino]pyrazine-2-carboxamide (12) and 3-[(4-
hydroxyphenyl)amino]pyrazine-2-carboxamide (13) were consid-
erably lower than expected. This could be connected with the pres-
ence of hydroxyl group in m- resp. p- position that can be easily
ionized.

3.3. Analytical Data of Prepared Compounds

3-(Phenylamino)pyrazine-2-carboxamide (1) [33]. Yield 84.9%;
M.p. 169.9-171.2 °C; IR (ATR-Ge, cm™’): 3435m (-NH-), 3162w (-
CONH,), 1674s (-C=0), 1600s, 1574m, 1520s, 1492m, 1444s,
1416m, 1183s (arom.); "H NMR (300 MHz, DMSO) & 11.32 (1H,
bs, NH), 8.42 (1H, bs, NH,), 8.38 (1H, d, J/=2.5 Hz, HS), 8.01 (1H,
d, J=2.5 Hz, H6), 7.97 (1H, bs, NH,), 7.66 (2H, t, /=7.7 Hz, H2’,
H6%),7.32 (2H, t, J=7.7 Hz, H3", H5"), 7.02 (1H, t, J=7.7 Hz, H4");
C NMR (75 MHz, DMSO) & 169.0, 152.0, 145.9, 139.3, 132.5,
128.1, 127.5, 1227, 120.0; Elemental analysis calculated for
Cy HigNsO (MW 214.22): 61.67% C, 4.71% H, 26.15% N; found
61.69% C,4.58% H, 26.14% N.

3-[(2,5-Dimethylphenyl)amino]pyrazine-2-carboxamide ~ (2).
Yield 28.0%; M.p. 155.1-156.6 °C; IR (ATR-Ge, cm™): 3404m (-
NH-), 3265m, 3208m (-CONH,), 2921m (-CH;), 1662s (-C=0),
1585s, 1515s, 1483m, 1455m, 1412m, 1328m, 1232m, 1191s
(arom.); "H NMR (500 MHz, DMSO) & 11.10 (1H, bs, NH), 8.41
(1H, bs, NH,), 8.37 (1H, d, J/=2.4 Hz, HS5), 8.02-8.00 (1H, m, H6"),
7.99 (1H, d, /=2.4 Hz, H6), 7.93 (1H, bs, NH,), 7.10 (1H, d, J=7.5
Hz, H3"), 6.79 (1H, d, J=7.5 Hz, H4"), 2.27 (3H, s, CHj), 2.24 (3H,
s, CH;); "C NMR (125 MHz, DMSO) § 169.1, 152.3, 146.0, 137.6,
135.4,132.2,130.3, 127.5, 125.2, 123.8, 121.4, 21.2, 17.8; Elemen-
tal analysis calculated for C;3H 4N4sO (MW 242.28): 64.45% C,
5.82% H, 23.13% N; found 64.54% C, 5.78% H, 23.15% N.

3-{[4-(Propan-2-yl)phenyl]amino} pyrazine-2-carboxamide (3).
Yield 73.9%; M.p. 199.8-201.6 °C; IR (ATR-Ge, cm'l): 3447m (-
NH-), 3188w (-CONH,;), 2958m (-CHj3), 2925w (-CH-), 1664s (-
C=0), 1607s, 1568m, 1515s, 1419s, 1327m, 1237m, 1181s (arom.);
'H NMR (500 MHz, DMSO) & 11.20 (1H, bs, NH), 8.39 (1H, bs,

NH,), 8.35 (1H, d, J=2.4 Hz, H5), 7.98 (1H, d, J=2.4 Hz, H6), 7.94
(1H, bs, NH,), 7.58-7.53 (2H, m, AA’, BB’, H2', H6"), 7.21-7.17
(2H, m, AA’, BB", H3", H5"), 2.90-2.79 (1H, m, CH), 1.18 (6H, d,
J=6.8 Hz, CH;); '*C NMR (125 MHz, DMSO) & 169.0, 152.1,
146.0, 143.0, 137.0, 132.2, 127.3, 126.7, 120.3, 33.0, 24.2; Elemen-
tal analysis calculated for C;4H;(N4O (MW 256.30): 65.61% C,
6.29% H, 21.86% N; found 65.77% C, 6.37% H, 20.73% N.

3-[(3-Fluorophenyl)amino]pyrazine-2-carboxamide (4). Yield
31.1%; M.p. 196.6-197.7 °C; IR (ATR-Ge, cm™): 3421m (-NH-),
3207w (-CONH,), 1690s (-C=0), 1611s, 1581s, 1525s, 1492m,
1452s, 1411m, 1226s, 1188s, 1143s (arom.); 'H NMR (300 MHz,
DMSO) & 11.50 (1H, bs, NH), 8.46 (1H, bs, NH;), 8.43 (1H, d,
J=2.5 Hz, HS), 8.07 (1H, d, J=2.5 Hz, H6), 8.02 (1H, bs, NH,),
7.87-7.77 (1H, m, H2"), 7.39-7.23 (2H, m, HS’, H6"), 6.87-6.77
(1H, m, H4"); '*C NMR (75 MHz, DMSO) & 168.8, 162.6 (d,
J=241.1 Hz), 151.6, 145.8, 141.1 (d, J/=11.2 Hz), 133.1, 130.5 (d,
J=10.0 Hz), 127.9, 115.7 (d, J=2.6 Hz), 108.9 (d, /=21.2 Hz), 106.4
(d, J=26.3 Hz); Elemental analysis calculated for C;;HgFN,O (MW
232.21): 56.89% C, 3.91% H, 24.13% N; found 57.03% C, 3.78%
H, 24.25% N.

3-[(3-Chlorophenyl)aminoJpyrazine-2-carboxamide (5). Yield
36.8%; M.p. 196.2-197.3 °C; IR (ATR-Ge, cm™): 3418m (-NH-),
3160w (-CONH,), 1687s (-C=0), 1613m, 1598s, 1568m, 1522s,
1430s (arom.), 1076m (-C-Cl); 'H NMR (300 MHz, DMSO) &
11.48 (1H, bs, NH), 8.53-8.38 (2H, m, HS5, NH,), 8.14-7.95 (3H, m,
H6, H2’, NH,), 7.49-7.39 (1H, m, H6"), 7.33 (1H, t, /=7.8 Hz,
H5"), 7.10-7.02 (1H, m, H4"); >C NMR (75 MHz, DMSO) & 168.8,
151.6,145.8,140.9,133.4,133.2,130.7,127.9, 122.2,119.0, 118.4;
Elemental analysis calculated for C,HoCIN,O (MW 248.67):
53.13% C, 3.65% H, 22,53% N; found 53.05% C, 3.63% H,
22.66% N.

3-[(3-Bromophenyl)amino]pyrazine-2-carboxamide (6). Yield
25.5%; M.p. 183.3-184.4 °C; IR (ATR-Ge, cm™): 3421m (-NH-),
3216w (-CONH,), 1684s (-C=0), 1617m, 1595s, 1563m, 1517s,
1474m, 1425m, 1349m (arom.), 1071m (-C-Br); 'H NMR (300
MHz, DMSO) 6 11.47 (1H, bs, NH), 8.46 (1H, bs, NH,), 8.44 (1H,
d, /=2.4 Hz, H5), 8.14 (1H, t, J=1.7 Hz, H2"), 8.07 (1H, d, J=2.4
Hz, H6), 8.02 (1H, bs, NH,), 7.48 (1H, d, J=8.2 Hz, H6"), 7.27 (1H,
t, J=8.2 Hz, H5"), 7.18 (1H, d, J=8.2 Hz, H4"); >C NMR (75 MHz,
DMSO) 5 168.8, 151.6, 145.8, 141.0, 133.2, 131.0, 127.9, 125.1,
121.9, 121.8, 118.8; Elemental analysis calculated for C;,HyBrN,O
(MW 293.12): 45.07% C, 3.09% H, 19,11% N; found 45.22% C,
2.99%H, 19.01% N.

3-[(3,4-Dichlorophenyl)amino]pyrazine-2-carboxamide (7). Yield
12.3%; M.p. 241.2-242.2 °C; IR (ATR-Ge, cm™): 3439m (-NH-),
3212w, 3075w (-CONHy), 1686s (-C=0), 1621s, 1593s, 1561m,
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1520s, 1476m, 1415m, 1397m (arom.), 806vs (C-Cl), 'H NMR
(300 MHz, DMSO) § 11.52 (1H, bs, NH), 8.57-8.38 (2H, m, NH,,
HS), 8.28-7.97 (3H, m, NH,, H6, H6’), 7.62-7.44 (2H, m, H2',
H5%); *C NMR (75 MHz, DMSO) & 168.7, 151.4, 145.7, 139.5,
133.5, 131.3, 130.8, 128.1, 123.8, 120.7, 120.1; Elemental analysis
calculated for C;;HsCL,N,O (MW 283.11): 46.67% C, 2.85% H,
19,79% N; found 46.71% C, 2.77% H, 19.65% N.

3-{[3-(Trifluoromethyl)phenyl]amino} pyrazine-2-carboxamide
(8). Yield 23.4%; M.p. 200,1-200.6 °C; IR (ATR-Ge, cm™): 3440m
(-NH-), 3232w, 3152w (-CONH;), 1675m, 1652m (-C=0), 1604s,
1525s, 1450s, 1413m, 1341s (arom.), 1111vs (-CF;);]H NMR (300
MHz, DMSO) § 11.58 (1H, bs, NH), 8.60-8.35 (2H, m, H5, NH,),
8.31-7.94 (3H, m, H6, H2’, NH,), 7.88-7.69 (1H, m, H6"), 7.64-
7.24 (2H, m, H4’, H5'); °C NMR (75 MHz, DMSO) & 168.8,
151.6, 145.8, 140.2, 133.4, 130.2, 129.8 (g, J=31.5 Hz), 128.0,
124.4 (q, J/=272.3 Hz), 123.6, 118.8 (q, J/=3.8 Hz), 115.6 (q, /=4.2
Hz); Elemental analysis calculated for C;;HgF3N4,O (MW 282.22):
51.07% C, 3.21% H, 19.85% N; found 51.00% C, 3.03% H,
19.92% N.

3-{[4-(Trifluoromethyl)phenyl]amino}pyrazine-2-carboxamide
(9). Yield 12.6%; M.p. 169.3-170.3 °C; IR (ATR-Ge, cm™"): 3445m
(-NH-), 3154w (-CONH,), 1689s (-C=0), 1606s, 1575m, 1526s,
1416s (arom.), 1320s (-CF3), 1244m, 1182s, 1155m, 1109s, 1066s
(arom.); 'H NMR (500 MHz, DMSO) & 11.69 (1H, bs, NH), 8.50
(1H, bs, NH,), 8.46 (1H, d, /=2.4 Hz, H6), 8.12 (1H, d, J=2.4 Hz,
H5), 8.07 (1H, bs, NH,), 7-92-7.87 (2H, m, AA’, BB’, H3’, H5"),
7.68-7.63 (2H, m, AA’, BB’, H2", H6'); *C NMR (125 MHz,
DMSO) 6 168.8, 151.5, 145.7, 143.0, 133.7, 128.2, 126.3 (q, J=2.9
Hz), 124.7 (q, J/=270.9 Hz), 122.3 (q, /=31.6 Hz), 119.4; Elemental
analysis calculated for Cj;HoF3N4O (MW 282.22): 51.07% C,
3.21% H, 19.85% N; found 50.93% C, 3.39% H, 20.02% N.

3-{[3,5-bis(Trifluoromethyl)phenyl]amino} pyrazine-2-carboxa-
mide (10). Yield 29.8%; M.p. 201.1-203.1 °C; IR (ATR-Ge, cm™):
3470m (-NH-), 3212m (-CONH,), 1675s (-C=0), 1620s, 1603s,
1525s, 1474m, 1444m, 1385s (arom.), 1325m (-CF,), 1272s, 1178s,
1158s, 1120s (arom.); 'H NMR (500 MHz, CDCl3) 3 11.38 (1H, bs,
NH), 8.42-8.37 (1H, m, H6), 8.24 (2H, s, H2", H6"), 8.04-8.00 (1H,
m, HS), 7.88 (1H, bs, NH,), 7.53 (1H, s, H4"), 5.73 (1H, bs, NH,);
3C NMR (125 MHz, CDCly) & 168.8, 152.0, 146.1, 140.8, 133.5,
132.3 (q, J=32.3 Hz), 127.3, 123.4 (q, J/=272.8 Hz), 119.8 (q, J=2.9
Hz), 1159 (q, J=3.8 Hz); Elemental analysis calculated for
C13HgFgN,O (MW 350.22): 44.58% C, 2.30% H, 16.00% N; found
44.44% C,2.28% H, 16.15% N.

3-[(2-Hydroxyphenyl)amino]pyrazine-2-carboxamide (11). Yield
52.4%; M.p. 169.9-171.4 °C; IR (ATR-Ge, cm™): 3452m (-OH),
3349m (-NH-), 3229m (-CONH,), 1647s (-C=0), 1603s, 1573s,
1519s, 1455s, 1424s, 1348m, 1231s, 1195s (arom.); 'H NMR (300
MHz, DMSO) & 11.32 (1H, bs, NH), 9.88 (1H, bs, OH), 8.42-8.39
(1H, m, H3"), 8.38 (1H, d, J=2.0 Hz, H5), 8.30 (1H, bs, NH,), 7.97
(1H, d, J=2.0 Hz, H6), 7.80 (1H, bs, NH,), 6.92-6.73 (3H, m, H4’,
H5', H6); 3C NMR (75 MHz, DMSO) & 168.5, 151.8, 147.0,
145.7,131.7, 1279, 122.4, 119.7, 119.0, 114.5; Elemental analysis
calculated for C;H;oN4O, (MW 230.22): 57.39% C, 4.38% H,
24.34% N; found 57.53% C, 4.39% H, 24.42% N.

3-[(3-Hydroxyphenyl)amino]pyrazine-2-carboxamide (12). Yield
62.7%; M.p. 202.8-204.2 °C (decomposition); IR (ATR-Ge, em™):
3649m (-OH), 3431m (-NH-), 3212m (-CONH,), 1684m (-C=0),
1636m, 1609s, 1577s, 1521s, 1458m, 1230m, 1195m (arom.),
1161s (-OH); '"H NMR (300 MHz, DMSO) & 11.29 (1H, bs, NH),
9.39 (1H, bs, OH), 8.42 (1H, bs, NH,), 8.38 (1H, d, J=2.6 Hz, H5),
8.00 (1H, d, J=2.6 Hz, H6), 7.96 (1H, bs, NH,), 7.29-7.24 (1H, m,
H2%), 7.10 (1H, t, J=8.0 Hz, H5"), 7.09-6.96 (1H, m, H4"), 7.47-
6.40 (1H, m, H6"); '*C NMR (75 MHz, DMSO) § 169.0, 158.0,
152.0, 1459, 1404, 1324, 129.8, 127.5, 110.7, 109.9, 106.8;
Elemental analysis calculated for C;;H;(NsO, (MW 230.22):
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57.39% C, 4.38% H, 24.34% N; found 57.52% C, 4.52% H,
24.41% N.

3-[(4-Hydroxyphenyl)amino]pyrazine-2-carboxamide (13). Yield
70.8%; M.p. 188.5-190.0 °C; IR (ATR-Ge, cm™): 3427m (-OH),
3281m (-NH-), 3172w (-CONH,), 1673s (-C=0), 1584m, 1513s,
1470m, 1437m, 1422m, 1228s, 1185s (arom.); '"H NMR (300 MHz,
DMSO) & 10.92 (1H, bs, NH), 9.20 (I1H, bs, OH), 8.34 (1H,
bs, NH,), 8.27 (1H, d, J/=2.4 Hz, HS5), 7.90 (1H, d, /=2.4 Hz, H6),
7.87 (1H, bs, NH,), 7.43-7.35 (2H, m, AA’, BB", H2’, H6"), 6.77-
6.68 (2H, m, AA", BB’, H3’, H5); 3C NMR (75 MHz, DMSO) §
169.1, 155.5, 152.4, 146.1, 131.6, 130.7, 126.9, 122.5, 115.5;
Elemental analysis calculated for C;;H;(N;O, (MW 230.22):
5739% C, 4.38% H, 24.34% N; found 57.48% C, 4.19% H,
24.50% N.

3-[(3-Methoxyphenyl)amino]pyrazine-2-carboxamide (14). Yield
49.2%; M.p. 177.3-179.2 °C; IR (ATR-Ge, cm™): 3394m (-NH-),
3252w, 3214w (-CONH,), 2843w (-OCHj,), 1663s (-C=0), 1614s,
1601s, 1580s, 1520s, 1493s, 1423s, 1256m, 1191s, 1181s, 1159s,
1045s (arom.); '"H NMR (500 MHz, DMSO) & 11.34 (1H, bs, NH),
8.42 (1H, bs, NH;), 8.40 (1H, d, J=2.5 Hz, H5), 8.02 (1H, d, /=2.5
Hz, H6), 7.97 (1H, bs, NH,), 7.40 (1H, t, J/=2.1 Hz, H2"), 7.23 (1H,
t, J=8.3 Hz, H5"), 7.15 (1H, dd, J=8.3 Hz, J=2.1 Hz, H4"), 6.61
(1H, dd, J=8.3 Hz, J=2.1 Hz, H6"), 3.75 (3H, s, OCH;); '*C NMR
(125 MHz, DMSO) & 168.9, 159.9, 151.9, 1459, 140.5, 132.6,
129.8, 127.6, 112.4, 108.0, 105.8, 55.2; Elemental analysis calcu-
lated for C\,H;;N4O; (MW 244.25): 59.01% C, 4.95% H, 22.94%
N; found 58.96% C, 4.93% H, 22.82% N.

3-{(4-Methoxyphenyl)amino]pyrazine-2-carboxamide (15). Yield
74.2%; M.p. 211.8-213.8 °C; IR (ATR-Ge, cm™): 3424m (-NH-),
3162w (-CONH,;), 2849w (-OCH;), 1679s (-C=0), 1606s, 1578s,
1514s, 1505s, 1416m, 1243s, 1180s (arom.); 'H NMR (300 MHz,
DMSO) & 11.04 (1H, bs, NH), 8.36 (1H, bs, NH,;), 8.30 (1H, d,
J=1.8 Hz, H5), 7.94 (1H, d, /=1.8 Hz, H6), 7.90 (1H, bs, NH;),
7.59-7.48 (2H, m, AA’, BB’, H2', H6"), 6.95-6.85 (2H, m, AA’,
BB’, H3’, H5"), 3.71 (3H, s, OCH,); '*C NMR (75 MHz, DMSO) &
169.0, 155.3, 152.2, 146.1, 132.2, 131.9, 127.1, 122.1, 114.3, 55.4;
Elemental analysis calculated for C,;H;;N4O; (MW 244.25):
59.01% C, 4.95% H, 22.94% N, found 59.03% C, 4.97% H,
22.80% N.

3-[(3,5-Dimethoxyphenyl)amino]pyrazine-2-carboxamide (16).
Yield 33.7%; M.p. 206.4-207.9 °C; IR (ATR-Ge, cm™): 3397m (-
NH-), 3213w (-CONH,), 2844w (-OCH3), 1662s (-C=0), 1584s,
1517s, 1453m, 1416s, 1229s, 1206s, 1192s, 1165s, 1152s, 1065s
(arom.); 'H NMR (300 MHz, DMSO) & 11.33 (IH, bs, NH), 8.43
(1H, bs, NH;), 8.40 (1H, d, J=2.5 Hz, HS5), 8.02 (1H, d, J=2.5 Hz,
H6), 7.98 (1H, bs, NH;), 6.90 (2H, d, J=2.1 Hz, H2’, H6"), 6.19
(1H, t, J=2.1 Hz, H4"), 3.73 (3H, s, OCH,); '°C NMR (75 MHz,
DMSO) 6 168.9, 160.9, 151.9, 145.9, 141.0, 132.6, 127.6, 98.3,
94.7, 55.3; Elemental analysis calculated for C;3H;4sN4O; (MW
274.11): 56.93% C, 5.14% H, 20.43% N; found 57.06% C, 5.04%
H,20.27% N.

CONCLUSION

Better yields of starting compound 3-chloropyrazine-2-
carboxamide were achieved by using the procedure of partial nitrile
group hydrolysis of 3-chloropyrazine-2-carbonitrile. This technique
was three to four times more effective than the method of homolytic
amidation of 2-chloropyrazine and other advantage was the purity
when there were no emerging positional isomers of the starting
compound [28, 29]. Novel conditions for aminodehalogenation
reaction between 3-chloropyrazine-2-carboxamide and substituted
anilines were developed. The conditions were experimentally
proved changing solvent, base, time and temperature. Results of
these experiments were also compared to conventional heating
methods. The best combination of conditions were as follows:
methanol used as a solvent, pyridine used as a base, 140 °C, 30
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minutes using PowerMAX function. A series of 16 compounds (15
of them novel) was synthesized via microwave-assisted synthesis
successfully according to NMR and other analytical measurements.
These carboxamides were prepared in higher yields and during
shorter reaction times than using conventional methods. Fewer
products were obtained only by using microwave-assisted reaction.
Yields were at least two times higher compared to conventional
heating methods or MW assisted reactions without PowerMAX
function. Lipophilicity of synthesised compounds was calculated as
well as experimentally determined. Results showed linear depend-
ence between these values excluding compounds with easily ioni-
sable groups such as hydroxyl. All these products were designed as
potentially active compounds against Mycobacterium species. Fur-
ther studies including biological activity testing and expansion to
more derivatives are currently in progress in our laboratory.
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Aminodehalogenation of 3-chloropyrazine-2-carboxamide with variously substituted benzylamines yielded a series of fifteen

3-benzylaminopyrazine-2-carboxamides. Four compounds possessed in vitro whole cell activity against Mycobacterium
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tuberculosis H37R, that was at least the same as standard pyrazinamide. MIC ranged from 6 to 42 uM. The best MIC (6 pM)

was reached by 3-((4-methylbenzyl)amino)pyrazine-2-carboxamide (8) that also exerted low cytotoxicity in HepG2 cell line

(ICs0 = >250 uM). Only moderate activity against Enterococcus faecalis and Staphylococcus aureus was observed. No activity

was detected against any tested fungal strains. Molecular docking with mycobacterial enoyl-ACP-reductase (InhA) was

performed to investigate a possible target of prepared compounds. Active compounds shared the common binding

interactions of known InhA inhibitors. Antimycobacterial activity of title compounds was compared to previously published

benzylamino substituted pyrazines with differing substitution on pyrazine core (carbonitrile moiety). The title series

possessed comparable activity and lower cytotoxicity than molecules containing carbonitrile group on pyrazine ring.

Introduction

Tuberculosis (TB) still remains global health problem in spite of
decreasing total incidence of new cases. It is the second leading
cause of death in the group of infectious diseases.! It is mainly
caused by Mycobacterium tuberculosis (M. tbc). Estimated 9.6
million people developed TB and 1.5 million people died from
TB in 2014.1 Although huge progress was noted in diagnostics
and treatment, the major problem has arisen with the
resistance of mycobacterial strains to current therapy. These
multidrug-resistant (MDR-TB) or extensively drug-resistant
(XDR-TB) strains are immense threat that is necessary to focus
on. The partial headway was made by discovering bedaquiline,
a novel drug active against resistant mycobacterial strains.?

The current common therapy of non-resistant TB is based on
administering a cocktail of first-line antitubercular agents
(rifampicin/rifabutin, isoniazid, ethambutol and pyrazinamide)
within the period lasting from six to twelve months. The last
mentioned drug — pyrazinamide (PZA) — is successfully used to
shorten the time needed for treatment up to two thirds. It is
entrained by its unique ability to kill the dormant forms of
mycobacteria.3 PZA is endowed with multiple mechanisms of
action based on its parent form or its metabolite pyrazinoic acid
(POA). One of the first theories associated with PZA mechanism
of action is based on active transport of PZA into mycobacterial
cell and its subsequent activation via nicotinamidase
(pyrazinamidase; EC 3.5.1.19) to POA. Upon intracellular
accumulation, POA acidifies the inner compartment of the cell
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causing the disruption of membrane potentials and dysfunction
of pH sensitive enzymes.# This principle was disproved last year
by Peterson et al.> Both PZA and POA also inhibit specific
mycobacterial enzyme Fatty Acid Synthase | (FAS |; EC 2.3.1.85).
Inhibition of FAS | leads to the depletion of mycolic acids and to
the disruption of mycobacterial cell wall function.® Further
research refers to the fact that POA also inhibits trans-
translation. This process is also vital for the cell survival and its
blockade induces cellular death.” One of the Ilatest
investigations reveals the fact that PZA inhibits aspartate
decarboxylase (PanD; EC 4.1.1.11). This enzyme is responsible
for conversion of L-aspartic acid to B-alanine, which is necessary
for CoA synthesis. Blockade of this biochemical pathway usually
leads to energy depletion and incapability to survive.®

PZA itself evinces unique physical and chemical properties and
its small molecule is exceedingly suitable for modifications. The
alkylamino substitution of pyrazine ring in positions 5- and 6- is

considerably well known quite often showing good
antimycobacterial activities.®12 This work deals with
benzylamino derivatives since compounds containing

benzylamino moiety were previously reported as anti-infective
substances. N-Benzylpyrazine-2-carboxamides (i.e. containing
benzylamino moiety attached to pyrazine nucleus via carbonyl
linker) were reported by Servusova et al. showing moderate
antitubercular activities.13-1> Benzylamino derivatives of
pyrazine (with benzylamino moiety attached directly to the
pyrazine core) were reported by Zitko et al. and Jandourek et al.
showing moderate activities as well.1617 |n contrast to
compounds proposed in this article, the previously reported
benzylamino derivatives contained at least one carbonitrile
moiety (see Figure 1). Such modifications did not lead to
improved antitubercular effect. These results confirmed our
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Figure 1 — General structures of discussed compounds (A,B — Zitko et al.1; C—
Jandourek et al.17; D — this work) and best MICs against M. thc H37R,

intentions to prepare novel derivatives with different
substitutions to improve the efficacy and safety.

We have chosen pyrazine ring without carbonitrile moieties
(lower cytotoxicity), free carboxamide group (possibility of
activation to POA) and benzylamino substitution attached
through amino group directly to pyrazine core. These
compounds were investigated whether this combination made
on the basis of previous publications would demonstrate better
biological properties.

3-Chloropyrazine-2-carboxamide was let to react with variously
substituted benzylamines by means of nucleophilic substitution
of chlorine. Some of intended reactions were carried out using
microwave-assisted synthesis, which can save the time and
used materials according to literature. In addition, the yields
tend to be higher than usually.’® We have investigated
differences between conventional organic synthesis
(conventional heating methods) and microwave-assisted
reaction. The comparison is stated.

Additional biological assays (antimycobacterial, antibacterial,
antifungal) were performed to complete the scope of activity of
these novel pyrazinamide derivatives that were preliminarily

CN CONH,

N N
S H,0,, pH 9, 55°C S i
— - —
N

Cl N Cl

published under the terms of electronic conference
contributions.19,20

Finally, prepared compounds were docked into active site of M.
tuberculosis enoyl-ACP-reductase (InhA; EC 1.3.1.9). InhA has
been repeatedly evaluated as an effective antimycobacterial
target. It is a crucial enzyme involved in the long chain fatty
acids biosynthesis. It is responsible for a reduction of the double
bond between C2 and C3 of the enoyl intermediate linked to the
acyl carrier protein (ACP). Inhibition of InhA leads to insufficient
synthesis of mycolic acids, which are essential for mycobacterial
cell wall integrity.2 A molecular modeling study has been
performed to verify if the InhA inhibition is a possible
mechanism of action for prepared derivatives due to their
structural similarity to known InhA inhibitors such as triclosan
or PT70. It is obvious that the requirement of two planar
heteroaromatic or aromatic structural fragments connected
with a linker, which is specifically represented by -NH-CH,-
formation, is fulfilled. Another resemblance is actually
expressed by carbonyl part of carboxamide group serving as a
hydrogen bond accepting moiety. These structural features are
mutual for the typical InhA inhibitors.22 Molecular targets of
PZA/POA as discussed above were considered for docking
simulations. However, there are limitations, which make them
inapplicable for our compounds. The complex of POA bound to
ribosomal protein S1 (involved in trans-translation process) was
resolved (pdb: 4NNI). From the complex it is obvious that POA
could be substituted in positions 5- and/or 6-, but not in position
3-.23 Pyrazinamidase (PncA) active site cavity is quite small and
from the model based on the X-ray determined structure of
PncA (pdb: 3PL1), it is quite obvious that the only position for
possible substitutions of PZA is position 6- of the pyrazine ring.24
Substitution of position 3- by a large moiety (benzylamino in our
case) would divert the PZA core from position and orientation
needed for the enzymatic conversion by PncA. Crystal structure
of aspartate decarboxylase (PanD) was resolved (pdb: 2C45),
but there are no complexes with bound PZA/POA. The

o

CONH,

s
H R

1-6
Average yield 35%

CONH,

s
H R

7-15
Average yield 70%

o

Scheme 1 - Synthesis of starting compound 3-chloropyrazine-2-carboxamide and aminodehalogenation reaction with variously substituted benzylamines carried out under different

conditions
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Table 1 - Summary of prepared compounds, calculated and measured parameters of lipophilicity, results of antimycobacterial and antibacterial evaluation expressed as minimal

inhibitory concentration (MIC) compared to standards

Minimal inhibitory concentrations

No. R MW Log P/ClogP Log k M. tbc H37R, M. tbc H37R, M. smegmatis Bacteria
(ng/mL) (uM) (ng/mL) (uM)
1 H 228.25 0.63/1.64 0.215 >100 n.a. 2500 >500
2 3-Cl 262.69 1.19/2.36 0.373 >100 n.a. 2500 >500
3 3,4-Cl 298.14 1.75/2.95 0.470 >100 n.a. 2500 >500
4 3-CFs 297.14 1.56/2.53 0.403 125 42 250 31.25 SA®
5 4-Cl 262.69 1.19/2.36 0.373 >100 n.a. 250 250 SA?
6 2-CHs 242.28 1.12/2.09 0.320 >100 n.a. 2500 >500
7 4-OCH; 258.25 0.51/1.56 0.194 >100 n.a. 2500 >500
8 4-CH; 242.28 1.12/2.14 0.441 1.56 6 >500 >500
9 4-NH, 243.26 -0.17/0.42 -0.313 6.25 26 250 >500
10 2-Cl 262.69 1.19/2.36 0.441 >100 n.a. 2500 >500
11 2-F 246.24 0.79/1.79 0.248 >100 n.a. >500 125 EF
12 4-CF3 296.25 1.56/2.53 0.502 12.5 42 >500 125 EF®
13 2-CFs 296.25 1.56/2.53 0.495 >100 n.a. >500 125 EF
14 2,4-0CH; 288.30 0.38/1.65 0.274 >100 n.a. >500 62.5 EF®
15 3-NO: 273.25 n.d./1.39 0.101 >100 n.a. >500 >500
INH - 137.14 - - 0.39 3 7.81-15.63 -
PZA - 123.12 - - 12.5 102 2500 -
RFM - 822.94 - - n.d. n.d. 0.78-1.56 -
CPX - 331.37 - - n.d. n.d. 0.10-0.20 -

2 Staphylococcus aureus CCM 4516/08; ® Enterococcus faecalis. ) 14365/08

Log P/ClogP — calc. parameter of lipophilicity (ChemDraw 15.0); Log k — experim. determined lipophilicity; n.a. — not active; n.d. — not determined

binding site and interaction pattern for PZA/POA is therefore
unknown. Simulations of PZA/POA binding to PanD by docking

and docking followed by molecular dynamics simulation of the
complex gave uncertain results.25 FAS | enzyme complex is very
extensive so the X-ray resolved crystal structure of sufficient
quality is not yet available.26

Results and discussion

Chemistry
Starting compound 3-chloropyrazine-2-carboxamide was
synthesized from 3-chloropyrazine-2-carbonitrile through

partial hydrolysis of nitrile group under controlled conditions
with specific pH and temperature.2? This procedure was chosen
on the basis of higher yields compared to direct amidation of
the pyrazine ring.27.28

This initial compound was then let to react with variously
substituted benzylamines (see Scheme 1) (see ESI for full
detailed description of synthetic procedure). Six final
compounds (1-6) were prepared by conventional heating
methods utilizing tetrahydrofuran (THF) as a solvent,
triethylamine as a base and two equivalents of corresponding

This journal is © The Royal Society of Chemistry 20xx

benzylamine. Reaction was stopped after 15 hours and its
progress was checked using TLC in the system hexane:ethyl
acetate (1:1). Products were purified by preparative flash
chromatography and final yields were ranged between 24% and
50%. These lower gains were taken as an impulse to complete
the series under the microwave conditions. So compounds 7-15
were prepared successfully in the MW reactor using methanol
as a solvent and pyridine as a base. Sealed thick-walled tubes
were used as an over-pressurized system to reach higher
temperature (140°C) than the standard boiling point of
methanol. Time needed for conversion was shortened from 15
hours to 30 minutes. Compounds were also purified making use
of flash chromatography. Not surprisingly, the yields were 70%
on the average starting at 26% and ending at 80%. The lowest
yield (26%) was observed for compound 15 that is substituted
with nitro group in meta position. In general, this kind of
substitution is hard to obtain in higher yields as its electron
decrease the nucleophilicity of
Difference between these two

withdrawing properties
benzylamino nitrogen.
approaches can highlight advantages of microwave-assisted
reactions. Time needed to complete the conversion was
shortened ten times and amount of used solvents was
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Please do not adjust margins




substantially minimized. The variance between yields was also
significant. On the other hand, some limitations are emerging
with this technology. It can be stated that not every base is
usable for microwave-assisted reactions. Triethylamine, which
acted as a base for conventional heating reactions, is
inapplicable for MW in consideration of the fact that molecule
of TEA is being decomposed during the process. Emerging
substances (diethylamine) can react with starting compounds
giving inadvertent side products.29.30

Final products were characterized by *H and 13C NMR spectra,
IR spectroscopy, elemental analysis, and also with their melting
points. The acquired analytical data, which are presented in ESI,
were fully in accordance with proposed structures.

Biological assays

Antimycobacterial screening

All of prepared compounds were screened for in vitro activity
against Mycobacterium tuberculosis H37R,, M. kansasii My
235/80 and M. avium 152/73 (for complete procedure see ESI).
Experiments were carried out in liquid broth with pH value
adjusted to 5.6. It is known that in vitro activity of PZA is strongly
dependent on pH (MIC values ranging from units of ug/mL at pH
5.5 to hundreds of pg/mL in neutral conditions).31-34 Using
neutral pH and high concentration is not suitable for our
compounds due to their limited solubility in the testing water-
based medium. We were aware that acidic pH can negatively
affect the growth of M. tbc. However, it was proved that M. tbc
can be cultivated for 14 — 21 days of incubation under these
conditions.3538 In our experiments, drug-free controls were
included to validate the growth of mycobacteria under chosen
acidic conditions.

Microtitration plate assay was used to determine activity and
results were read using resazurin dye based methodology.
Series contains compounds that show activity against
M. tuberculosis H37R,. Such activity was detected for
compounds 4, 8, 9 and 12 with MIC values in the range 1.56—
12.5 pg/mL (resp. 642 uM) as seen in Table 1. It cannot be
stated that there is a dependence between the lipophilicity and
the activity. The values of lipophilicity either for active or
inactive compounds vary in wide range (see Figure 2).
Compounds 4 and 12 are substituted with trifluoromethyl
group, which is usually used fruitfully to prepare potentially

Bmprrrer e rarasraririritiiririiiir ittt ittt MIC=1 M
— 8
2 L R R R R R R R R T R R R R R MIC =10 uM
o .
= *4 @12
Eﬁ 4- .................................................. MIC=1OD}uM

Y .... P ...
3 T T T T 1
0.4 -0.2 0.0 0.2 0.4 0.6

Figure 2 - Dependency of antimycobacterial activity (1/MIC) on experimental parameter
of lipophilicity log k
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Table 2 -
comparison with previously prepared derivatives containing carbonitrile moiety6.17

Activity of selected title compounds against M. tuberculosis H37R, in

2

R¢ N R

T -

RS N/ N MIC against M. tbc H37Ry
H R

No. R R? RS RS ug/mL UM
1 H CONH2 H H >100 -
1-A H CONH2 CN H >100 -
1-B H CN CN H 12.5 78
1-C H CH3 CN CN 25 100
4 3-CF3 CONH2 H H 12.5 42
4-A 3-CF3 CONH2 CN H 25 78
4-B 3-CFs3 CN CN H >100 -
4-C 3-CF3 CHs CN CN 12.5 39
8 4-CHs CONHz H H 1.56 6
8-A 4-CHs CONH; CN H 12.5 47
8-B 4-CHs CN CN H 6.25 25
8-C 4-CHs CHs CN CN 25 95
9 4-NH2 CONH; H H 6.25 26
9-A 4-NH, CONH; CN H 12.5 47
9-B 4-NH, CN CN H 25 100
9-C 4-NH2 CHs CN CN 25 95
INH - - - - 0.39 3
PZA - - - - 12.5 102

active substances. On the other hand, these structures often
show higher cytotoxicity that is undesirable.16:39-41 For that
reason cytotoxicity screening was performed. Contrarily,
compounds 8 and 9 are substituted with less burdening groups
and activities demonstrated by them are more auspicious.

Derivative 8 showed the best activity which was close to the
activity of standard isoniazid (MIC = 3 uM) (see Table 1).
Acquired results were compared to corresponding 3-
benzylamino-5-cyanopyrazine-2-carboxamides (Table 2, A), 3-
benzylaminopyrazine-2,5-dicarbonitriles (Table 2, B) and 5-
benzylamino-6-methylpyrazine-2,3-dicarbonitriles (Table 2, C)
prepared previously in order to compare the effect of cyano vs.
carboxamide substitution. The results were mostly comparable.
Nevertheless, there are compounds that should be pointed out.
Compound 4 (R = 3-CF3; MIC = 12.5 ug/mL) was more active than
matching substances 4-A (MIC = 25 ug/mL) or 4-B (MIC = >100
ug/mL) and the activity of derivative 4-C (MIC = 12.5 pg/mL) was
nearly the same.1617 Compound 9 (R = 4-NH3; MIC=6.25 pg/mL)
showed better activity than 9-A (MIC = 12.5 pg/mL), 9-B (MIC =
25 pg/mL) or 9-C (MIC = 25 pg/mL).16.17 Compound 1 (R = H; MIC
= >100 pg/mL) proved to be much less active than
corresponding dicarbonitriles 1-B (MIC = 12.5 pug/mL) and 1-C
(MIC = 25 pg/mL). However, corresponding cyanopyrazine-2-
carboxamide (1-A; MIC = >100 pg/mL) also showed
inactivity.16:17 In contrast, compound 8 (R = 4-CHs; MIC = 1.56
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pug/mL) was certainly more active than resembling compounds
8-B (MIC = 6.25 ug/mL), 8-A (MIC = 12.5 pg/mL) and 8-C (MIC =
25 pg/mL).1617 It can be deduced that carbonitrile group on the
pyrazine core is not necessary to obtain better activity and
compounds without this modification are equally or more active
against M. tuberculosis (see Table 2).

Just one compound was effective against other mycobacterial
strain than M. tuberculosis with the activity comparable to
standard. Specifically, derivative 4 showed activity against
Mycobacterium kansasii (MIC = 25 ug/mL, resp. 84 uM) whilst
MIC of isoniazid ranged between 1.56 — 12.5 pug/mL (resp. 11 —
91 uM).

Mycobacterium smegmatis screening

The screening was performed again on the basis of adjusted
microtitration plate assay with resazurin dye staining (see ESI).
This complementary test was completed in order to find any
relationships between activities against typical slow growing
mycobacterial strains and Mycobacterium smegmatis. The
behavior of the last named microorganism is alike other strains
but it is not a human pathogen. Its generation time is also
advantageous because it is disproportionally shorter.

Results of this assay were dissimilar to previous
antimycobacterial screening. Poor activity was proven entirely
by three compounds, namely compound 4, 5 and 9 as seen in
Table 1. The value 250 pg/mL was not absolutely comparable to
used standards isoniazid (15.63 pg/mL), rifampicin (0.39 pg/mL)
and ciprofloxacin (0.10 pg/mL). It is apparent that prepared
substances are active against M. tuberculosis and probably act
through pathway that is not mutual for both types of
mycobacteria.

Antibacterial and antifungal screening

All compounds were tested in vitro for their activity against
eight common bacterial strains and eight fungal stems with
standard methodology (see ESI).

Four from fifteen synthesized substances exerted moderate to
low activity against Enterococcus faecalis and the values ranged
between 62.5 uM and 125 uM (see Table 1). Compounds 4 and
5 were active against Staphylococcus aureus with the mean
activity 31.25 puM. All these results were insignificant compared
to standards used in this screening.

No antifungal activity was observed for any of prepared
substances.

Cytotoxicity assays

The most active compounds (4, 8, 9 and 12) were tested for
their cytotoxic effects. Results of these experiments are
presented as inhibitory concentration, which is necessary to
decrease the viability of the cell population to 50% from the
maximal viability (ICsp) compared to 100% cell viability control.
The cytotoxicity of tested compounds was measured using the
standard hepatic cell line HepG2.

This journal is © The Royal Society of Chemistry 20xx

Table 3 - Cytotoxicity of active compounds and calculated selectivity index (SI) values

Compound 1Cso (LM) Sl (ICs0/MIC)
4 76.5 1.8
8 >250 >41.7
9 >750 >28.8
12 57.3 14

Used CellTiter 96® Aqueous One Solution Assay is based on the
bioreduction of tetrazolium dye MTS by cells into a coloured
formazan product, which is then determined colorimetrically.
Reduction of this reagent is accomplished by NADPH or NADH
produced in metabolically active cells. The quantity of formazan
is directly proportional to the number of living cells.
Compounds can be divided into two groups according to their
ICso as seen in Table 3. The first group is represented by
substances 4 and 12 substituted with trifluoromethyl group.
The value of ICsp is at the order of tens of uM expressing
relatively high cytotoxicity. This course was expected according
to the character of substitution that was stated above. It can be
also connected with higher lipophilicity causing the intracellular
accumulation. The second group (8, 9) showed encouraging
results within the order of hundreds or thousands of uM. The
factual values of ICso for these compounds were not possible to
determine due to the low solubility at higher concentrations but
it is at least three orders improvement in comparison to
compounds 4 and 12.

Selectivity index (SI) was calculated for antimycobacterial
activity (M. tuberculosis) and was defined as a ratio between
ICs0 and MIC (uM). Values above 10 are considered to be safe
values for a potential novel drug. This condition is met by
compounds 8 and 9 (see Table 3).

Lipophilicity determination

Calculated lipophilicity parameters log P and ClogP were
predicted using ChemBioDraw Ultra 14 program. These values
were compared with experimentally measured parameter of
lipophilicity log k. These figures were derived from retention
times acquired by RP-HPLC (see ESI).

Theoretical (log P, ClogP) and experimental (log k) values were
correlated to show the linear dependency, even though the

31 .3
s  LogP

Log P/ ClogP

-0.2 0.0 0.2 0.4 0.6

Log k
Figure 3 — Linear dependencies of two differently calculated lipophilicity parameters on

experimentally measured values
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values of log P and ClogP calculated by ChemBioDraw algorithm
did not reflect the influence of substituent’s position on the
aromatic ring (see Figure 3).

Correlation of these parameters can be expressed by the
following regression equations. The first equation is showing
the dependency of log P on log k. Compounds 7 and 14 were
excluded from calculations due to their distinct value that could
be caused by the character of substitution (methoxy group).

log P =0.397(+0.104) + 2.199(+0.263) log k
R2=0.875,5s=0.194,F=69.7, n =12

The second equation expresses the dependency of ClogP on log
k. This relationship is more predicative showing better
parameters of regression.

ClogP = 1.162(+0.074) + 2.726(+0.210) log k
R2=0.934,s=0.159, F = 168.6, n = 14

Compound 9 differs from the others in both parameters, which
can be caused by the character of substitution. Amino group is
able to be easily ionized, which can result in distortion of the
outcomes of performed measurements.
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Figure 4 - 2D visualization of compounds 8 and 12 in active site of InhA showing
interactions with substrate binding loop
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Table 4 - Results of affinity calculations by Glide Scoring function in relation with in vitro
activity against M. tuberculosis H37R,

Compound Affinity (kcal/mol) MIC M. tbc H37R, (LM)
4TZK Ligand -9.82 -

a4 -8.47 42

8 -7.40 6

9 -7.82 26

12 -8.49 42

The results of affinity calculations show the important effect of
carboxamide group of assessed compounds. The affinity
towards InhA is high within the series containing compounds
with substituents in 3- position of the pyrazine core. Such
arrangement enables close proximity of the carbonyl group to
Tyr 158 and NAD* ribose and allows the substituent in the
aforementioned 3- position to form additional less specific
interactions with substrate binding group residues at the same
time (see Figure 4). None of the assessed compounds reached
the affinity higher or equal to (3S)-1-cyclohexyl-N-(3,5-
dichlorophenyl)-5-oxopyrrolidine-3-carboxamide (-9.82
kcal/mol) that is original 4TZK ligand.

The best scored compounds 4 and 12 (affinity -8.47 kcal/mol
resp. 8.49 kcal/mol, see Table 4) attain similar pose within the
active site as most of the direct InhA inhibitors, forming the
hydrogen bond network between Tyr 158, NAD* ribose and
pyrazine core. Carboxamide moiety fulfils similar role to the
carbonyl moiety of 4TZK original ligand or phenolate of known
inhibitors such as triclosan or PT70 (ring A) (see Figure 5). The
hydrophobic benzyl part of discussed compounds exerts
hydrophobic interactions with lipophilic residues of the
substrate binding loop (Met 103, Pro 193, Met 199, Leu 207 and
lle 215) (see Figure 6). The orientation of this benzyl moiety is
in accordance with orientation of hexyl chain of PT70 that is
oriented in the hydrophobic entry tunnel, which normally hosts
the long alkyl chain of mycolic acid intermediate (see Figure 5).
The most efficient compound 8 did not achieve such promising
score compared to standard ligand. This might happen due to
less hydrophobic substitution of non-pyrazine molecule part
that results in less potent hydrophobic interactions with
substrate binding loop hydrophobic residues.

Conclusions

Four of fifteen prepared compounds showed notable
antimycobacterial activity against M. tuberculosis H37R,.
Compounds 4, 8, 9 and 12 exerted activities similar to or better
than PZA. 4-Methylbenzylamino derivative (8) showed also
activity nearly the same as standard isoniazid. Prepared
were compared to

CHj;

benzylaminopyrazine-2-carboxamides
OH

(0]

Figure 5 — Chemical structure of PT70
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Figure 6 — The most active compounds docked into the active site of InhA (ACP-enoyl reductase) (4 — orange; 8 — yellow; 9 — aquamarine; 12 — green)

previously synthesized benzylaminopyrazines with different
substitution on pyrazine ring. Corresponding compounds were
determined to be active, nevertheless the title structures of this
research without carbonitrile moiety appeared to exert at least
double activity even though the lipophilicity was lower.
Cytotoxicity assays performed on HepG2 cells confirmed
preceding assumption that molecules containing
trifluoromethyl moiety are highly cytotoxic despite the fact they
are usually active. On the other hand, compounds 8 and 9
showed very low cytotoxicity and calculated selectivity index
was considered to be propitious. Antitubercular activity of these
two compounds is rather specific than nonselective based on
cytotoxic effect. The docking studies did not exclude that
inhibition of InhA might contribute to the mechanism of action
of presented derivatives. However, comparison of in vitro and
in silico results suggests that InhA inhibition is probably not the
main mechanism of action of these 2,3-disubstituted
derivatives, or, the disagreement might be caused by
differences in mycobacterial cell penetration among individual
compounds. Nevertheless, the predicted binding poses of active
derivatives exhibit the key interactions observed with the most
of the confirmed InhA inhibitors. The pyrazine carboxamide
group plays a crucial role by forming the important interactions
with Tyr 158 and NAD*. Substitution of the pyrazine core seems
to determine the affinity of assessed compounds and further
stabilize possible inhibitor within the active site. It enables
interactions with various residues within the pocket and
therefore anchor the inhibitor in the active site. Compounds 8
and 9 are suitable for further structural modifications that can
improve their biological properties (activity, cytotoxicity) and
physical properties (solubility, lipophilicity).
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General methods

All chemicals were of reagent or higher grade of purity. They were mainly purchased from Sigma-Aldrich or Fluka (Sigma-
Aldrich, Co., Steinheim, Germany). Plates for thin layer chromatography (TLC) were provided by Merck (Silica gel 60 F3s4)
(Merck KGaA, Darmstadt, Germany). Microwave assisted reactions were performed using microwave reactor with focused
field equipped with autosampler Explorer 24 (CEM Discover, CEM Corporation, Matthews, North Carolina, USA). The reaction
progress was monitored with CEM’s Synergy™ software. All compounds were purified using techniques of preparative flash
chromatography (CombiFlash ° RF, Teledyne Isco, Inc., Lincoln, NE, USA). Silica gel (0.040 — 0.063 mm) was used as the
stationary phase (Merck KGaA) and hexane (Lach-Ner, s.r.o., Neratovice, Czech Republic) together with ethyl acetate (Penta,
Prague, Czech Republic) as the mobile phase in gradient elution. NMR spectra were acquired at ambient temperature by
Varian Mercury-VxBB 300 spectrometer (Varian corp., Palo Alto, California, USA, 299.95 MHz for 1H, 75.43 MHz for 13C) or
Varian VNMR S500 spectrometer (Varian corp., Palo Alto, California, USA, 499.87 MHz for 1H, 125.71 MHz for 13C). Chemical
shifts were referenced in ppm (8) and were indirectly related to TMS (tetramethylsilane) via a signal of solvent (2.49 for 1H
and 39.7 for 13C in DMSO-ds or 7.28 for *H and 77.0 for 13C in CDCls). Infrared spectra were recorded using ATR methodology
(Attenuated Total Reflectance) by spectrometer FT-IR Nicolet 6700 (Nicolet — Thermo Scientific, Waltham, MA, USA) on
germanium crystal. Elemental analysis was performed on EA 1110 CHNS Analyser (Fisons Instruments S. p. A., Carlo Erba,
Milano, Italy) and the values were given as percentages. Melting points were determined by SMP3 Stuart Scientific apparatus
(Bibby Sterling LTD, Staffordshire, UK) in open capillary and are uncorrected. Yields are expressed as percentages and refer
to products after all purification steps.

General synthetic procedure

Starting compound was prepared via partial hydrolysis of nitrile group of 3-chloropyrazine-2-carbonitrile (Fluorochem, Co.,
Hadfield, Derbyshire, UK). The mixture of concentrated (30%) hydrogen peroxide (29 mL) and water (195 mL) was prepared
and alkalized with 8% (w/v) solution of sodium hydroxide to obtain the solution with pH 9. Carbonitrile (104 mmol) was being
added portion-wise into the heated (50 °C) mixture over the period of 30 minutes. The whole mass was stirred for additional
2.5 hours at 55 °C and pH 9 (pH was periodically monitored and adjusted by drops of 8% NaOH solution). Reaction mixture
was cooled in the fridge to initiate the crystallization. The crude product was recrystallized from ethanol.! The yield of this
reaction was approximately 80%.

Compounds 1-6 were prepared according to conventional methods of organic synthesis. 1.27 mmol of 3-chloropyrazine-2-
carboxamide was dissolved in 20 mL of THF in round bottom flask and then was treated with two equivalents of corresponding
benzylamine and equimolar amount of triethylamine. The reaction was conducted with continuous stirring and heating (70
°C) under reflux in oil bath for 15 hours. Compounds 7-15 were synthesised using the microwave reactor with focused field.
1.27 mmol of 3-chloropyrazine-2-carboxamide was put into the thick-walled tube together with 2.54 mmol of corresponding
benzylamine, 1.27 mmol of pyridine, approx. 5 mL of methanol, magnetic stirrer, and then was sealed with special cap. The
parameters of reaction were set according to previously published paper as follows — 140 °C, 30 minutes, 200 W.2 The progress
of reaction was checked by TLC (hexane: ethyl acetate — 1:1). Regardless of the method used for synthesis, all reaction
mixtures were adsorbed on silica and subjected to preparative flash chromatography (hexane and ethyl acetate, gradient
elution, detection wavelengths 260 nm and 280 nm). Products were recrystallized from ethanol or ethanol and water if
necessary. All final substances were chemically characterized (*H NMR, 3C NMR, IR, melting point and elemental analysis).



Antimycobacterial evaluation

Antimycobacterial screening was performed against M. tuberculosis H37R, CNCTC My 331/88, M. kansasii Hauduroy CNCTC
My 235/80, and M. avium CNCTC My 152/73 (Czech National Collection of Type Cultures, National Institute of Public Health,
Prague, Czech Republic) using isoniazid and pyrazinamide (Sigma-Aldrich) as standards. Culturing medium used for assays
was Sula’s semisynthetic broth with adjusted pH 5.6 (Trios, Prague, Czech Republic). The cultures were grown at 37 °Cin dark
and humid atmosphere. Tested compounds were dissolved in dimethyl sulfoxide (DMSO) and diluted with medium to final
concentrations 100, 50, 25, 12.5, 6.25, 3.13 and 1.56 pg/mL except for INH where the dilution continues up to 0.1 ug/mL. The
method used for this screening was microdilution broth panel method. Mycobacterial inoculum was suspended in sterile
water and the density was adjusted in the range between 0.5 and 1.0 McFarland scale. Suspensions were diluted with broth
by 101, added to microtitration plates and incubated for 14 days for M. tuberculosis, 5-7 days for M. kansasii and 5 days for
M. avium. Drug-free controls were included containing broth with DMSO. The final concentration of DMSO was 0.5% (v/v)
and did not affect the growth of mycobacteria. The antimycobacterial activity was determined using resazurin based dye
(Alamar blue) and results were read after 24 hours of incubation after addition of 30 L of stain (0.005% solution of resazurin
sodium salt in the 1:1 mixture of water and 10% (v/v) water solution of Tween 80).3 Minimum inhibitory concentration was
defined as the lowest concentration of tested compound which prevented colour change (from blue to pink).

Evaluation of activity against Mycobacterium smegmatis

Antimycobacterial assay was performed with fast growing Mycobacterium smegmatis CCM 4622 (ATCC 607) from Czech
Collection of Microorganisms (Brno, Czech Republic). The technique used for activity determination was microdilution broth
panel method using 96-well microtitration plates. Culturing medium was Middlebrook 7H9 broth (Sigma-Aldrich) enriched
with 0.4% of glycerol (Sigma-Aldrich) and 10% of Middlebrook OADC growth supplement (Himedia, Mumbai, India). Tested
compounds were dissolved in DMSO (Sigma-Aldrich) then broth was added to obtain concentration 2000 pg/mL. Standards
used for activity determination were isoniazid (INH), rifampicin (RIF) and ciprofloxacin (CPX) (Sigma-Aldrich). Final
concentrations were reached by binary dilution and addition of mycobacterial suspension and were set as 500, 250, 125,
62.5,31.25,15.63, 7.81 and 3.91 pg/mL except to standards ciprofloxacin and rifampicin where the final concentrations were
12.5, 6.25, 3.13, 1.56, 0.78, 0.39, 0.20 and 0.10 pg/mL. Drug-free controls were included containing Middlebrook 7H9 broth
and DMSO. The final concentration of DMSO did not exceeded 2.5% (v/v) and did not affect the growth of M. smegmatis.
Mycobacterium smegmatis was cultured in liquid medium Middlebrook 7H9 enriched with glycerol (0.4%) and OADC growth
supplement (10%). Bacteria were always passaged after seven days of incubation. Testing mycobacterial suspension was
prepared by adjusting the density to 1.0 McFarland scale and diluting it with broth in a ratio of 1:20. Plates were sealed with
polyester adhesive film and incubated in dark at 37°C without agitation. The addition of 0.01% solution of resazurin sodium
salt (20 uL) followed after 48 hours of incubation. Stain was prepared by dissolving resazurin sodium salt (Sigma-Aldrich) in
deionised water to get 0.02% solution. Then 10% aqueous solution of Tween 80 (Sigma-Aldrich) was prepared. Both liquids
were mixed up making use of the same volumes and filtered through syringe membrane filter. After addition of the dye,
microtitration panels were then incubated for additional four hours. Antimycobacterial activity was expressed as minimum
inhibitory concentration (MIC) and the value was read on the basis of colour change (blue colour — active; pink colour —
inactive). MIC values for standards were in ranges 7.81 — 15.63 pg/mL for INH, 0.78 — 1.56 ug/mL for RIF and 0.10 — 0.20
pg/mL for CPX. All experiments were conducted in duplicate.

Antibacterial and antifungal evaluation

Assay was based on microdilution broth panel method in 96-well microtitration plates.* The organisms used in experiments
included strains Staphylococcus aureus CCM 4516/08, Escherichia coli CCM 4517, Pseudomonas aeruginosa CCM 1961 (Czech
Collection of Microorganisms, Brno, Czech Republic) that are recommended as standards for antibacterial screening.
Additional strains were acquired from Department of Clinical Microbiology, University Hospital, Hradec Kralove, Czech
Republic as clinical isolates - Staphylococcus aureus H 5996/08 — methicillin resistant (MRSA), Staphylococcus epidermidis H
6966/08, Enterococcus faecalis ) 14365/08, Klebsiella pneumoniae D 11750/08, Klebsiella pneumoniae ) 14368/08 — ESBL
positive. All microorganisms were cultured on Mueller-Hinton agar (MHA) (Difco/Becton Dickinson, Detroit, MI, USA) at 35
°C. Bacterial inoculum was prepared by suspending colony in sterile 0.85% saline. The cell density of the inoculum was
adjusted to 0.5 McFarland scale. Compounds were dissolved in DMSO and the antibacterial activity was determined in
Mueller-Hinton broth (Difco/Becton Dickinson) buffered to pH 7.0. Negative controls (growth controls) consisted of medium
and DMSO. The final concentration of DMSO did not exceed 1% (v/v) of the total solution composition. The minimum
inhibitory concentration (MIC) was defined as 95% inhibition of bacterial growth compared to provided control and was
determined after 24 and 48 hours of static incubation at 35 °C. Bacitracin, neomycin, ciprofloxacin and
phenoxymethylpenicillin were chosen as standards.



Antifungal screening was also carried out using microdilution broth method with tested strains — Candida albicans ATCC
44859, C. tropicalis 156, C. krusei E28, C. glabrata 20/\, Trichosporon asahii 1188, Aspergillus fumigatus 231, Lichtheimia
corymbifera 272 and Trichophyton mentagrophytes 445. Compounds were dissolved in DMSO and diluted using RPMI 1640
medium with glutamine buffered to pH 7.0 (MOPS) in a twofold manner. The final concentration of DMSO in the tested
medium did not exceed 2.5 % (v/v). Static incubation was performed in the dark and humid atmosphere at 35 °C for 24 and
48 hours (resp. 72 and 120 hours for Trichophyton mentagrophytes). Drug-free controls were included and fluconazole,
amphotericin B, voriconazole and nystatin were used as standards.>

Cytotoxicity determination

The human hepatocellular liver carcinoma cell line HepG2 (passage 12) purchased from Health Protection Agency Culture
Collections (ECACC, Salisbury, UK) was routinely cultured in MEM (Minimum Essentials Eagle Medium) (Sigma-Aldrich)
supplemented with 10% fetal bovine serum (PAA), 1% L-Glutamine solution (Sigma-Aldrich) and non-essential amino acid
solution (Sigma-Aldrich) in a humid atmosphere containing 5% of CO; at 37°C. Cells were harvested after trypsin/EDTA (Sigma-
Aldrich) treatment at 37°C for subculturing. Cells treated with tested substances were used as experimental groups.
Untreated HepG2 cells were applied to represent control groups. HepG2 cells were seeded in density 10 000 cells per well in
a 96-well plates and were treated with tested substances dissolved in DMSO next day. The tested compounds were prepared
in seven concentrations (1 — 1000 uM) in triplicates. The controls (100% cell viability, 0% cell viability, control without cells,
and vehicle controls) were also prepared in triplicates. The reagent from CellTiter 96 Aqueous One Solution Cell Proliferation
Assay (CellTiter 96, Promega Corporation, Madison, WI, USA) was added after incubation in a humidified atmosphere
containing 5% of CO, at 37°C lasting for 24 hours. Additional incubation at 37 °C followed and absorbance was recorded at
490 nm. A standard toxicological parameter |Cso was calculated using GraphPad Prism software 6.02 (GraphPad Software, La
Jolla, CA, USA).

Lipophilicity determination

Theoretical lipophilicity parameters log P and ClogP were calculated by algorithms of program CS ChemBioOffice Ultra 14.0
(CambridgeSoft, Cambridge, MA, USA).

Experimental lipophilicity parameter log k was pinpointed using HPLC methods. Agilent Technologies 1200 SL liquid
chromatography with Diode-array Detector SL G1315C, chromatographic pre-column ZORBAX XDB-C18 5 um, 4 x 4 mm, Part
No. 7995118-504 and column ZORBAX Eclipse XDB-C18 5 um, 4.6 x 250 mm, Part No. 7995118-585 (Agilent Technologies Inc.,
Colorado Springs, CO, USA) were used in HPLC system. The separation process was handled by Agilent ChemStation, version
B.04.02 extended with spectral module (Agilent Technologies Inc.). A mixture of methanol (HPLC grade, 70 %) and water
(HPLC-Milli-Q Grade, 30 %) was used as mobile phase. The total flow rate of the column was set to 1.0 mL/min, injection 20
pL, column temperature 30 °C. 210 nm as detection wavelength and 270 nm as monitor wavelength were chosen. The
methanolic solution of Kl was used for the determination of dead time (TD). Retention times (TR) of synthesized compounds
were measured in minutes. The capacity factors k were calculated according to formula k = (TR — TD)/TD, where TR is the
retention time of the solute and TD denotes the dead time obtained via an unretained analyte (KI). Log k, which was calculated
from the capacity factor k, is used as the lipophilicity index.

Docking studies

All molecular modelling was done using Schrédinger Suite (Release 2014-2) and visualizations were prepared in Maestro 9.8
(Schrodinger, LLC, New York, NY, USA.). Docking was carried out using software Glide (Schrédinger). The crystal structure of
enzyme enoyl-ACP-reductase was prepared using PDB structure 4TZK as starting geometry, using Maestro Protein
Preparation Wizard with default settings. The ligand and the non-bonding water molecules were removed. Restrain energy
minimization was performed using OPLS-2005 force field (gradient - 0.001 RMS kcal/mol/A2). The original ligand was used to
determine the binding site using the grid generation tool. The ligand structures were prepared in Maestro 2D sketcher. The
compounds were subsequently docked using the standard precision (SP) protocol with flexible sampling of ligands and
without any constraints. Top-scored compounds were subsequently docked using the extra precision (XP) protocol. The
docking protocol was validated by re-docking the original co-crystalized ligand. Average RMSD for five best-scored poses after
redocking of the original ligand was 0.85 A.



Analytical data of prepared compounds
3-(Benzylamino)pyrazine-2-carboxamide (1)

Yellow solid. Yield 35%; M.p. 121.3-123.5 °C; IR (ATR-Ge, cm1): 3452 (-NH-), 3126 (-CONH,), 2869 (-CHx-), 1689 (-C=0), 1584,
1529, 1508, 1473, 1369, 1236, 1180 (arom.); *H NMR (500 MHz, DMSO) 6 9.14 (1H, t,J = 5.7 Hz, NH), 8.23 (1H, d, ) = 2.4 Hz,
H6), 8.18 (1H, bs, NH,), 7.79 (1H, d, J = 2,4 Hz, H5), 7.70 (1H, bs, NH,), 7.33-7.28 (4H, m, H2", H3", H5’, H6"), 7.25-7.20 (1H, m,
H4’), 4.63 (2H, d, ) = 5.7 Hz, CH;). 13C NMR (125 MHz, DMSO) 6 169.0, 154.3, 146.5, 139.7, 130.2, 128.6, 127.4, 127.0, 126.7,
43.5. Elemental analysis found: C, 62.88%; H, 5.50%; N, 24.16%. Calculated for C;,H1,N40 (MW 228.25): C, 63.15%; H, 5.30%;
N, 24.55%.

MD677-II-2

exp8 PROTON

SAMPLE PRESATURATION
date Mar 4 2016 satmode n
solvent dmso  wet n
file /home/vnmrl/v~ SPECIAL
nmrsys/data/Doleza~ temp 25.0
1_Martin/MD677-II-~ gain 30
2_H.fid spin not used
ACQUISITION hst 0.008
W 8012.8 pwd0 9.100
at 2.045 alfa 10.000
np 32768 FLAGS
fb 4000 il n
bs 32 in n
di 1.000 dp y
nt 8 hs nn
et ] PROCESSING
TRANSMITTER £n not used
tn H1 DISPLAY
sfrq 499.869 sp 1022.9
tof 499.8 wp 3720.3
tpwr 60 rfl 1007.2
4.550 rfp 0
DECOUPLER rp 60.4
dn c13 1p 0
dof 0 PLOT
am non  we 200
decwave WA0_OneMMR~ sc 8
W018 vs 31
dpwr 37 th 7
amf 32258 ai cde ph .

9 8 7 6 5 4 3 ppm

by T
8.74 B.72 B.57 B.14
8.02 8.31 31.86 17.64



3-((3-Chlorobenzyl)amino)pyrazine-2-carboxamide (2)

Dark yellow solid. Yield 32%; M.p. 146.1-148.9 °C; IR (ATR-Ge, cm): 3435 (-NH-), 3196 (-CONH,), 2926 (-CH,-), 1666 (-C=0),
1578, 1534, 1511, 1408, 1338, 1262, 1231, 1189 (arom.); *H NMR (500 MHz, DMSO) & 9.17 (1H, t, J = 6.0 Hz, NH), 8.22 (1H, d,
J=2.4 Hz, H6), 8.18 (1H, bs, NH2), 7.79 (1H, d, J = 2.4 Hz, H5), 7.71 (1H, bs, NH,), 7.39-7.23 (4H, m, H2', H4’, H5', H6'), 4.65
(2H, d, J = 6.0 Hz, CH,). 3C NMR (125 MHz, DMSO) & 168.9, 154.2, 146.5, 142.6, 133.2, 130.5, 130.4, 127.1, 126.9, 126.9,
126.0, 43.0. Elemental analysis found: C, 55.18%; H, 4.51%; N, 20.94%. Calculated for C1,H11CIN4O (MW 262.69): C, 54.87%;
H, 4.22%; N, 21.33%.
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3-((3,4-Dichlorobenzyl)amino)pyrazine-2-carboxamide (3)

Yellow solid. Yield 24%; M.p. 169.5-172.1 °C; IR (ATR-Ge, cmrl): 3472 (-NH-), 3174 (-CONH,), 2924 (-CH,-), 1677 (-C=0), 1576,
1529, 1500, 1465, 1416, 1338, 1233, 1187 (arom.); IH NMR (300 MHz, DMSO) § 9.19 (1H, t, J = 6.2 Hz, NH), 8.24-8.20 (1H, m,
H6), 8.18 (1H, bs, NH,), 7.82-7.79 (1H, m, H5), 7.72 (1H, bs, NH,), 7.58-7.53 (1H, m, H5"), 7.53 (1H, d, J = 1.7 Hz, H6'), 4.64 (2H,
d, J = 6.2 Hz, CH,). 3C NMR (75 MHz, DMSO) 6 168.8, 154.1, 146.4, 141.4, 131.0, 130.7, 130.6, 129.3, 129.3, 127.7, 127.0,
42.5. Elemental analysis found: C, 49.09%; H, 3.76%; N, 18.69%. Calculated for C1,H10Cl,N4O (MW 298.14): C, 48.86%; H,
3.39%; N, 18.86%.
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3-((3-Trifluoromethylbenzyl)amino)pyrazine-2-carboxamide (4)

Dark yellow solid. Yield 31%; M.p. 98.1-100.3 °C; IR (ATR-Ge, cml): 3468 (-NH-), 3201 (-CONH,), 2937 (-CH,-), 1674 (-C=0),
1581, 1530, 1507, 1453, 1416, 1236, 1185, 1164 (arom.), 1331 (-CF3); H NMR (500 MHz, DMSO) & 9.23 (1H, t, ) = 6.1 Hz, NH),
8.22 (1H, d, J = 2.2 Hz, H6), 8.19 (1H, bs, NH,), 7.80 (1H, d, ] = 2.2 Hz, H5), 7.72 (1H, bs, NH2), 7.66 (1H, s, H2’), 7.64-7.50 (3H,
m, H4", H5', H6'), 4.74 (2H, d, J = 6.1 Hz, CH,). 13C NMR (125 MHz, DMSO) & 168.9, 154.2, 146.4, 141.6, 131.4, 130.5, 129.6,
129.2 (q,J=31.3 Hz), 127.0, 124.4 (q, J = 272.0 Hz), 123.8 (g, ) = 3.9 Hz), 123.7 (q, J = 3.9 Hz), 43.1. Elemental analysis found:
C, 52.48%; H, 3.40%; N, 18.76%. Calculated for C13H11F3N4O (MW 297.14): C, 52.71%; H, 3.74%; N, 18.91%.
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3-((4-Chlorobenzyl)amino)pyrazine-2-carboxamide (5)

Yellow solid. Yield 59 %; M.p. 141.0-142.0 °C; IR (ATR-Ge, cm-1): 3408 (-NH-), 3290 (-CONHS,), 2930 (-CH,-), 1682 (-C=0), 1589,
1530, 1510, 1468, 1413, 1339, 1232, 1188 (arom.); H NMR (500 MHz, DMSO0) & 9.17 (1H, bs, NH), 8.23-8.20 (1H, m, H6), 8.18
(1H, bs, NH,), 7.81-7.77 (1H, m, H5), 7.71 (1H, bs, NH,), 7.38-7.30 (4H, m, H2, H3’, H5', H6'), 4.63 (2H, d, J = 5.9 Hz, CH,). 13C
NMR (125 MHz, DMSO) & 168.9, 154.2, 146.5, 139.0, 131.4, 130.4, 129.2, 128.5, 126.9, 42.8. Elemental analysis found: C,
55.08%; H, 4.64%; N, 21.58%. Calculated for C1oH11CIN4O (MW 262.69): C, 54.87%; H, 4.22%; N, 21.33%.

MD681-IT

oxp8 PROTON

SAMPLE PRESATURATION
date Sep 15 2011 satmode n
solvent dmso  wet n
file /home/vnmrl/v~ SPECIAL
nmrsys/data/Doleza~ temp not used
1_Martin/MD681-II_~ gain not used
H.fid spin 20
ACQUISITION hst 0.008
w 8012.8 pw90 8.700
at 2.045 alfa 10.000
np 32768 FLAGS
b 4000 il n
bs 32 in n
d1 1.000 dp ¥
nt 8 hs nn
et 8 PROCESSING
TRANSMITTER £n not used
tn H1 DISPLAY |
sfrq 499.870 sp 252.4
tof 499.8 wp 4593.8
tpwr 60 rfl 2247.2
4.350 rfp 1244.7 I
DECOUPLER p -58.1 | ‘
dn c13 1p 0 { I
dof 0 PLOT |
dm nnn  we 200 | |
decwave W40_OneNMR sc 8 Il |
dpwr 39 wvs so | ||| |
dmf 32258 th 7|
nm cde ph ‘ i

T T e |
8.84 18.36 9.26
1.51 8.53 35.14



3-((2-Methylbenzyl)amino)pyrazine-2-carboxamide (6)

Yellow solid. Yield 38%; M.p. 148.3-150.5 °C; IR (ATR-Ge, cm1): 3435 (-NH-), 3201 (-CONH,), 2925 (-CHx-), 1665 (-C=0), 1575,
1536, 1512, 1465, 1411, 1339, 1229, 1192 (arom.); IH NMR (500 MHz, DMSO) 6 9.03 (1H, bs, NH), 8.24 (1H, s, H6), 8.19 (1H,
bs, NH2), 7.79 (1H, s, H5), 7.70 (1H, bs, NH2), 7.27-7.06 (4H, m, H3’, H4", H5’, H6'), 4.60 (2H, d, J = 4.9 Hz, CH>), 2.30 (3H, s,
CHs). 13C NMR (125 MHz, DMSO) 6 169.0, 154.4, 146.4, 137.2, 135.9, 130.3, 130.2, 127.5, 127.2, 126.7, 126.1, 41.8, 18.8.
Elemental analysis found: C, 64.28%; H, 6.07%; N, 22.90%. Calculated for C13H14N4O (MW 242.28): C, 64.45%; H, 5.82%; N,
23.13%.

MD6B2-II

exp8 PROTON

SAMPLE PRESATURATION
date Sep 15 2011 satmode n
solvent dmso  wet n
file /home/vnmrl/v~ SPECTAL
nmrsys/data/Doleza~ temp not used
1 Martin/MD682-IT ~ gain not used
H.fid spin 20

ACQUISTTION hst 0.008
aw 8012.8 pw90 8.700
at 2.045 alfa 10.000
np 32768 FLAGS
£ 4000 il n
bs 32 in n
d1 1.000 dp ¥
nt 8 hs nn
ot 8 PROCESSING

TRANSMITTER £n not used
tn H1 DISPLAY
sfrq 499.870 sp 151.6
tof 499.8 wp 4636.8
tpwr 60 rfl 2247.2
pw 4.350 rfp 1244.7

DECOUPLER ® -60.0
dn c13 1p 0 |
dof [ PLOT | } I I
dm nnn we 200 ‘
decwave WA0_OneNMR sc 8 1 “
dpwr 39 vs 91| |‘! l I |
dmf 32258 th 7 ; J |

1

nm ede ph I

9 8 7 6 5 4 3 2 1 ppm

13.66 28.78 21.89



3-((4-Methoxybenzyl)amino)pyrazine-2-carboxamide (7)

Yellow solid. Yield 73%; M.p. 148.5-151.3 °C; IR (ATR-Ge, cm'!): 3464 (-NH-), 3126 (-CONH,), 2952 (-OCHs), 2910 (-CH,-), 1690
(-C=0), 1612, 1582, 1530, 1509, 1469, 1413, 1245, 1173 (arom.); *H NMR (300 MHz, DMSO) & 9.04 (1H, t, J = 5.7 Hz, NH), 8.24
(1H, d, J = 2,4 Hz, H6), 8.15 (1H, bs, NH2), 7.78 (1H, d, ] = 2,5 Hz, H5), 7.67 (1H, bs, NH>), 7.28-7.23 (2H, m, H2',H6’), 6.90-6.85
(2H, m, H3", H5°), 4.55 (2H, d, J = 5.7 Hz, CH,), 3.71 (3H, s, OCH3). 13C NMR (75 MHz, DMSO) & 168.88, 158.44, 154.25, 146.52,
131.45, 130.10, 128.82, 126.65, 114.00, 55.20, 43.05. Elemental analysis found: C, 60.74%; H, 5.93%; N, 21.71%. Calculated
for C13H1aN40, (MW 258.25): C, 60.45%; H, 5.46%; N, 21.69%.

0J46
expl stdlh
SAMPLE DEC. & VT
date Apr 19 2012 dfrq 300.071
salvent DMSO  dn H1
file sexport/home/~ dpwr 37
vamr1yJandourek/00~ dof 0
a6_H.fid dm nnn

ACQUISITION dimm c
sfrq 300.071 dmf 8500
tn H1 PROCESSING
at 1.998 wtfile
np 17984 proc ft
sw 4500.5 fn not used
b 2600
bs 16 werr
tpwr 56 wexp
pw 7.0 wbs
d1 1.000 wnt
tof 0
nt [
ct [

n
gain not used
FLAGS

n

in n .

/
DISPLAY /

sp 553.5 (

wp 2282.5

vs &8

sC 0

we 200

hzmm 11.41

is 1500.00

rf 1530.1

rfp 7a7.2

th

n

wn cde ph

|
20 [
ins 100.000 |
|
|

6.77 6.93 7.63 14.63 Z21.69



3-((4-Methylbenzyl)amino)pyrazine-2-carboxamide (8)

Yellow solid. Yield 72 %; M.p. 145.0-146.9 °C; IR (ATR-Ge, cm1): 3427 (-NH-), 3195 (-CONH,), 2926 (-CHa-), 1669 (-C=0), 1579,
1531, 1503, 1419, 1333, 1232, 1188 (arom.); 'H NMR (300 MHz, DMSO) & 9.08 (1H, t, J = 6.0 Hz, NH), 8.23 (1H, d, J = 2.4 Hz,
H6), 8.16 (1H, s, NH2), 7.78 (1H, d, J = 2.5 Hz, H5), 7.68 (1H, s, NH,), 7.21-7.10 (4H, dd, H2, H3’, H5", H6), 4.58 (2H, d, J = 5.8
Hz, CH3), 2.25(3H, s, CHs). 3C NMR (75 MHz, DMSO) 6 168.95, 154.30, 146.52, 136.54, 136.08, 130.15, 129.13, 127.40, 126.68,
43.32, 20.84. Elemental analysis found: C, 64.98%; H, 6.32%; N, 22.84%. Calculated for Ci3H14N4O (MW 242.28): C, 64.45%;
H, 5.82%; N, 23.13%.

0047
expl stdih
SAMPLE DEC. & VT
date Apr 24 2012 dfrq 300.071
solvent S0 dn H1
file sexport/home/~ dpwr 37
vnmrl/Jdandourek,/0J~ dof 0
47_H.fid dm nnn
ACQUISITIGN dmm c
sfrg 300.071 dnf 8500
tn H1 PROCESSING
at 1.998 wtfile
np 17984 proc ft
Sw 4500.5 fn not used
fb 2600
bs 16 werr
tpwr 56 wexp
v 7.0 wbs
d1 1.000 wnt |
tof |
nt 8 (
ct [ |
alock n -
gain not used /
FLAG. | (
il n
in n
dp v
DISPLAY
sp 445 .4
wp 2412 .7
vs 200
sc 0
we 200 -
hzmm 12.06 [
is 71698 (
rfl 1530.6 |
rfp ?47.2
th |
ins 100.600
am cdc p
d ‘
.|‘ ‘
I
| | J ?
A1 A 11 J ‘ /
[ | 1 I
| [ |
i I I il I I
i | il | [
JU Iy [ I
jv \ /
o7 O PR S S = i S e R A A WS e
-
9 8 7 6 5 4 3 2 ppm
7.01 14.35 14.87



3-((4-Aminobenzyl)amino)pyrazine-2-carboxamide (9)

Ochre solid. Yield 46%; M.p. 140.8-142.3 °C; IR (ATR-Ge, cm): 3426 (-NH-), 3324 (-NH,), 3194 (-CONH,), 1670 (-C=0), 1614,
1578, 1514, 1464, 1413, 1231, 1191 (arom.); *H NMR (300 MHz, DMSO) & 8.89 (1H, t, J = 5.5 Hz, NH), 8.24 (1H, d, J = 2.3 Hz,
H6), 8.13 (1H, s, NH,), 7.76 (1H, d, J = 2.3 Hz, H5), 7.65 (1H, s, NH5), 7.03-6.97 (2H, m, H2", H6'), 6.54 — 6.48 (2H, m, H3", H5'),
4.97 (2H, s, NHy"), 4.41 (2H, d, J = 5.5 Hz, CH,). 3C NMR (75 MHz, DMSO) & 168.97, 154.24, 147.91, 146.58, 129.87, 128.63,
126.49, 126.04, 114.03, 43.56. Elemental analysis found: C, 58.78%; H, 5.79%; N, 29.04%. Calculated for C;;H13NsO (MW
243.26): C, 59.25%; H, 5.39%; N, 28.79%.

0J48

expl stdih

SAMPLE DEC. & VT
date  May 10 2012 dfrg 300.071
solvent MSO  dn H1
file sexportshome/~ dpwr 37
vomrl/Jandourek/0d~ dof 0
8_Ha.fid dm nnn
ACQUISITION dmm
sfrg 300.071  dmf 850
tn H1 PROCESSING
at 1.998 wtfile
np 17884 proc ft
sw 4500.5 fn not used
fb 2600
bs 16 werr
tpwr 56  wexp
pw 7.0 wbs
dl 1.000 wnt
tof 0
nt 8
ct ]
alock n
gain ot used
S
i1 n
in n
P ¥
DISPLAY
sp 446 .9
wp 2394.8
vs
sC 0
we 200
hzmm 11.97
is 801.84
rfl 1530.1
rfp 747.2
th 20
ins 100.000

nm  cde  ph

[a—
17.67




3-((2-Chlorobenzyl)amino)pyrazine-2-carboxamide (10)

Ochre solid. Yield 80%; M.p. 182.4-184.3 °C; IR (ATR-Ge, cm): 3456 (-NH-), 3291 (-CONH,), 2921 (-CH-), 1661 (-C=0), 1583,
1569, 1509, 1471, 1409, 1231, 1187 (arom.); *H NMR (300 MHz, DMSO) & 9.19 (1H, t, J = 6.1 Hz, NH), 8.22 (1H, d, J = 2.4 Hz,
H6), 8.19 (1H, s, NH,), 7.81 (1H, d, J = 2.3 Hz, H5), 7.71 (1H, s, NH3), 7.47-7.41 (1H, m, H5"), 7.36 — 7.22 (3H, m, H2', H3", H4"),
4.71 (2H, d, J = 6.1 Hz, CH,). 33C NMR (75 MHz, DMSO) & 168.86, 154.17, 146.44, 136.69, 132.43, 130.51, 129.40, 128.90,
128.77, 127.37, 126.96, 41.64. Elemental analysis found: C, 55.11%; H, 4.65%; N, 21.02%. Calculated for C;,H;11CIN4O (MW
262.69): C, 54.87%; H, 4.22%; N, 21.33%.

0249

expl stdilh

SAMPLE DEC. & VT

date May 3 2012 dfrg 300.071
solvent S0 dn HL
file sexport/home/~ dpwr 37
vnmriydandourek /01~ dof 0
49 H.fid dm nnn

ACQUISITION dmm
sfry 300.071 dmf 8500
tn H1 PROCESSING
at 1.998 wtfile
np 17984 proc ft
5w 4500.5 fn not used
L 2600
bs 16 werr
tpwr 56  wexp
pw 7.0 whs
a1 1.000 wnt
tof 0
nt 8
ct 8
alock n
gain not used
i1 n
in n

DISPLAY

sp 6480
wp 2211.6
vs 79
sc 0
we 200 |
hzmm 11.06 |
is 500,00 |
rfl 1530.1
rfp 747.2 -
th 20 f
ins 100.000

nm cdc  ph




3-((2-Fluorobenzyl)amino)pyrazine-2-carboxamide (11)

Dark yellow solid. Yield 66%; M.p. 171.3-174.3 °C; IR (ATR-Ge, cml): 3446 (-NH-), 3277 (-CONH,), 2921 (-CH»-), 1666 (-C=0),
1572, 1534, 1514, 1486, 1420, 1225, 1190 (arom.); 'H NMR (300 MHz, DMSO) & 9.13 (1H, t, J = 5.9 Hz, NH), 8.23 (1H, d, J =
1.8 Hz, H6), 8.18 (1H, s, NH,), 7.80 (1H, d, J = 1.7 Hz, H5), 7.71 (1H, s, NH2), 7.40 — 7.08 (4H, m, H2", H3", H4", H5), 4.70 (2H,
d, J = 6.0 Hz, CH,). 23C NMR (75 MHz, DMSO) & 168.88, 162.12, 158.88, 154.21, 146.45, 130.44, 129.57-128.54 (m), 126.91,
126.36 (d, J = 14.7 Hz), 124.53 (d, J = 3.4 Hz), 115.33 (d, J = 21.0 Hz), 37.62 (d, J = 4.4 Hz). Elemental analysis found: C, 58.73%;
H, 4.19%; N, 22.32%. Calculated for C1,H11FN4O (MW 246.24): C, 58.53%; H, 4.50%; N, 22.75%.

0J50

expl stdih

SAMPLE DEC. & VT
date May 4 2012 dfrg 300.071
solvent DMSO  dn H1
file sexport/home/~ dpwr 37
vnmrlyJandourek/0J~ dof []
SO_H.fid dm nnn

ACQUISITION dmim
sfrq 300.071 dmf 8500
tn H1 PROCESSING
at 1.998 wtfile
np 17984 proc ft
5w 4500.5 fn not used
fb 2600
bs 16 werr
tpwr 56 wexp
pW 7.0 whs
d1 1.000 wnt
tof 0
nt 16
ct 16
alock

n
gain not used
FLAGS

n

in n
DISPLAY
sp 630.4
wp 2241.3
vs a0
sC )
we 200
hzmm 11.21
is 500.00
rfl 1530.1
rfp 747.2
th 20
ins 100.000
nm cdc ph

N
9
8.74

19.07



3-((4-Trifluoromethylbenzyl)amino)pyrazine-2-carboxamide (12)

Yellow solid. Yield 46%; M.p. 136.8-138.3 °C; IR (ATR-Ge, cm): 3423 (-NH-), 3257 (-CONH,), 1678 (-C=0), 1584, 1532, 1510,
1414, 1231, 1189 (arom.), 1322 (-CFs); *H NMR (300 MHz, DMS0) & 9.25 (1H, t, J = 6.1 Hz, NH), 8.20 (1H, d, ] = 2.4 Hz, H6),
8.18 (1H, s, NH2), 7.80 (1H, d, J = 2.4 Hz, H5), 7.74 (1H, s, NH,), 7.65 (2H, d, J = 8.0 Hz, H2', H6'), 7.51 (2H, d, J = 7.9 Hz, H3".
H5'), 4.74 (2H, d, J = 6.1 Hz, CH,). 13C NMR (75 MHz, DMSO) 6 168.91, 154.23, 146.44, 145.00 (d, J = 1.7 Hz), 130.52, 127.86,
127.34,126.97,126.35, 125.38 (q, J = 3.8 Hz), 122.74, 43.14, 40.53. Elemental analysis found: C, 52.83%; H, 3.87%; N, 18.73%.
Calculated for Ci3H11FsN4O (MW 296.25): C, 52.71%; H, 3.74%; N, 18.91%.

03451

expl stdih

SAMPLE DEC. & VT
date May 9 2012 dfrg 300.071
solvent DMSO  dn H1
file sexport/home/~ dpwr 37
wnmr1/Jandourek/0J~ dof 0
S1_H.fid dm nnn
ACQUISITION dmm c
sfrg 300.071 dmf 8500
tn H1 PROCESSING
at 1.998 wtfile
np 17984 proc ft
sw 4500.5 fn not used
b 2600
bs 16 werr
tpwr 56 wexp
pw 7.0 wbs
d1 1.000 wnt
tof 0
nt 16
ct 16
alock n
gain not used
i1
in n
dp Y
DISPLAY
sp 606.5
wp 2288.5
vs 61
sc ]
we 200
hzmm 11.44
is 500.00
rfl 1530.4
rfp 747.2
th 20
ins 100.000
nm cdc  ph
7 (
f !
| |
|
[
| [ |
|
|
|
| |
/) / /“
1
: | '
| | I |
I fl | \
] |
i |
. S . S .
9 8 7 6 5 ppm
8.59 9.6¥8.24 18.71
17.79  8.5518.36



3-((2-Trifluoromethylbenzyl)amino)pyrazine-2-carboxamide (13)

Light yellow solid. Yield 55%; M.p. 173.7-175.3 °C; IR (ATR-Ge, cm): 3456 (-NH-), 3254 (-CONH,), 1672 (-C=0), 1586, 1578,
1516, 1414, 1232, 1189 (arom.), 1339 (-CF3); IH NMR (300 MHz, DMSO) & 9.22 (1H, t, J = 5.9 Hz, NH), 8.21 (1H, d, J = 1.8 Hz,
H6), 8.20 (1H, s, NHy), 7.82 (1H, d, J = 2.1 Hz, H5), 7.81 (1H, s, NH2), 7.72 (1H, J = 8.5 Hz, H5’), 7.64 — 7.39 (3H, m, H2, H3’,
H4’), 4.85 (2H, d, J = 5.9 Hz, CH,). 13C NMR (75 MHz, DMSO) & 168.88, 154.13, 146.46, 138.07 (d, J = 1.9 Hz), 132.90, 130.64,
128.78,127.53,127.04, 126.88 — 125.82 (m), 122.94, 40.36, 40.31. Elemental analysis found: C, 53.05%; H, 3.86%; N, 18.74%.

Calculated for C13H11F3N4O (MW 296.25): C, 52.71%; H, 3.74%; N, 18.91%.

0J52a
expl stdih
SAMPLE DEC. & VT
date May 24 2012 dfrqg 300.071
solvent DHSO  dn H1
file sexport/homes~ dpwr 37
vnmr1zJandourek/0J~ dof 0
5za_H.fid dm nnn
ACQUISITION dmm
sfrq 300.071 dmf 8500
tn H1 PROCESSING
at 1,998 wifile
np 17984 proc ft
sw 4500.5 fn not used
b 2600
bs 16 werr
tpwr 56 wexp
pw 7.0 wibs
di 1.000 wnt o
tof 0 [
nt 8 I
ct 8 |
alock n
gain not used | |
FLAGS !
i1 n |
in n |
dp ¥ | !
DISPLAY |
p 178.8
wp 28149 |
vs 68
sc 0 - | | ’
WG 200 {
hzmm 14.07 |
is 1180.92 ! J |
il 1526.2 | |
rfp 247.2
th 20 |
ins 100.000 [
nm cdc ph |
| ||
‘ [
[ |
| |
|
| I |
|
( ‘ {\ / |
| I 11/ | [
| /i I/
i | \'
/| I ‘l H | H
I I W I i
1 v 1 I\ ]
—_— NSNS S o SRS RIS | G T (S S
T T T
9 8 7 6 5 4 3 2 ppm
8.61 7 18.01



3-((2,4-Dimethoxybenzyl)amino)pyrazine-2-carboxamide (14)

Yellow solid. Yield 66%; M.p. 147.9-149.6 °C; IR (ATR-Ge, cm-1): 3403 (-NH-), 3215 (-CONH,), 2951 (-OCHs), 2832 (-CH,-), 1677
(-C=0), 1650, 1617, 1578, 1535, 1506, 1468, 1427, 1250, 1190, 1158 (arom.); IH NMR (300 MHz, DMSO) 6 9.00 (1H, t,J = 5.7
Hz, NH), 8.23 (1H, d, J = 2.4 Hz, H6), 8.12 (1H, s, NHa), 7.75 (1H, d, J = 2.4 Hz, H5), 7.64 (1H, s, NH,), 7.11 (1H, d, J = 8.3 Hz, H2'),
6.57 (1H, d, J = 2.4 Hz, H3’), 6.44 (1H, dd, J = 8.3, 2.4 Hz, H5’), 4.49 (2H, d, ) = 5.7 Hz, CH;), 3.80 (3H, s, OCHs), 3.72 (3H, s,
OCHs). 3C NMR (75 MHz, DMSO) 6 189.90, 168.94, 160.05, 158.31, 154.34, 146.53, 129.85, 129.28, 126.64, 119.01, 104.51,
98.66, 55.61, 55.35. Elemental analysis found: C, 58.52%; H, 6.08%; N, 19.38%. Calculated for C14H16N4O3 (MW 288.30): C,
58.32%; H, 5.59%; N, 19.43%.

0053
expl stdih
SAMPLE DEC. & VT
date May 10 2012 dfrg 300.071
solvent DMSO  dn H1
file sexport/home/~ dpwr 37
vnmrly/Jandourek,/0J~ dof 0
53 _H.fid dm nnn
ACQUISITION dmm
sfrg 300.071 dmf 8500
tn H1 PROCESSING
at 1.998 wtfile
np 17984 proc ft
sw 4500.5 fn not used
b 2600
bs 16 werr
tpwr 56 wexp
pw 7.0 whs
d1 1.000 wnt
tof
nt 8
ct 8
alock n
gain not used
S
1 n
in n
dp ¥
DISPLAY {
sp 51
wp 2300.4
vs {
sc 0
we 200
hzmm 11.50
is 1086.01
rfl 1530.4
rfp 747.2
th 20 s -
ins 100.000 { |
nm cdc ph | |
|
|
J !
/ . - J
f | [ |
| |
| ! | | |
. | . |
| | |
\ [ i |
| | | |
y J 4 | |
|
| | |
) | l J\ 1l l 1 |
_ " |V W% _ A L Y 1" S VR
— T T T — T -
9 8 7 6 5 4 3 ppm
— s — L=
6.03 6.22 6.19 58

6.17 18.
12.49 6.25 6.20 12.28 19.59



3-((3-Nitrobenzyl)amino)pyrazine-2-carboxamide (15)

Light brown solid. Yield 26%; M.p. 165.6-168.3 °C; IR (ATR-Ge, cm-1): 3423 (-NH-), 3193 (-CONH,), 2923 (-CH-), 1668 (-C=0),
1578, 1511, 1461, 1412, 1232, 1185 (arom.), 1522, 1347 (-NO,); H NMR (300 MHz, DMSO) & 9.28 (1H, t, J = 6.2 Hz, NH), 8.21
(1H, d, J = 2.5 Hz, H6), 8.19 (1H, s, NH,), 8.16 (1H, t, J = 2.0 Hz, H6'), 8.07 (1H, m, H4'), 7.81 (1H, d, J = 2.4 Hz, H5), 7.79 (1H, s,
NH2), 7.77 = 7.70 (1H, m, H2'), 7.59 (1H, t, J = 7.9 Hz, H3"), 4.78 (2H, d, J = 6.2 Hz, CH,). 13C NMR (75 MHz, DMSO) & 168.82,
154.10, 147.99, 146.39, 142.62, 134.10, 130.64, 130.00, 127.05, 121.88, 121.84, 42.90. Elemental analysis found: C, 53.02%;
H, 4.45%; N, 25.64%. Calculated for C1,H11NsOs (MW 273.25): C, 52.75%; H, 4.06%; N, 25.63%.

0J54
expl stdih
SAMPLE DEC. & VT
date May 16 2012 dfrq 300.071
solvent DMS0  dn H1
file sexport/home/~ dpwr 37
vnmrl/Jandourek/0J~ dof 0
S54_H.fid dm nnn
ACQUISITION dmm [
sfrg 300.071 dmf 8500
tn H1 PROCESSING
at 1.998 wtfile
np 17984 proc ft
swW 4500.5 fn not used
fb 2600
bs 16 werr
tpwr 56 wexp
pw 7.0 wbs
dl 1.000 wnt
tof 0
nt 8
ct 8
alock n I'4
gain not used
i1 n
in n
DISPLAY
sp 476.6
wp 2436.3
vs 200
sC o
we 200
hzmm 12.18
is 813.73
rfi 1530.1
rfp 747.2
th 20 - |
ins 100.000 f |
nm cdc  ph |
[ J
A | A i ;
il Il | |
iy f 3‘ 11
i | l I
— “-441 — e —_— N _J«_.L_,_)J' ‘“-7,_ o~ S S—
9 8 7 6 5 tl é o ppm
8.22 7] prarey
34.62 10.99
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Abstract: A series of 18 N-alkyl substituted 3-aminopyrazine-2-carboxamides was
prepared in this work according to previously experimentally set and proven conditions using
microwave assisted synthesis methodology. This approach for the aminodehalogenation
reaction was chosen due to higher yields and shorter reaction times compared to organic
reactions with conventional heating. Antimycobacterial, antibacterial, antifungal and
photosynthetic electron transport (PET) inhibiting in vitro activities of these compounds
were investigated. Experiments for the determination of lipophilicity were also performed.
Only a small number of substances with alicyclic side chain showed activity against fungi
which was the same or higher than standards and the biological efficacy of the compounds
increased with rising lipophilicity. Nine pyrazinamide derivatives also inhibited PET in
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spinach chloroplasts and the ICsy values of these compounds varied in the range from
14.3 to 1590.0 pmol/L. The inhibitory activity was connected not only with the lipophilicity,
but also with the presence of secondary amine fragment bounded to the pyrazine ring.
Structure-activity relationships are discussed as well.

Keywords: aminodehalogenation reaction; antifungal activity; inhibition of photosynthetic
electron transport; pyrazinamide; microwave-assisted synthesis; structure-activity relationships

1. Introduction

Pyrazinamide (PZA) is considered to be one of the most important drugs in the World. It has
numerous uses and the pyrazine ring is also contained in many natural compounds. Nevertheless, its main
field of use is still the treatment of tuberculosis (TB). The reason is clear—Mycobacterium tuberculosis
is the most dreadful microorganisms in the World. Although the incidence of new TB cases has been
falling slowly throughout the last decade, the danger is posed by the group of resistant strains [1].
There are currently two types of resistance. The first group consists of multidrug-resistant mycobacteria,
which are resistant to all first-line antituberculotic agents (rifampicin/rifabutin, isoniazid,
pyrazinamide, ethambutol, streptomycin). The second group is more treacherous because of its
resistance to isoniazid and rifampicin combined with resistance to any fluoroquinolone used in the
current therapy and to at least one of the three parenteral second-line antituberculotic drugs (amikacin,
kanamycin, capreomycin) [2]. There was another category in the past called totally drug-resistant TB
that was first observed in India. These strains were resistant to all known first- and second-line
antituberculosis agents and posed a threat to epidemiologists all over the World. But they have
practically disappeared with the discovery and approval of the new anti-tuberculosis agent bedaquiline
for their therapy because it is active against the resistant Mycobacterium tuberculosis [3]. PZA is
classified as the first-line antituberculotic agent that is unique for its therapeutic properties. It acts in
acidic environment as a bactericidal sterilising drug that is able to kill the dormant forms of tubercle
bacilli, especially in combination with rifampicin. These so called persistors are just situated in nidus
where an acidic pH is typical [4].

On the contrary, the mechanism of action of PZA is still under the investigation by researchers all
over the World. One of the first theories suggested was that it is necessary to activate PZA via the
enzyme pyrazinamidase (nicotinamidase) (EC 3.5.1.19) to the active form pyrazinecarboxylic acid
(POA). This acid molecule gets into the mycobacterial cell and causes the inner cell compartment
acidification during the ionic efflux. These consequences lead to cellular death [5—7]. The gene
encoding pyrazinamidase is known as pncA gene and its mutation leads to the resistance of
mycobacteria to pyrazinamide [8].

Another theory propounded the inhibition of fatty acid synthase I (FAS I) (EC 2.3.1.85). This is the
enzyme essential for synthesis of mycolic acids, which are vital for the mycobacterial cell wall integrity.
Despite the fact that PZA is effective in this aspect, this mechanism was rejected by Boshoff who has
proven that PZA caused only low inhibition [9]. PZA analogues that act as FAS I inhibitors are from
the group of 5-chloropyrazinamide, esters of 5-chloropyrazinoic acid or POA and their derivatives [10—12].
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A recent theory introduced by Zhang et al. proposed the inhibition of frans-translation as the main
way of PZA action. This cellular process is essential for survival and virulence of mycobacteria and its
interruption leads to fatal blockade of proteosynthesis. All these hypotheses were supported by in vitro
experiments [13].

PZA and its derivatives have also many other useful applications, as they show antiviral, antifungal,
antibacterial and as well as antineoplastic activities [14-20]. Several pyrazine derivatives were also
found to inhibit photosynthetic electron transport (PET) in plant chloroplasts [21-23]. Using EPR
spectroscopy it was found that the site of action of pyrazine-derived PET inhibitors is the intermediate D,
i.e., tyrosine radical (Tyrp’) situated in the 161st position in D, protein on the donor side of
photosystem (PS) 2 [24,25]. Similar site of action in the photosynthetic apparatus of spinach chloroplasts
was confirmed for 2-alkylsulfanylpyridine-4-carbothioamides [26] and substituted benzanilides and
thiobenzanilides [27]. Further experiments with artificial electron donor 1,5-diphenylcarbazide (DPC)
confirmed that PET between PS2 and PS1 was interrupted by 2,6-disubstituted pyridine-4-thiocarboxamides
exclusively on the donor side of PS2 in the section between the primary electron donor of PS2 (H,0)
and Z'/D° intermediate and the photosynthetic transport chain from P 680 to plastoquinone Qg
occurring on the acceptor side of PS2 was not damaged [25], while PET on the acceptor side of
PS2 was partially damaged by 5-fert-butyl-6-chloro-N-(3-fluorophenyl)pyrazine-2-carboxamide and
5-tert-butyl-N-(3-hydroxy-4-chlorophenyl)pyrazine-2-carboxamide [25] or by N-benzylpyrazine-2-
carboxamides [22]. Many structural variations of pyrazine compounds with herbicidal properties can
be found in the patent literature focused on compounds with herbicidal activity that are useful for the
control of unwanted vegetation [28—30].

A further aspect of this work is the use of microwave-assisted reactions. It is known that
microwave-assisted syntheses have become into general awareness during the last decades and their
applications are still in the focus of many researchers. These reactions usually provide higher yields,
shorter reaction times and better chemical conversions in comparison with conventional heating
methods. Moreover, sometimes the desired products can be obtained only by using the microwaves
accelerated reactions [31]. If emerging side-products are detected, they can be eliminated by many
separation methods such as chromatography or crystallization. The advantages of these reactions are
explained by the interaction between microwaves and molecules themselves, neither vessel sides nor
any solvents used. There is also the possibility of reaching temperatures higher than the boiling point
of solvent, especially in over-pressurized systems. This has opened a new way for drug discovery and
development [32]. We focus herein on the synthesis of pyrazine derivatives with aliphatic or alicyclic
side chains and their antimycobacterial, antibacterial, antifungal and PET-inhibiting activities.

2. Results and Discussion
2.1. Chemistry

Compounds synthesized in this work were prepared according to the general procedures shown in
Scheme 1. The identity and purity were proven by NMR spectra, elemental analysis and melting point.
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Scheme 1. Synthesis of starting compound and microwave assisted synthesis of
final compounds.
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MW - microwaves; 150 °C, 30 min, 120 W, methanol, pyridine

The second method of starting compound preparation was approximately three times more efficacious
than the first one comparing the yields of the reactions (80% vs. 25%). The melting point of
3-chloropyrazine-2-carboxamide was compared to the value stated in a previously published paper and
the results were practically the same, as our measured value was in the 187.1-189.2 °C range and the
reported values were 186.0—186.5 °C [33] and 188.0-190.0 °C [34]. 3-Chloropyrazine-2-carboxamide
was then treated with 18 aliphatic or alicyclic amines and saturated heterocycles containing nitrogen.
A series of experiments was done at the beginning to compare the efficiency of both methods—
conventional and microwave-assisted heating (Table 1).

The remaining reactions were performed in microwave reactor and the conditions, which were
proven experimentally, were as follows: 140 °C, 30 min, 120 W, methanol as a solvent and pyridine as
a base (Scheme 1). Yields obtained from the aminodehalogenation were in a range between 50.0%
and 95.8% and their variability can be explained by the steric effects of some substituents (dibutyl-,
tert-pentyl-) that lead to worse outcomes.

This reaction yielded N-substituted 3-aminopyrazine-2-carboxamides (Table 2). We prepared a
series consisted of 18 compounds of which 16 were novel. They were analytically characterized (NMR
and IR spectra, melting point, elemental analysis) and submitted to biological screening. The obtained
analytical data were fully consistent with the proposed structures. 3-(Methylamino)pyrazine-2-carboxamide
was previously synthesized by Osden et al. (reported melting point was 200-201 °C) and by Albert et al.
(reported melting point 198-199 °C) [33,35]. The light yellow crystalline compound we obtained
melted at 200.0-201.4 °C. 3-(Cyclohexylamino)pyrazine-2-carboxamide was previously synthesized
by Keir et al. and reported melting point was 128—129 °C [36]. Our light yellow crystalline compound
melted at 129.0-130.3 °C.
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Table 1. Table comparing the efficiency of conventional and microwave-assisted methodology
showing the yields, reaction times and conditions.

Compound Type of Synthesis  Time Conditions Yield
CONH, . 140 °C, 120 W, MeOH, overpressure,
MW 30 min L . 61.4%
1 eq. pyridine, 2 eq. amine
. . 110 °C, toluene,
Conventional 60 min . . 53.0%
1 eq. pyridine, 2 eq. amine
CONH, . 140 °C, 120 W, MeOH, overpressure,
MW 30 min L. . 78.7%
1 eq. pyridine, 2 eq. amine
Csz ) ) 110 °C, toluene,
Conventional 60 min o ) 46.3%
1 eq. pyridine, 2 eq. amine
CONH, . 140 °C, 120 W, MeOH, overpressure,
MW 30 min L. . 87.0%
1 eq. pyridine, 2 eq. amine
C3H7 ) ) 110 °C, toluene,
Conventional 60 min . . 56.1%
1 eq. pyridine, 2 eq. amine
CONH, ) 140 °C, 120 W, MeOH, overpressure,
MW 30 min O ] 67.2%
1 eq. pyridine, 2 eq. amine
_Cafo
. . 110 °C, toluene,
Conventional 60 min 0%

C4Hg

1 eq. pyridine, 2 eq. amine

Table 2. List of prepared compounds and their lipophilicity.

(L

R2

CONH,

Nr. R' R’ logP/ClogP logk
1 CH; H —1.10/0.20 —0.4028
2 C,H;s H —0.76/0.73 —0.2014
3 C;H; H —0.27/1.25 0.0038
4 CsHyg H 0.14/1.78 0.2287
5 CsHy; H 0.56/2.31 0.4563
6 tert-CsHy, H 0.26/1.96 0.5468
7 CeHis H 0.98/2.84 0.6860
8 C;H;s H 1.40/3.37 0.9198
9 CsHys H 1.81/3.90 1.1533
10 CsHy CsHy 2.17/3.40 0.5197
11 cyclopentyl H 0.03/1.67 0.2537
12 cyclohexyl H 0.45/2.23 0.4523
13 cycloheptyl H 0.87/2.79 0.6575
14 —(CHp)4— 0.01/0.34 —0.4889
15 —(CH,)s— 0.42/0.90 —0.2333
16 —(CH,),O(CHy)— —0.71/-0.49 —0.6238
17 —(CH,),NCH3(CH,)»— —0.55/0.08 —0.4253
18 —(CH,),NH(CH,),— —0.93/-0.50 —2.3522
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2.2. Calculated and Experimentally Determined Lipophilicity

The dependence of experimentally determined logk on calculated logP values of tested compounds
is shown in Figure 1. While for compounds 1-17 linear dependence of logk on logP was determined (r
= 0.816), the estimated logk value for 3-(piperazin-1-yl)pyrazine-2-carboxamide (18) was considerably
lower than expected. This could be connected with the presence of a secondary cyclic amine that can
be very easily ionized.

Figure 1. Dependence of experimentally determined logk on calculated logP values of
tested compounds.
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2.3. Biological Assays
2.3.1. Antimycobacterial in Vitro Screening

All prepared compounds were tested against the wild strain Mycobacterium tuberculosis H37Rv.
Four substances (compounds 6-9) showed low activity against this strain with corresponding minimal
inhibition concentration (MIC) values equal to 50 pg/mL. However, this activity was negligible
comparing to the activity of the standard isoniazid (0.39 pg/mL) and pyrazinamide (12.5 pg/mL).

2.3.2. Antifungal and Antibacterial in Vitro Screening

The results of antibacterial screening have shown only low activities against Staphylococcus epidermidis.
The antibacterial activity of compounds 5, 7 and 13 expressed by 80% inhibition concentration (ICs)
values was lower than 250 pumol/L and did not reach the values of antibiotic standards.

Antifungal evaluation showed more interesting results. There were seven active substances and two
of them (compounds 12 and 13) showed better activity than two standards (voriconazole, fluconazole)
(Table 3). The alicyclic side chain with seven carbons was more active than the 6-membered ring.
The 80% inhibition of control was observed in the range from 15.62 to 31.25 pmol/L for compound 12
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and in the range from 7.81 to 31.25 pmol/L for compound 13 against nearly a whole spectrum of fungi
tested after 24 h of incubation. Five substances (compounds 4, 5, 7, 8 and 11) were less active than the
standards and their ICgy values were not lower than 250 pumol/L. The activity spectrum of these
compounds was also wider and did not include only one fungal strain.

Table 3. Results of antifungal evaluation for the compounds with alicyclic side chains and
corresponding standards.

ICgy [nmol/L]

11 12 13 AMP VOR NYS FLU

CA 24h 500 31.25 15.62 0.12 0.008 0.98 0.24
48 h >500 62.5 31.25 0.49 0.008 1.95 0.24

CT 24 h >500 125 62.5 1.95 250 1.95 >500
48 h >500 500 500 1.95 250 3.9 >500

CK 24 h 250 15.62 7.81 1.95 0.98 1.95 125
48 h 500 62.5 31.25 1.95 1.95 3.9 250
CG 24 h 250 15.62 7.81 0.98 250 1.95 31.25
48 h >500 31.25 15.62 1.95 250 3.9 250

TA 24 h 500 31.25 31.25 0.49 7.81 1.95 250
48 h >500 250 125 0.98 31.25 1.95 500

AF 24 h 500 15.62 7.81 1.95 0.49 1.95 >500
48 h >500 62,5 7.81 1.95 0.98 3.9 >500

LC 24 h >500 250 62.5 7.81 250 15.62 >500
48 h >500 500 250 7.81 250 31.25 >500

™ 72 h 500 15.62 15.62 1.95 0.06 3.9 7.81
120 h 500 15.62 15.62 1.95 0.12 7.81 125

CA: Candida albicans; CT: C. tropicalis; CK: C. krusei; CG: C. glabrata; TA: Trichosporon asahii,
AF: Aspergillus fumigatus; LC: Lichtheimia corymbifera, TM: Trichophyton mentagrophytes; AMP:
amphotericin B; VOR: voriconazole; NYS: nystatin; FLU: fluconazole.

It is not possible to predict structure-activity relationships for antibacterial and antifungal efficacy
of studied compounds in the whole tested group due to small number of active substances and a lack of
ICsp values better than standards. However, a saturated ring is probably important for antifungal
activity and the activity also increases with increasing lipophilicity of the compounds. Unfortunately,
the series is too small (only three compounds) to prove this hypothesis.

2.3.3. Photosynthetic Electron Transport Inhibiting Activity Evaluation

The 3-substituted pyrazine-2-carboxamide derivatives were tested for their PET inhibiting activity.
However, the PET-inhibiting activity, expressed by ICsy value (compound concentration in mol/L
causing 50% inhibition of PET) in the investigated set, could be determined only for nine compounds.
The values varied in a wide concentration range from 14.3 pmol/L (compound 9) to 1590.0 umol/L
(compound 3) (Table 4). The rest of compounds 1, 2, 10, 14, 15, 16, 17, and 18 did not inhibit PET in
spinach chloroplasts. Because all tested compounds containing heterocyclic amines as substituent in
position 3 on the pyrazine ring, i.e., 14, 15, 16, 17, and 18, were found to be inactive it could be
concluded that increased basicity of these compounds caused by the introduction of nitrogen atom(s)



Molecules 2014, 19 9325

into the ring is connected with activity loss. Moreover, these substituents ultimately create a trisubstituted
amine while by introduction of amino alkyl or amino cycloalkyl substituents to pyrazine-2-
carboxamide disubstituted amine is formed. However, it could be stressed that trisubstituted amine is
present also in compound with R = (C4Hy), (10) which did not show PET inhibiting activity as well.

Table 4. ICsy values [umol/L] of tested compounds related to PET inhibition in spinach
chloroplasts in comparison with 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) standard.

Compound ICs [nmol/L]

3 1590
4 203
5 38.6
6 480
7 32.9
9 14.3
11 25.8
12 83.0
13 19.3
DCMU 1.9

The PET-inhibiting activity was strongly affected by lipophilic properties of the compounds (Figure 2)
expressed as logP or logk. The PET-inhibiting activity increased with increasing lipophilicity of the
compound and the dependence of log (1/ICs) vs. logP showed quasi-parabolic course (Figure 2A). The
only exception was compound 11 (R = cyclopentyl with logP = 0.03) activity of which was considerably
higher (ICsp = 25.8 umol/L) than that of compound 4 with logP = 0.14 (ICso = 203 umol/L). Similarly,
quasi-parabolic course was also observed for the dependence of PET inhibiting activity on logk.
However, with respect to the quasi-parabolic course of this dependence, compound 11 (logk = 0.2537)
showed higher and compound 6 (logk = 0.5468) lower PET inhibiting activity (Figure 2B).

Figure 2. Dependence of PET-inhibiting activity on lipophilicity of studied compounds
expressed as logP (A) or logk (B).
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The dependence of log (1/ICsg) on logP can be expressed by following equation after excluding the
3-(cyclopentylamino)pyrazine-2-carboxamide (11):

log(1/ICs0) = 3.302 (£0.137) + 1.943 (£0.366) logP — 0.599 (£0.211) (logP)’

1
r=10.955,5s=0.253,F=25.79,n =8 M

On the other hand, after excluding the 3-(fert-pentylamino)pyrazine-2-carboxamide (6) the
dependence of log (1/ICsp) on logk can be expressed by following equation:

log (1/ICs0) = 3.028 (£0.329) + 0.386 (£0.126) logk — 2.040 (£1.028) (logk)’

_ _ _ _ (2)
r=0.881,5=0.378, F=8.68,n =38

The obtained results indicated that 1Csy could not be determined for compounds with too low
lipophilicity, namely 1 (logP =—1.3), 2 (logP = —0.76).

As mentioned above, the ineffectiveness of compound 10 (R = (C4Hy),) as well as compounds
14-18 with heterocyclic substituents could be connected mainly with the absence of a secondary amine
fragment (-NH-) bounded to the pyrazine ring. Consequently, possible interactions of these compounds
with constituents of the photosynthetic apparatus are limited. On the other side, a 2-carboxamino
substituent CONH, on the pyrazine ring plays an important role in the interactions of the tested
pyrazine derivatives with constituents of the photosynthetic apparatus. Moreover, increasing length of
the alkyl substituent contributes not only leads to better transport of the compound to its site of action
but incorporation of longer alkyl chains into the thylakoid membrane that results in membrane damage
and consecutive increase of PET inhibiting activity. Similar results were also obtained with 2-alkylthio-
4-pyridinecarbothioamides [26].

Artificial electron donors could be used to specify the site of inhibitory action of PET inhibitors in
the photosynthetic apparatus because they can restore PET activity in chloroplasts of which was
previously inhibited. For example, 2,5-diphenylcarbazide (DPC) can supply electrons in the site of
Z’/D’ intermediate which is situated on the donor side of PS2 [37]. Consequently, if PET was inhibited
in the section between the oxygen evolving complex and Z'/D intermediate, DPC can restore PET
between the core of PS2 (P680) and secondary quinone acceptor Qp which is situated on the acceptor
side of PS2 and 2,6-dichlorophenol-indophenol (DCPIP) photoreduction occurs again. However, if the
site of PET inhibitor is located between P680 and Qg, photoreduction of DCPIP (an artificial electron
acceptor used for monitoring the PET through PS2 from H,O to Qg) remains inhibited. Activity of
chloroplasts, which was restricted by studied pyrazine-2-carboxamides, was practically completely
restored after DPC addition. Thus, it can be concluded that the site of action of tested compounds in
the electron transport chain is situated exclusively on the donor side of PS2, between oxygen evolving
complex and Z'/D" intermediate, while the section of the electron transport chain on the acceptor side
of PS2 between P680 and Qg is not damaged. Similar results were also obtained with N-substituted
5-amino-6-methylpyrazine-2,3-dicarbonitriles  [23], 2-benzylsulphanylbenzimidazoles [38] and
ring-substituted 1-hydroxynaphthalene-2-carboxanilides [39]. On the other hand, addition of DPC
restored PET in chloroplasts, which was inhibited by N-benzylpyrazine-2-carboxamides only to
77%—-88% indicating that the site of PET inhibition is situated not only on the donor but also on the
acceptor side of PS2 [22]. Similar sites of action on both sides of PS2 were determined previously for
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5-tert-butyl-N-(3-hydroxy-4-chlorophenyl)-pyrazine-2-carboxamide and 5-tert-butyl-6-chloro-N-(3-
fluorophenyl)pyrazine-2-carboxamide [24].

Interaction of substituted pyrazine-2-carboxamides with residues of aromatic amino acids (AAA),
mainly tryptophan and tyrosine occurring in photosynthetic proteins situated mainly in PS2, which was
documented by the quenching of AAA fluorescence at 334 nm contributed to PET inhibition. Figure 3
presents fluorescence emission spectra of AAA of untreated spinach chloroplasts and of chloroplasts
treated with increasing concentrations of compound 7. As shown in Figure 3, the quenching of the
fluorescence of aromatic amino acids at 334 nm increased with increasing concentration of pyrazine
derivative. This finding is in accordance with the results obtained in the above mentioned study of
PET inhibition in spinach chloroplasts by tested pyrazine-2-carboxamides using artificial electron
acceptor DCPIP.

Figure 3. Fluorescence emission spectra of aromatic amino acids in suspension of spinach
chloroplasts without and with compound 7 (¢ = 0, 6, 24 and 48 pumol/L; the curves from
top to bottom); excitation wave length A = 275 nm; chlorophyll concentration 10 mg/L.
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The quenching of the fluorescence of aromatic amino acids in the presence of 5-bromo- and
3,5-dibromo-2-hydroxy-N-phenylbenzamides and ring-substituted 2-hydroxynaphthalene-1-carboxanilides
was observed previously [40,41].

3. Experimental

3.1. General

All chemicals were reagent or higher grade of purity and were purchased from Sigma-Aldrich
(Steinheim, Germany) or Fluorochem Ltd. (Hadfield, Derbyshire, UK), unless stated otherwise.

The starting compound was prepared according to proven conventional organic synthesis
methodology. The final aminodehalogenation reaction was performed in a CEM Discover microwave
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reactor with a focused field (CEM Corporation, Matthews, NC, USA) connected to an Explorer 24
autosampler (CEM Corporation) and this equipment was running under CEM’s Synergy ™ software
for setting and monitoring the conditions of reactions. The temperature of the reaction mixture was
monitored by internal infrared sensor. The progress of the reaction was checked by Thin Layer
Chromatography (TLC) (Alugram® Sil G/UVa,ss, Machery-Nagel, Postfach, Germany) with UV
detection using wavelength 254 nm.

All obtained products were purified by crystallization or by preparative flash chromatograph
CombiFlash® Rf (Teledyne Isco Inc., Lincoln, NE, USA). The type of elution was gradient, using the
mixture of hexane (LachNer, Neratovice, Czech Republic) and ethyl acetate (Penta, Prague, Czech
Republic) as mobile phase. Silica gel (0.040-0.063 nm, Merck, Darmstadt, Germany) was used as the
stationary phase.

NMR spectra were taken with spectrometers Varian Mercury-VxBB 300 with frequencies 299.95 MHz
for 'H and 75.43 MHz for °C or Varian VNMR S500 (499.87 MHz for 'H and 125.71 MHz for °C)
(Varian Corporation, Palo Alto, CA, USA). Chemical shifts were reported in ppm (0) and were applied
indirectly to tetramethylsilane as a signal of solvent (2.49 for 'H and 39.7 for >C in DMSO-d).
Infrared spectra were recorded with spectrometer FT-IR Nicolet 6700 (Thermo Scientific, Waltham,
MA, USA) using attenuated total reflectance (ATR) methodology. Elemental analyses were measured
with EA 1110 CHNS Analyzer (Fisons Instruments S. p. A., Carlo Erba, Milano, Italy). Melting points
were assessed by SMP3 Stuart Scientific (Bibby Sterling Ltd., Staffordshire, UK) and were
uncorrected. LogP and ClogP were calculated with PC program CS ChemBioDraw Ultra 13.0
(CambridgeSoft, Cambridge, MA, USA).

3.2. Synthesis of Starting Compound and Final Products

The starting compound 3-chloropyrazine-2-carboxamide was synthesized using two published
procedures. The first method was classified as less effective and was based on the homolytic amidation
of 2-chloropyrazine. Thus, 2-chloropyrazine (0.17 mol) was dissolved in formamide (3.7 mol), heated to
90 °C and ammonium peroxodisulphate (0.18 mol) was added portionwise over one hour period.
This mixture reacted for another one hour at 90 °C and then it was left to stand for 24 h at
laboratory temperature. Dilution with 100 mL of water was followed by filtration and this filtrate
was extracted continuously with chloroform for 16 h [34,42]. The mixture of three positional isomers
was separated by flash chromatography using silica gel as stationary phase. The second process used
3-chloropyrazine-2-carbonitrile, which was submitted to partial hydrolysis of the nitrile group.
The powdered carbonitrile (0.104 mol) was added little by little into the reaction mixture of
concentrated hydrogen peroxide (0.95 mol) and water (195 mL) heated to 50 °C. The pH was adjusted
and regulated around a value of 9 using an 8% solution of sodium hydroxide and the temperature of
the reaction was regulated between 55 and 60 °C. The reaction was stopped after 2.5 h and was cooled
to 5 °C. Newly-emerged crystals were removed by suction and recrystallized from ethanol [42].

The starting compound (1.27 mmol) was treated with 18 aliphatic amines, alicyclic amines or
saturated heterocycles containing at least one nitrogen atom (2.54 mmol). Four reactions were
completed by conventional heating methods. The conditions were 110 °C, toluene as a solvent and
pyridine (1.27 mmol) as a base. The reaction time was set to one hour. Then the reactions were completed
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using the microwave reactor with focused field and conditions used for syntheses were 140 °C, 30 min,
120 W, methanol used as a solvent and pyridine (1.27 mmol) as a base. They were set experimentally
with respect to prior experience. The progress of reaction was monitored with TLC in system
hexane/ethyl acetate (1:1). Then the mixture was separated by flash column chromatograph using
gradient elution. Mobile phases were hexane and ethyl acetate again.

3.3. Analytical Data of the Prepared Compounds

3-(Methylamino)pyrazine-2-carboxamide (1). Light yellow crystalline solid. Yield 61.4%;
m.p. 200.0-201.4 °C (described in the literature 200-201 °C [35] or 198-199 °C [33]); IR (ATR-Ge,
cm '): 3413, (-NH-), 3293,, 3179, (-CONH,), 1686, (-CONH,), 1589, 1513, 1436y, 1414, 1194,
(pyrazine ring); 'H-NMR (300 MHz, DMSO-dg) 6 8.65-8.55 (1H, m, NH), 8.23 (1H, d, /= 2.3 Hz, Ar),
8.11 (1H, bs, NHy), 7.72 (1H, d, J = 2.3 Hz, Ar), 7.63 (1H, bs, NH;), 2.90 (3H, d, J = 5.3 Hz, CH3);
BC-NMR (75 MHz, DMSO-d;) 6 168.9, 155.1, 146.6, 129.5, 126.9, 27.3; Elemental analysis: calc. for
CsHgN4O (MW 152.15): 47.36% C, 5.30% H, 36.82% N; found 47.43% C, 5.45% H, 36.68% N.

3-(Ethylamino)pyrazine-2-carboxamide (2). Light yellow crystalline solid. Yield 78.7%;
m.p. 117.4-118.5 °C; IR (ATR-Ge, cm™'): 3381y, (-NH-), 3294, 3209, (-CONHy), 1683, (-CONH,),
1582, 1533, 1500y, 1419y, 1192 (pyrazine ring); '"H-NMR (300 MHz, DMSO-ds) ¢ 8.68 (1H, t,
J =47 Hz, NH), 8.22 (1H, d, J = 2.3 Hz, Ar), 8.11 (1H, bs, NHy), 7.72 (1H, d, J = 2.3 Hz, Ar),
7.64 (1H, bs, NH,), 3.47-3.32 (2H, m, NCH,), 1.14 (3H, t, J = 7.0 Hz, CH;); "C-NMR (75 MHz,
DMSO-ds) 0 169.0, 154.4, 146.6, 129.6, 126.5, 34.8, 14.8; Elemental analysis: calc. for C;H;oN4O
(MW 166.18): 50.59% C, 6.07% H, 33.71% N; found 50.66% C, 5.98% H, 33.51% N.

3-(Propylamino)pyrazine-2-carboxamide (3). Yellow crystalline solid. Yield 87.0%; m.p. 93.9-94.9 °C;
IR (ATR-Ge, cm '): 3402y, (-NH-), 3337, 3186, (-(CONH,), 16715 ((CONH,), 1578, 1533, 1514y,
1423, 1189, (pyrazine ring); 'H-NMR (300 MHz, DMSO-d¢) & 8.77 (1H, t, J = 6.5 Hz, NH),
8.21 (1H, d, J = 2.3 Hz, Ar), 8.12 (1H, bs, NH»), 7.72 (1H, d, J = 2.3 Hz, Ar), 7.64 (1H, bs, NH,),
3.34 (2H, q, J = 6.5 Hz, NCH,), 1.63-1.46 (2H, m, CH,), 0.89 (3H, t, J = 6.5 Hz, CH3); *C-NMR
(75 MHz, DMSO-ds) 6 169.1, 154.6, 146.6, 129.6, 126.5, 41.7, 22.2, 11.6; Elemental analysis: calc.
for CsH;2N4O (MW 180.21): 53.32% C, 6.71% H, 31.09% N; found 53.45% C, 6.79% H, 30.93% N.

3-(Butylamino)pyrazine-2-carboxamide (4). Yellow crystalline solid. Yield 92.3%; m.p. 83.1-84.4 °C;
IR (ATR-Ge, cm '): 3409,, (-NH-), 33264, 3177 (-(CONH>), 16715 (-CONH,), 1578, 1533, 1518y,
1423, 1187, (pyrazine ring); 'H-NMR (300 MHz, DMSO-d¢) & 8.75 (1H, t, J = 6.6 Hz, NH),
8.22 (1H, d, J = 2.3 Hz, Ar), 8.12 (1H, bs, NH;), 7.73 (1H, d, J = 2.3 Hz, Ar), 7.64 (1H, bs, NH,),
3.38 (2H, q, J= 6.6 Hz, NCH,), 1.59-1.46 (2H, m, CH,), 1.41-1.25 (2H, m, CH>), 0.88 (3H, t, /= 6.6 Hz,
CHs); “C-NMR (75 MHz, DMSO-dy) & 169.1, 154.6, 146.6, 129.6, 126.5, 40.5, 31.1, 19.9, 13.9;
Elemental analysis: calc. for CoH14N4O (MW 194.23): 55.65% C, 7.27% H, 28.85% N; found 55.77% C,
7.27% H, 28.93% N.

3-(Pentylamino)pyrazine-2-carboxamide (5). Light yellow crystalline solid. Yield 92.8%;
m.p. 105.0-106.3 °C; IR (ATR-Ge, cm™"): 3379, (-NH-), 3321y, 3145, (-CONH>), 1663, (-CONH,),
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1587, 1531y, 1509y, 1418, 11855 (pyrazine ring); 'H-NMR (300 MHz, DMSO-ds) 6 8.76 (1H, t,
J = 6.5 Hz, NH), 8.22 (1H, d, J = 2.3 Hz, Ar), 8.12 (1H, bs, NH;), 7.73 (1H, d, J = 2.3 Hz, Ar),
7.64 (1H, bs, NH>), 3.38 (2H, q, J = 6.5 Hz, NCHy), 1.62—-1.46 (2H, m, CH,), 1.37-1.19 (4H, m, CH,),
0.85 (3H, t, J = 6.5 Hz, CHj3); BC-NMR (75 MHz, DMSO-ds) 6 169.1, 154.6, 146.6, 129.6, 126.4,
40.5, 28.9, 28.7, 22.1, 14.1; Elemental analysis: calc. for C;oH;sN4O (MW 208.26): 57.67% C, 7.74%
H, 26.90% N; found 57.63% C, 7.67% H, 27.06% N.

3-(tert-Pentylamino)pyrazine-2-carboxamide (6). Yellow crystalline solid. Yield 51.3%; m.p. 65.0-66.7 °C;
IR (ATR-Ge, cm '): 3396y, (-NH-), 3265, 3185, (-CONHy), 1668, (-(CONH,), 1581, 1504, 1415,
1183y (pyrazine ring); '"H-NMR (300 MHz, CDCl3) & 8.65 (1H, bs, NH), 8.13 (1H, d, J = 2.3 Hz, Ar),
7.74 (1H, bs, NH,), 7.61 (1H, d, J = 2.3 Hz, Ar), 5.56 (1H, bs, NH,), 1.86 (2H, q, J = 7.6 Hz, CH,),
1.42 (6H, s, CHs), 0.87 (3H, t, J = 7.6 Hz, CH3); "C-NMR (75 MHz, CDCl3) § 169.7, 154.9, 146.3,
128.9, 125.5, 54.2, 33.0, 26.4, 8.4; Elemental analysis: calc. for C;0H;sN4O (MW 208.26): 57.67% C,
7.74% H, 26.90% N; found 57.80% C, 7.89% H, 26.70% N.

3-(Hexylamino)pyrazine-2-carboxamide (7). Light yellow crystalline solid. Yield 93.6%;
m.p. 64.3-65.6 °C; IR (ATR-Ge, cm '): 3404, (-NH-), 3314y, 3192, (-CONH,), 1659,s (-CONH,),
1587ys, 1536m, 1509y, 1424, 1190, (pyrazine ring); "H-NMR (300 MHz, DMSO-d;) ¢ 8.76 (1H, t,
J = 6.2 Hz, NH), 8.22 (1H, d, J = 2.3 Hz, Ar), 8.12 (1H, bs, NH,), 7.73 (1H, d, J = 2.3 Hz, Ar),
7.64 (1H, bs, NH>), 3.38 (2H, q, J = 6.2 Hz, NCH), 1.60-1.44 (2H, m, CH,), 1.39-1.16 (6H, m, CH,),
0.84 (3H, t, J = 6.2 Hz, CH3); >C-NMR (75 MHz, DMSO-ds) & 169.1, 154.6, 146.6, 129.6, 126.4,
40.5, 31.2, 28.9, 26.4, 22.2, 14.1; Elemental analysis: calc. for C;;H;sN4O (MW 222.29): 59.44% C,
8.16% H, 25.20% N; found 59.41% C, 8.24% H, 25.10% N.

3-(Heptylamino)pyrazine-2-carboxamide (8). Yellow crystalline solid. Yield 91.5%; m.p. 66.0-67.3 °C;
IR (ATR-Ge, cm'): 3407, (-NH-), 3316y, 3176, (-CONH,), 1674,, (-CONH,), 1580, 1532,
1514, 1421, 1184, (pyrazine ring); '"H-NMR (300 MHz, DMSO-dq) & 8.76 (1H, t, J = 6.3 Hz, NH),
8.22 (1H, d, J = 2.3 Hz, Ar), 8.12 (1H, bs, NH,), 7.72 (1H, d, J = 2.3 Hz, Ar), 7.64 (1H, bs, NH>),
3.38 (2H, q, J = 6.3 Hz, NCH,), 1.60-1.45 (2H, m, CH,), 1.37-1.15 (8H, m, CH»), 0.83 (3H, t,J= 6.3 Hz,
CH;); *C-NMR (75 MHz, DMSO-ds) 6 169.1, 154.6, 146.6, 129.6, 126.4, 40.5, 31.4, 29.0, 28.6, 26.7,
22.2, 14.1; Elemental analysis: calc. for C;2Hy)N4O (MW 236.31): 60.99% C, 8.53% H, 23.71% N;
found 61.12% C, 8.57% H, 23.64% N.

3-(Octylamino)pyrazine-2-carboxamide (9). Light yellow crystalline solid. Yield 95.8%; m.p. 67.2-68.3 °C;
IR (ATR-Ge, cm'): 3407, (-NH-), 3321y, 3211, (-CONH,), 1664,, (-CONH,), 1594, 1539,
1510y, 1423, 11975 (pyrazine ring); "H-NMR (300 MHz, DMSO-dq) 6 8.76 (1H, t, J = 6.4 Hz, NH),
8.22 (1H, d, J = 2.3 Hz, Ar), 8.11 (1H, bs, NH;), 7.73 (1H, d, J = 2.3 Hz, Ar), 7.64 (1H, bs, NH,),
3.38 (2H, q, J = 6.4 Hz, NCH,), 1.61-1.45 (2H, m, CH,), 1.37-1.14 (10H, m, CH,), 0.83 (3H, t,
J= 6.4 Hz, CHs); >C-NMR (75 MHz, DMSO-ds) § 169.1, 154.6, 146.6, 129.6, 126.5, 40.5, 31.4, 29.0,
28.9, 28.8, 26.7, 22.3, 14.1; Elemental analysis: calc. for Ci3H2oN4O (MW 250.34): 62.37% C, 8.86% H,
22.38% N; found 62.42% C, 8.81% H, 22.25% N.



Molecules 2014, 19 9331

3-(Dibutylamino)pyrazine-2-carboxamide (10). Light yellow crystalline solid. Yield 67.2%;
m.p. 129.3-130.8 °C; IR (ATR-Ge, cm ™ ): 3372, 3197, (-CONHy), 1647, (-<CONH,), 1616, 1558,
1507, 14571, 1179, (pyrazine ring); 'H-NMR (300 MHz, DMSO-ds) & 8.08 (1H, d, J = 2.3 Hz, Ar),
7.96 (1H, bs, NH,), 7.73 (1H, d, J = 2.3 Hz, Ar), 7.52 (1H, bs, NH»), 3.40 (4H, q, J = 7.5 Hz, NCH,),
1.56-1.42 (4H, m, CH,), 1.31-1.13 (4H, m, CH,), 0.85 (6H, t, J = 7.5 Hz, CH3); *C-NMR (75 MHz,
DMSO-ds) 6 169.5, 151.7, 141.8, 135.5, 129.7, 48.8, 29.3, 19.8, 14.0; Elemental analysis: calc. for
Ci3H2oN4O (MW 250.34): 62.37% C, 8.86% H, 22.38% N; found 62.27% C, 8.66% H, 22.32% N.

3-(Cyclopentylamino)pyrazine-2-carboxamide (11). Yellow crystalline solid. Yield 90.5%;
m.p. 107.8-108.8 °C; IR (ATR-Ge, cm ') 3399, (-NH-), 3285, (-CONHy), 1655,s (-(CONH,), 1580y,
1525, 1505y, 1419y, 1172, (pyrazine ring); 'H-NMR (300 MHz, DMSO-d;) 6 8.79 (1H, d, J= 7.0 Hz,
NH), 8.23 (1H, d, J = 2.3 Hz, Ar), 8.12 (1H, bs, NH;), 7.73 (1H, d, J = 2.3 Hz, Ar), 7.64 (1H, bs,
NH,), 4.33-4.12 (1H, m, NCH), 2.05-1.88 (2H, m, CH), 1.75-1.49 (4H, m, CH,), 1.49-1.33 (2H, m,
CH,); “C-NMR (75 MHz, DMSO-ds) & 169.1, 154.2, 146.6, 129.7, 126.4, 51.5, 32.9, 23.5;
Elemental analysis: calc. for C;gH1aN4O (MW 206.24): 58.24% C, 6.84% H, 27.17% N; found 58.23% C,
6.85% H, 26.98% N.

3-(Cyclohexylamino)pyrazine-2-carboxamide (12). Light yellow crystalline solid. Yield 92.5%;
m.p. 129.0-130.3 °C (described in the literature 128-129 °C [36]); IR (ATR-Ge, cm ') 3455,, (-NH-),
3254, (-CONHy), 1683,, ((CONH,), 1583, 1518, 1473, 1418, 1182 (pyrazine ring); 'H-NMR
(300 MHz, DMSO-ds) ¢ 8.78 (1H, d, J = 7.6 Hz, NH), 8.21 (1H, d, J = 2.3 Hz, Ar), 8.12 (1H, bs,
NHy), 7.72 (1H, d, J = 2.3 Hz, Ar), 7.64 (1H, bs, NH3), 3.96-3.80 (1H, m, NCH), 1.96-1.82 (2H, m,
CH,), 1.73-1.60 (2H, m, CH,), 1.60-1.47 (1H, m, CH,), 1.43—1.14 (5H, m, CH,); ’C-NMR (75 MHz,
DMSO-ds) 6 169.1, 153.8, 146.6, 129.6, 126.2, 48.0, 32.4, 25.5, 24.4; Elemental analysis: calc. for
C11H16N4O (MW 220.27): 59.98% C, 7.32% H, 25.44% N; found 59.78% C, 7.38% H, 25.33% N.

3-(Cycloheptylamino)pyrazine-2-carboxamide (13). Light yellow crystalline solid. Yield 87.4%;
m.p. 102.7-104.1 °C; IR (ATR-Ge, cm™'): 3450,, (-NH-), 3293,,, 3180,, (-CONH}), 1674 ((CONH,),
1581ys, 1506ys, 14651, 1416, 1177, (pyrazine ring); 'H-NMR (300 MHz, DMSO-ds) & 8.84 (1H, d,
J =17.6 Hz, NH), 8.22 (1H, d, J = 2.3 Hz, Ar), 8.12 (1H, bs, NHy), 7.71 (1H, d, J = 2.3 Hz, Ar),
7.64 (1H, bs, NH,), 4.15-3.99 (1H, m, NCH), 1.95-1.79 (2H, m, CH,), 1.65-1.37 (10H, m, CH,);
BC-NMR (75 MHz, DMSO-dg) & 169.1, 153.7, 146.6, 129.5, 126.3, 50.2, 34.2, 27.7, 23.7; Elemental
analysis: calc. for C;oH isN4O (MW 234.30): 61.52% C, 7.74% H, 23.91% N; found 61.50% C,
7.94% H, 24.05% N.

3-(Pyrrolidin-1-ylamino)pyrazine-2-carboxamide (14). Yellow crystalline solid. Yield 82.7%;
m.p. 179.6-180.0 °C; IR (ATR-Ge, cm™'): 3384y, 3189, ((CONHy,), 1638,, ((CONH,), 15515, 1517,
1462, 1437, 1191, (pyrazine ring); 'H-NMR (300 MHz, CDCls) 6 8.14 (1H, d, J = 2.3 Hz, Ar),
7.75 (1H, d, J = 2.3 Hz, Ar), 7.18 (1H, bs, NH,), 5.84 (1H, bs, NH;), 3.54-3.39 (4H, m, NCH,),
2.00-1.85 (4H, m, CH,); *C-NMR (75 MHz, CDCl;) 6 168.8, 151.5, 143.6, 129.4, 129.2, 49.5, 25.4;
Elemental analysis: calc. for CoH1,N4O (MW 192.22): 56.24% C, 6.29% H, 29.15% N; found 56.16% C,
6.23% H, 29.11% N.
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3-(Piperidin-1-ylamino)pyrazine-2-carboxamide (15). Light yellow crystalline solid. Yield 93.0%;
m.p. 126.4-127.7 °C; IR (ATR-Ge, cm™'): 3385, 31831, (-(CONHy), 1646, ((CONH,), 1552, 1518,
1484, 1440y, 1183, (pyrazine ring); 'H-NMR (300 MHz, DMSO-ds) & 8.13 (1H, d, J = 2.1 Hz, Ar),
7.92 (1H, bs, NH,), 7.82 (1H, d, /= 2.3 Hz, Ar), 7.51 (1H, bs, NH), 3.45-3.33 (4H, m, NCH,), 1.64—1.42
(6H, m, CH,); >C-NMR (75 MHz, DMSO-ds) & 168.9, 153.0, 142.2, 135.9, 131.1, 48.2, 25.4, 24.1;
Elemental analysis: calc. for C;oHj4N4O (MW 206.24): 58.24% C, 6.84% H, 27.17% N; found 58.29% C,
6.77% H, 27.37% N.

3-(Morpholin-4-yl)pyrazine-2-carboxamide (16). Light yellow crystalline solid. Yield 91.3%;
m.p. 146.1-147.5 °C; IR (ATR-Ge, cm™'): 3330y, 3184, (-CONH,), 1655,; ((CONH,), 1609,,, 1554,
1519, 14845, 14364, 1109y (pyrazine ring); 'H-NMR (300 MHz, CDCl3) 6 8.20 (1H, d, J= 2.3 Hz, Ar),
7.91 (1H, d, J = 2.3 Hz, Ar), 7.49 (1H, bs, NH,), 5.87 (1H, bs, NH,), 3.82 (4H, t, /= 4.7 Hz, OCH,),
3.54 (4H, t, J = 4.7 Hz, NCH,); >C-NMR (75 MHz, CDCl3) & 167.8, 154.4, 143.6, 132.3, 131.3, 66.7,
49.0; Elemental analysis: calc. for CoHp;N4O, (MW 208.22): 51.92% C, 5.81% H, 26.91% N;
found 51.80% C, 5.91% H, 26.83% N.

3-(4-Methylpiperazin-1-yl)pyrazine-2-carboxamide (17). Sandy yellow crystalline solid. Yield 50.0%;
m.p. 168.8-170.5 °C (decomp.); IR (ATR-Ge, cm '): 3374m, 3190, (-CONHy,), 1647,; (-CONH,),
1552, 1519y, 1492, 1440,, 1186, (pyrazine ring); 'H-NMR (300 MHz, DMSO-ds) & 8.16 (1H, d,
J =23 Hz, Ar), 7.97 (1H, bs, NH,), 7.88 (1H, d, J = 2.3 Hz, Ar), 7.56 (1H, bs, NH>), 3.42 (4H, t,
J=5.0 Hz, NCH,), 2.35 (4H, t, J = 5.0 Hz, NCH>,), 2.18 (3H, s, CH3); "C-NMR (75 MHz, DMSO-d;) &
168.8, 152.8, 142.3, 136.1, 131.8, 54.5, 47.0, 46.0; Elemental analysis: calc. for C;oH;sNsO (MW
221.26): 54.28% C, 6.83% H, 31.65% N; found 54.19% C, 6.84% H, 31.48% N.

3-(Piperazin-1-yl)pyrazine-2-carboxamide (18). Yellow crystalline solid. Yield 65.8%; m.p. decomp.;
IR (ATR-Ge, cm™'): 3389,, (-NH-), 3293, 3179,, (-CONHy), 1678,s (-CONH,), 1593, 1559, 1527,
1464, 1433, 1159, (pyrazine ring); 'H-NMR (300 MHz, DMSO-ds) 8 9.75 (1H, bs, NH), 8.26 (1H, bs,
Ar), 8.08 (1H, bs, NH,), 8.02 (1H, bs, Ar), 7.67 (1H, bs, NH»), 3.68-3.59 (4H, m, NCH>), 3.16-3.07
(4H, m, NCH,); "C-NMR (75 MHz, DMSO-ds) & 168.2, 152.6, 142.8, 136.0, 133.4, 44.5, 42.5;
Elemental analysis: calc. for CoH;3sNsO (MW 207.23): 52.16% C, 6.32% H, 33.79% N; found 52.19%
C, 6.31% H, 33.59% N.

3.4. Lipophilicity HPLC Determination and Calculations

Experimental lipophilicity parameter logk was ascertained using an Agilent Technologies 1200 SL
liquid chromatography HPLC system with a SL G1315C Diode-array Detector, chromatographic
pre-column ZORBAX XDB-C18 5 pm, 4 x 4 mm, Part No. 7995118-504 and column ZORBAX Eclipse
XDB-C18 5 um, 4.6 x 250 mm, Part No. 7995118-585 (Agilent Technologies Inc., Colorado Springs,
CO, USA) were used. The separation process was controlled by Agilent ChemStation, version B.04.02
extended by spectral module (Agilent Technologies Inc.). A solution of MeOH (HPLC grade, 70%)
and H,O (HPLC-Milli-Q Grade, 30%) was used as mobile phase. The total flow of the column was
1.0 mL/min, injection 20 pL, column temperature 30 °C. 210 nm as detection wavelength and 270 nm
as monitor wavelength were chosen. The KI methanol solution was used for the dead time (Tp)
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determination. Retention times (Tr) of synthesized compounds were measured in minutes. The capacity
factors k& were calculated using Microsoft Excel according to formula k£ = (Tr — Tp)/Tp, where Tg is the
retention time of the solute and Tp denotes the dead time obtained via an unretained analyte. Logk,
calculated from the capacity factor £, is used as the lipophilicity index converted to logP scale.

3.5. Biological Assays
3.5.1. Antimycobacterial in Vitro Screening

Mycobacterial screening was performed against M. tuberculosis H37Rv CNCTC My 331/88 (Czech
National Collection of Type Cultures, National Institute of Public Health, Prague, Czech Republic)
using isoniazid and pyrazinamide (Sigma-Aldrich) as standards. Culturing medium was Middlebrook
7H9 broth (Sigma-Aldrich) with the addition of glycerol (Sigma-Aldrich) and OADC supplement
(Himedia, Mumbai, India). Tested compounds were dissolved in dimethylsulfoxide (DMSO) and
diluted with medium to final concentrations 100, 50, 25, 12.5, 6.25, 3.125 and 1.5625 pg/mL. The
method used for this assay was microdilution broth panel method. The final concentration of DMSO
did not exceed 1% (v/v) and did not affect the growth of mycobacteria. The cultures were grown in
Middlebrook 7H9 medium at 37 °C in humid dark atmosphere. The antimycobacterial activity was
determined using Alamar Blue colouring after 14 days of incubation as MIC (pg/mL). This evaluation
was done in cooperation with Department of Clinical Microbiology, University Hospital in Hradec
Kralove (Hradec Kralove, Czech Republic).

3.5.2. Antifungal and Antibacterial in Vitro Screenings

Antibacterial evaluation was made using the microdilution broth method in plates M27A-M1 (200 + 10)
against 8 bacterial stems from Czech Collection of Microorganisms (Brno, Czech Republic) or clinical
isolates from Department of Clinical Microbiology, University Hospital in Hradec Kralove
(Staphylococcus aureus CCM 4516/08, Staphylococcus aureus H 5996/08 methicillin resistant,
Staphylococcus epidermidis H 6966/08, Enterococcus sp. J 14365/08, Escherichia coli CCM 4517,
Klebsiella pneumoniae D 11750/08, Klebsiella pneumoniae J 14368/05 ESBL positive, Pseudomonas
aeruginosa CCM 1961). Mueller Hinton broth was used for the cultivation that was done in humid
atmosphere and by 35 °C. The readings were made after 24 and 48 h and MIC was set as 80%
inhibition of control. The standards were neomycin, bacitracin, penicillin G, ciprofloxacin and
phenoxymethylpenicillin [43].

Antifungal evaluation was also accomplished with microdilution broth method. On the contrary,
there was used RPMI 1640 broth with glutamine as medium and conditions were humid and dark
atmosphere, pH 7.0 (adjusted with 0.165 M morpholinepropanesulfonic acid, MOPS) and 35 °C. 8 fungal
strains were used (Candida albicans ATCC 44859, Candida tropicalis 156, Candida krusei E28,
Candida glabrata 20/1, Trichosporon asahii 1188, Aspergillus fumigatus 231, Lichtheimia corymbifera
272, Trichophyton mentagrophytes 445) together with four antimycotic standards amphotericin B,
voriconazole, nystatin and fluconazole. The MIC was set as 80% inhibition of control and readings
were made after 24 and 48 h (50% IC, 72 and 120 h for filament fungi) [44].
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3.5.3. Study of Photosynthetic Electron Transport Inhibition

The inhibition of photosynthetic electron transport (PET) in spinach chloroplasts was determined
spectrophotometrically (Genesys 6, Thermo Scientific, Madison, WI, USA) using an artificial electron
acceptor 2,6-dichlorophenol-indophenol (DCPIP) [45]. The rate of photosynthetic electron transport
was monitored as a photoreduction of DCPIP. Chloroplasts were prepared from Spinacia oleracea L. [46].
The measurements were carried out in phosphate buffer (0.02 mol/L, pH 7.2) containing sucrose
(0.4 mol/L), MgCl, (0.005 mol/L) and NaCl (0.015 mol/L). The chlorophyll concentration was 30 mg/L
and the samples were irradiated (~100 W/m? with 10 cm distance) with a halogen lamp (250 W).
The 4 cm wide water filter was used to prevent warming of the suspension so the temperature did not
exceed 22 °C. The studied compound were dissolved in DMSO due to their limited water solubility.
The applied DMSO concentration (up to 4%) did not affect the photochemical activity in spinach
chloroplasts. The efficiency of studied compounds was expressed as 50% inhibition concentration
relative to the untreated control. The standard for these measurements was DCMU (Diurone®).

The emission fluorescence spectra of aromatic amino acids were recorded on the fluorescence
spectrophotometer F-2000 (Hitachi, Tokyo, Japan). The samples of chloroplast suspensions with and
without studied inhibitor were excited at wavelength of 275 nm, excitation slit 20 nm and emission slit
10 nm. The samples were kept in the dark for 2 min prior to the measurement. The phosphate buffer
used for dilution of the chloroplast suspension was the same as described above. The compounds were
added to chloroplast suspension in DMSO solution due to low aqueous solubility. The DMSO
concentration in all samples was the same as in the control (10%). The chlorophyll concentration in
chloroplast suspension was 10 mg/L.

4. Conclusions

Eighteen N-substituted 3-aminopyrazine-2-carboxamides were synthesized in this work with
the application of focused field microwave technology. The reaction conditions, which were set
experimentally, lead to higher yields and shorter reaction times compared to the conventional heating
method. The difference between these conditions is obvious. The temperature reached during the
reactions is much higher than the boiling point of methanol and toluene under normal conditions. Also
the time is at least two times shorter. All the compounds were purified and then their structure was
confirmed by NMR and IR spectra and they were then tested for their potential biological activities.

The experimentally measured lipophilicity was compared to the CS ChemBioDraw Ultra 13.0
program predicted values. The dependence between logk and logP was linear with one exception
where the effect of ionization is appreciable.

The majority of compounds did not show antimycobacterial activity against M. tuberculosis.
There were only four compounds (6-9) with very low activity that were characterized by long or
ramified side aliphatic side chain which is probably better for penetration into mycobacterial cell.
But the values were significantly lower than the values of standards so it is not possible to predict any
structure-activity relationships.

Quite interesting results were found in antifungal assays. Three compounds (11-13) showed
activities against whole tested fungal spectrum and the activity of compounds 12 and 13 was also
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better than that of a fluconazole standard. Although there were not enough active compounds in the
antibacterial and antifungal screenings, we can propose a hypothesis that the side alicyclic chain is
necessary for antifungal activity and that the efficacy rises with increasing number of carbons in the
alicyclic ring, i.e., increasing lipophilicity.

PET inhibition screening showed some interesting consequences. There were nine compounds
active and activity of the most active substance (compound 9) expressed by ICs value was 14.3 umol/L.
A quasi-parabolic course was observed for the dependence of PET inhibiting activity on the lipophilic
properties of substituents and side chain of the most effective compounds had seven or eight carbons.
The active compounds were found to be PS2 inhibitors acting on the donor side of photosystem 2.

Based on the obtained results it can be concluded that the biological activity of the compounds is
affected by the presence of secondary amine group bounded to pyrazine ring. If this -NH- fragment is
missing, the efficacy would also disappear. This phenomenon can be seen in both evaluations.
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A series of alkylamino derivatives of N-benzylpyrazine-2-carboxamide was designed, synthesized and
assayed in vitro for their antimycobacterial, antibacterial, antifungal as well as antiviral activities. Final
structures were prepared from 6-chloro (1), 5-chloro (2) or 3-chloro (3) derivatives of N-benzylpyrazine-2-
carboxamide by nucleophilic substitution of chlorine with n-alkylamines in the range from butylamine to
octylamine (labelled a-e). Series la-e and 2a-e exerted higher activity against Mycobacterium tuberculosis
H37Rv compared to the corresponding pattern compounds and the reference compound pyrazinamide.
The most active derivatives reached an activity MIC = 4.6-10 uM (M. tbc H37Rv). More importantly, activity
was also observed against other tested mycobacterial strains (including drug-resistant strains). Substitution
of 3-chlorine was disadvantageous and led to completely inactive compounds 3a-e. Some compounds
showed activity against Gram-positive bacterial strains (including MRSA) or influenza virus, but no antifungal
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Introduction

Even in the 21st century, tuberculosis (TB) still remains a seri-
ous and global health threat. The absolute number of TB
cases per year has been slightly decreasing since the begin-
ning of this millennium,"* nevertheless in 2013 about 9
million new cases of TB were reported and associated with
1.5 million deaths.® The alarming increase of drug-resistant
strains underlines the need for new antituberculosis drugs.
One strategy to design potential new drugs is by
structural-modification of known and therapeutically used
drugs. Pyrazinamide (PZA) is a first-line antituberculotic
drug® with multiple mechanisms of action. It acts under its
parent form or as a prodrug metabolized to pyrazinoic acid
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(POA).>® One of the confirmed mechanisms of action for
both PZA and POA is the inhibition of mycobacterial fatty
acid synthase I (FAS I), which leads to depletion of mycolic
acid-essential components of the mycobacterial cell wall.’
Due to its simple structure, the PZA scaffold is, in theory,
amenable to many diverse structural modifications.

Recently we reported that the antimycobacterial activity is
enhanced by n-alkylamino substitution of the pyrazine.'*™"?
As Zitko et al. stated, this type of substitution also led to less
toxic compounds compared to pattern chloropyrazine deriva-
tives.”® To confirm this hypothesis, a series of 6-alkylamino-
N-benzylpyrazine-2-carboxamides (1a-e) and 5-alkylamino-N-
benzylpyrazine-2-carboxamides (2a-e) were designed and syn-
thesized from their respective chloro-N-benzylpyrazine-2-carb-
oxamides (1, 2),"* which in our previous study exerted moder-
ate antimycobacterial activity (MIC = 50-100 uM) against
Mycobacterium tuberculosis H37Rv.** To fully understand the
relationship between the position of the alkylamino chain
and antimycobacterial activity, a series of 3-alkylamino-N-
benzylpyrazine-2-carboxamides (3a-e) was prepared as well.

All compounds were evaluated for activity against four
standard mycobacterial strains and seven drug-resistant
strains of Mycobacterium tuberculosis. Additionally, their anti-
bacterial, antifungal and antiviral activities were determined.

Triclosan (TCL) and its derivatives are known inhibitors of
mycobacterial enoyl-ACP-reductase (InhA).">™"” InhA belongs
to the complex of fatty acid synthase II (FAS II) and is one of
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the crucial enzymes involved in the biosynthesis of mycolic
acids (modification of fatty acids produced by FAS 1)."®"
With respect to the alkylamino derivatives presented in this
letter, it is very interesting that the 5-alkyl diphenyl ethers
(Fig. 1) with a C, to Cg alkyl chain possessed significantly
lower ICs, values in the InhA in vitro enzyme inhibition
assay. Their inhibitory activity increased with growing alkyl
chain and 5-octyl-2-phenoxyphenol possessed an ICs, of 5
nM, which is a major improvement over TCL (IC5, = 1000
nM).?° The structural similarity between the 5-alkyl diphenyl
ethers (as derivatives of TCL) and the 5-alkylamino-N-
benzylpyrazine-2-carboxamides (2a-e) presented in this arti-
cle raised the question whether our compounds could pos-
sess the same mechanism of action as TCL and its alkyl
derivatives, i.e. based on inhibition of InhA. To test this
hypothesis, we performed molecular docking of selected com-
pounds into mycobacterial InhA.

Results and discussion
Chemistry

The pattern compounds 1 and 2 were described previously,'*
nevertheless the synthesis of compound 1 was modified. To
increase the reaction yield, Schotten-Bauman conditions
were applied. Excess of benzylamine was dissolved in water
and added portionwise to 6-chloropyrazine-2-carbonyl chlo-
ride in dichloromethane. The reaction mixture was stirred
for about 4 hours at RT. A portion of originating N-benzyl-6-
chloropyrazine-2-carboxamide (1) reacted further with excess
of benzylamine and yielded N-benzyl-6-benzylaminopyrazine-
2-carboxamide (1', Scheme 1) as an unintended side-product.
Its structure was confirmed by NMR and MS analysis. Forma-
tion of this type of side-product was also observed during the
synthesis of pattern compound 3, for which the synthetic pro-
cedure is thoroughly explained in the ESLf

The syntheses of compounds 1a-e and 2a-e were performed
via a aminodehalogenation reaction, where corresponding pat-
tern compound 1 or 2 was treated with 5 equivalents of the
respective amine using triethylamine as a base (Scheme 2A).
The reaction mixture was refluxed in a small amount of ethanol
up to 8 hours as indicated by TLC (silica, hexane-EtOAc 2:1).
The synthesis of final compounds 3a-e was accelerated by
microwave irradiation. Microwave conditions were determined
experimentally in previous research,”" (Scheme 2B).

The crude products were absorbed on silica gel and purified
by flash-chromatography (gradient elution, hexane-EtOAc). To
remove residual non-aromatic amine, derivatives 1a—2e were

Jeac N sae

triclosan n=57
5-alkyl-diphenyl ethers

Fig. 1 Structures of triclosan (TCL) and its 5-alkyl derivatives with
enoyl-ACP-reductase inhibitory activity.
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N-benzyl-6-benzylaminopyrazine-2-carboxamide (1')

Scheme 1 Synthesis of pattern compound 1 and formation of side-
product 1. Reaction proceeded under mild conditions - RT, 4 h. Side-
product originated in the ratio 1:5 by substitution of chlorine on the
pyrazine core with benzylamine.

recrystallized from ethanol. Compounds 1a-e and 2a-e were iso-
lated as white solids, compounds 3a-e as yellow liquids. The
analytical data, which were fully consistent with the proposed
structures, are included in the ESL{ The yields (chromatographi-
cally pure product) ranged from 37% to 80%.

Antimycobacterial activity

All the prepared compounds (including compounds 1, 2 and
3) as well as the clinically used standards PZA and isoniazid
(INH) were evaluated using the microplate alamar blue assay
(MABA)**> for activity against Mpycobacterium tuberculosis
H37Rv (Mth), M. kansasii and two strains of M. avium. The
results were expressed as minimal inhibitory concentration
(MIC) in pg mL™ or uM (data in parentheses), Table 1. Both
tested strains of Mycobacterium avium were completely resis-
tant to the tested compounds (MIC >100 pg mL™"). Compar-
ing the results in uM, alkylamino derivatives 1a-e and 2a-e
showed higher activity against Mth H37Rv than the corre-
sponding pattern compounds 1 (MIC = 50 pM) and 2 (MIC =
100 uM). For the most active derivatives 1d, 1e and 2c-e (MIC
= 4.6-10 uM), the activity was up to 20-times better compared
to the clinically used drug PZA (MIC = 102 uM).

More importantly, compounds 1a-e derived from
N-benzyl-6-chloropyrazine-2-carboxamide (1) exhibited activity
against Mycobacterium kansasii (naturally resistant to PZA,

A o) (0]
NS N a NS N
S — Qg
N R N
1: 6-Cl 1a-e: 6-NH-R
2:5-Cl 2a-e: 5-NH-R
B 0 0
Ny N b NS N
[ H —_ | H
P4 P2
N” el N"TN-R

3 3a-e
Scheme 2 Syntheses of target structures. (A): Pattern compound 1 or
2 refluxed in EtOH with corresponding n-alkylamine up to 8 h,
triethylamine (TEA) was used as a base (conditions a). (B): Microwave
assisted syntheses of final compounds 3a-e. Conditions b: 140 °C, 30
minutes, 120 W, MeOH, pyridine.

This journal is © The Royal Society of Chemistry 2015
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Table 1 Summary of prepared compounds. In vitro antimycobacterial activity against Mycobacterium tuberculosis H37Rv (Mtb) and Mycobacterium
kansasii, MIC in ug mL™ or uM (data in parentheses). Cytotoxicity provided on different types of cells, expressed as CCso or MCC in uM. Anti-influenza
virus activity and cytotoxicity provided on MDCK cells, values in uM

MIC pg mL ™" (uM)

Cytotoxicity (uM)

Antiviral activity (uM)

Antiviral EC5;"

MDCK* Influenza A/HIN1
Mtb M. CRFK*  HEL®  Hela® Vero!  SYiotoxiclty (A/PR/S)

No. Log k R H37Rv kansasii CCso MCC MCC MCC CCsg MCC Visual CPE score MTS
1 0.200 — 12.5 (50) 100 (404)  n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
1 0.483 6-Benzyl 50 (157) >100 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
1a 0.549  6-C4H, 12.5 (44) 50 (176)  >100 >100  >100 100 66 100 >100 >100
1b 0.768 6-CsHqq 12.5 (42) 25 (84) >100 >100 >100 >100 33 20 >100 >100
1c 0.986 6-CgH;3 6.25 (20) 12.5 (40) >100 >100 >100 100 9.5 20 >100 >100
1d 1.207 6-C,H;s  3.13 (10) 12.5(38)  >100 >100  >100 >100 2.4 4.0 >100 >100
1le 1.431 6-CgH; 3.13 (9.2) 6.25 (18) >100 >100 >100 >100 1.3 4.0 >100 >100
2 0.186 — 25 (100) 100 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
2a 0.424 5-C,Ho 25 (88) >100 >100 >100 >100 >100 57 100 >100 >100
2b 0.638 5-CsHyq 6.25 (21) >100 >100 >100 >100 >100 >100 >100 37 3.3
2¢ 0.859 5-CeHy3 3.13 (10) >100 >100 >100 >100 >100 >100 >100 52 62
2d 1.089 5-C;H;5 3.13 (10) >100 >100 >100 >100 =100 >100 >100 21 47
2e 1.312 5-CgH;5 1.56 (4.6) >100 28 100 100 20 62 =20 1.1 >100
3 n.d. — 12.5 (50) 100 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
3 1.040 3-Benzyl >100 >100 >100 >100 >100 >100 >100 20 >100 >100
3a 1.081 3-C4Ho >100 >100 >100 >100 >100 >100 >100 >100 >100 >100
3b 1.321 3-CsHy4 >100 >100 >100 =100 >100 >100 >100 =20 >100 >100
3c 1.564 3-CgHy3 >100 >100 >100 100 >100 >100 >100 100 >100 >100
3d 1.809 3-C;H;5 >100 >100 >100 100 >100 >100 >100 100 >100 >100
3e 2.054 3-CgH;5 >100 >100 >100 >100 >100 >100 >100 100 >100 >100
PZA  -0.687 12.5 (102)  >100 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
INH -0.743 0.39 (2.8) 1.56 (11) n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Logk stated as average of n = 3, SD values were negligible, relatively ranging from 0.01 to 0.19%.” Crandell feline kidney cells. * Human
embryonic lung fibroblasts. © Human cervix epithelial cells. ¢ African green monkey kidney cells. ¢ Madin canine kidney cells. 7 EC5o -
concentration producing 50% inhibition of virus-induced cytopathic effect (CPE), as determined by visual scoring of the CPE or by measuring
the cell viability with colorimetric formazan-based MTS assay. n.d. not done. MCC - compound concentration producing minimal changes in

cell morphology estimated by the MTS cell viability assay.

MIC > 100 pg mL™"), while 5-alkylamino isomers (2a-e) as
well as 3-alkylamino isomers (3a-e) were completely inactive
(MIC > 100 pg mL™). Actually, compounds 3a-e derived from
N-benzyl-3-chloropyrazine-2-carboxamide (3) did not exhibit
activity against any tested mycobacterial strain.

In concordance with previously published studies on
alkylamino derivatives of PZA,'*" the activity of
6-alkylamino (1a-e) and 5-alkylamino (2a-e) isomers
depended on the length of the alkyl chain and culminated in
compounds with hexyl- to octylamino substitution. Chart 1
shows the correlation between lipophilicity (expressed as log
k) and antimycobacterial activity against Mtb (for compounds
la-e and 2a-e) and M. kansasii (for compounds 1a-e).

All alkylamino derivatives 1a-e, 2a-e and 3a-e were evalu-
ated for activity against resistant strains of Mycobacterium
tuberculosis. As shown in Table 2, the 6- and 5-alkylamino
derivatives exhibited activity, which was again dependent on
the length of the alkyl chain, ie. compounds with a C¢-Cs
chain (labelled c-e) exhibited the highest activity. Examples
of correlation between lipophilicity and activity against resis-
tant strains are included in the ESLi The 5-isomers (2a-e)
showed higher activity compared to their respective 6-isomers

This journal is © The Royal Society of Chemistry 2015

(1a-e). Poor activity was observed for compound 3a (N-ben-
zyl-3-butylpyrazine-2-carboxamide), while the rest of the
3-alkylamino derivatives were inactive (MIC = 1000 uM).
Simoes et al.>® reported a series of amides of pyrazinoic
acid, which exhibited very slow hydrolysis in the plasma, rat

5.50 4
A 2e

5.00 4 A 2¢ A 2d @ 1d @ le
% A 2b ® 1c ® 1le
= 4.50 4
E ® 1a @ 1b ® 1c ® 1d
b
0
S 400 ] A2 Lt

® 1a
3.50 T T T T T
0.25 0.50 0.75 1.00 1.25 1.50
Log k
® la-eMtb ® la-e M. kansasii A 2a-eMtb
Chart 1 Correlation between antimycobacterial activity and

lipophilicity expressed as logk.
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Table 2 Antimycobacterial activity against drug-resistant strains, minimal inhibitory concentrations in uM

MIC (uM)

Mth Mth Mth

7357/1998 Mth 234/2005 9449/2007 8666/2010 Mtb Praha 1 Mtb Praha 4 Mtb Praha131
No. R 14d 21d 14d 21d 14d 21d 14d 21d 14d 21d 14d 21d 14d 21d
1a 6-C4H, 62.5 62.5 62.5 62.5 62.5 125 62.5 62.5 62.5 62.5 32 62.5 32 62.5
1b 6-CsH;, 32 62.5 62.5 62.5 32 62.5 62.5 62.5 62.5 62.5 32 62.5 32 62.5
1c 6-CeHy3 32 32 16 32 32 32 16 32 16 32 32 32 16 32
1d 6-C;H;s 16 16 16 16 16 16 16 16 16 16 8 16 8 16
1e 6-CgH;, 16 16 16 16 16 16 16 16 16 16 16 16 16 16
2a 5-C4H, 125 125 125 250 62.5 125 125 250 125 250 62.5 125 62.5 125
2b 5-CsH;;, 16 32 16 32 16 32 16 32 16 32 16 32 16 16
2¢ 5-C¢Hy3 8 8 4 8 8 8 4 8 4 8 8 8 4 4
2d 5-C,H;s 4 8 4 4 4 8 4 4 4 4 4 8 2 4
2e 5-CgH;;, 8 8 4 8 8 8 4 8 4 8 8 8 4 4
3a 3-C,Ho 125 250 125 250 125 250 125 250 125 125 125 125 125 250
3b 3-CsH;;  10° >10° 10° >10° 10° >10° 10° >10° 10° >10° 10° >10° 10° >10°
3c 3-C¢Hy;  10° >10°  10° >10°  10° 10° 10° >10°  10° >10°  10° >10°  10° >10°
3d 3-C,H;s  10° 10° 10° >10° >10°  >10° 10° >10°  10° >10° >10°  >10° 10° >10°
3e 3-CgHy;,  >10° >10°  >10° >10° >10° >10° >10° >10° >10° >10° >10° >10° >10° >10°
INH 16 32 16 16 16 16 16 32 16 16 16 16 16 16

MDR-TB strains: 234/2005 and 7357/1998 both resistant to INH, rifampicin (RIF), rifabutin, streptomycin, ethambutol and ofloxacin; Praha 1
resistant to INH, RIF, rifabutin, streptomycin, ethambutol and clofazimine; 8666/2010 resistant to INH, RIF, rifabutin; 9449/2007 and Praha 4
both resistant to INH, RIF, rifabutin, ethambutol and streptomycin. XDR-TB strain: Praha 131 resistant to INH, RIF, rifabutin, streptomycin,

ethambutol, ofloxacin, gentamicin and amikacin.

liver homogenate and were even stable in M. smegmatis
homogenate. These derivatives failed in antimycobacterial
testing and Simoes et al.>* assumed that the lack of activity is
caused by insufficient rate of hydrolysis to POA. Our deriva-
tives are sterically more demanding (large substituent on the
carboxamide moiety) than the simple amides tested by
Simoes et al.,* therefore their stability (resistance to ami-
dases) is expected to be even higher. According to the
results®® and previously published studies,'*** we do not
expect that the presented derivatives are hydrolyzed to their
corresponding pyrazinecarboxylic acids.

Antibacterial and antifungal activities

The studied compounds were evaluated against eight bacte-
rial and eight fungal strains (see the ESI} for the complete
list of tested strains). All fungal strains as well as Gram-
negative strains were completely insensitive to the tested
compounds (MIC > 500 pM). Compounds la-e exhibited
moderate or weak activity against Gram-positive strains
including methicillin-resistant Staphylococcus aureus. Nota-
bly, compound 1e (N-benzyl-6-octylpyrazine-2-carboxamide)
displayed activity against S. aureus (MIC = 3.9 uM) compara-
ble to the reference compounds (see the ESIT).

Toxicity assay

In vitro cytotoxicity” >’ assays on several cell lines were
performed for compounds la-e, 2a-e and 3a-e. The results
(Table 1) were expressed as the concentration causing mini-
mal changes in cell morphology (MCC) or as 50% cytotoxic
concentration (CCso) — a concentration reducing cell viability

1314 | Med. Chem. Commun., 2015, 6, 1311-1317

by 50% as assessed by a colorimetric formazan assay. Except
for compound 2e, the tested compounds were not cytotoxic
in CRFK, HEL, HeLa and Vero cell lines at the highest con-
centration tested, i.e. 100 uM.

Antiviral activity

In addition, we determined whether any of the studied com-
pounds has potential activity against diverse DNA and RNA
viruses. The virus panel (see the ESIf for the full list)
included pathogens of medical importance such as herpesvi-
ruses, HIV and influenza virus. Most compounds did not pro-
duce any visible antiviral activity. The notable exception was
series 2b-e which was moderately active against the influenza
virus, with 2e being the most potent one (Table 1). The latter
compound also inhibited the replication of respiratory syncy-
tial virus (data not shown) with an antiviral EC;5, value of 8.9
uM. The basis for the antiviral effect of 2b-e remains to be
identified.

Docking

To perform the docking studies, we selected the derivatives
with the highest antimycobacterial activity in the whole cell
assay, ie. hexylamino to octylamino derivatives (1c-e, 2c-e).
We included their corresponding 3-alkylamino isomers
(3c-3e) to test the influence of the position of the alkylamino
chain on the docking results. Out of the large number of crys-
tal structures of InhA available from the Protein Data Bank,
we chose PDB entry: 2X23. This structure is a closed form of
the enzyme co-crystalized with inhibitor PT70, which is a

This journal is © The Royal Society of Chemistry 2015
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slow and tight-binding inhibitor with an alkyl diphenyl ether
structure.?®

To verify the docking procedure, the co-crystallized ligand
(PT70) from the PDB structure was removed and redocked
using Glide XP mode docking protocol with flexible sampling
of ligand. The RMSD of the core atoms of the ligand (omit-
ting the atoms of the flexible alkyl chain) was approx. 0.26 A.
According to the results of the molecular docking (Fig. 2A),
the 6-alkylamino-N-benzylpyrazine-2-carboxamides (1c-e) and
5-alkylamino-N-benzylpyrazine-2-carboxamides (2c-e) may
exert interactions typical for TCL-based inhibitors of myco-
bacterial enoyl-ACP-reductase InhA.>>*®* The carboxamide
oxygen of the presented compounds plays the same role as
the phenolic oxygen of TCL, i.e. to act as an H-bond acceptor,
forming interactions with the -OH group of Tyr158 and the
2"-hydroxyl of the ribose of NAD'. The pyrazine core of the
title compounds is oriented similarly to the phenol aromatic
ring of the TCL derivatives (the so called A-ring) and shows a
n-n stacking interactions with the nicotinamide core of
NAD', and n-n edge-to-face interactions with Phe149. The
benzyl core of the discussed derivatives occupies the same
hydrophobic cavity as the B-ring of the TCL derivatives. The
planes of the (hetero)aromatic rings of the title compounds
are almost identical to the corresponding planes of PT70
(Fig. 2B). The alkylamino chain is placed in the tunnel lead-
ing to the enzyme's surface, in the same manner as the alkyl
chain of PT70 and similar TCL derivatives. This hydrophobic
entry tunnel hosts the lipophilic chain of the mycolic acid
intermediate, which is the substrate of the InhA enzyme. The
docking scores of the presented compounds (see the ESIY)
were close to the score of the co-crystallized ligand PT70 (the
best score was predicted for 1e, XP GScore = -9.705; the XP
GScore of PT70 was -10.543).

On the contrary, the 3-alkylamino derivatives 3c-e were
not able to orient inside the cavity of the active site in a man-
ner similar to PT70, and had low docking scores (XP GScore
from -3.692 for 3¢ to —6.175 for 3e). Apparently, the presence
of two large substituents (benzyl and alkylamino chain) on
neighbouring atoms C2 and C3 of the pyrazine core leads to
a molecular shape that is not compatible with the cavity.

To summarize, compounds 1c-e and 2c-e showed all
important ligand-enzyme interactions of triclosan and

View Article Online

Concise Article

therefore could be potential inhibitors of InhA. This hypothe-
sis was tested via analysis of mycolic acid production in the
strain of M. tuberculosis H37Ra treated with compounds 1d
and 2e as described in the following paragraph. These deriva-
tives were chosen according to their MIC values for M. tuber-
culosis H37Rv and selectivity to the mycobacterial strains.
The XP GScore was not taken as the main criterion for selec-
tion, having in mind that derivatives with longer alkyl chain
will have a higher score caused mainly by non-specific hydro-
phobic interactions with the enzyme. Compound 1e (reaching
the highest XP GScore) was excluded from the screening due
to low selectivity (antibacterial and antiviral activities).

Effect on mycolic acid production

The effect of compounds 1d and 2e on mycolic acid synthesis
was evaluated by metabolic labelling of Mycobacterium tuber-
culosis H37Ra with '*C acetate. Derivatized radiolabeled fatty/
mycolic acids were separated by thin layer chromatography
(TLC) and visualized by autoradiography. Isoniazid (INH)-
inhibiting mycobacterial enoyl-ACP-reductase (InhA)*® was
used as a control drug. As expected, the treatment of Mtb
with INH led to the inhibition of the synthesis of all types of
mycolic acids and the production of short chain fatty acids
was not affected. The compounds 1d and 2e did not affect
mycolic acid synthesis (Fig. 3).

Lipophilicity

Lipophilicity parameter ClogP was calculated by CS
ChemBioDraw Ultra version 14.0. (CambridgeSoft, Cam-
bridge, MA, USA). Additionally, the lipophilicity was mea-
sured experimentally by RP-HPLC and expressed as logk
derived from the retention times of individual compounds.
Correlation between the calculated ClogP and the experi-
mentally determined log k values showed linearity inside the
series of positional isomers. As discussed in the ESI,i the
Clog P algorithm did not correctly reflect the influence of
the position of the alkylamino substituent on a compound's
lipophilicity. Therefore log k is more useful for interseries com-
parisons and is used as the main lipophilicity parameter in
this manuscript.

Title: PT70_OH

Fig. 2 (A) Compounds 1c-e (orange carbons) and 2c-e (green carbons) docked into the active site of mycobacterial enoyl-ACP-reductase (InhA,
PDB: 2X23). (B) Predicted poses of 1le (orange carbons) and 2e (green carbons) in comparison with the co-crystallized inhibitor PT70 (grey balls

and sticks).

This journal is © The Royal Society of Chemistry 2015
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C INH 1d 2e

Fig. 3 Analysis of the effects of 1d and 2e on mycolic acid synthesis.
The autoradiograph of TLC with separated fatty acid methyl esters
(FAME) and mycolic acid methyl esters (MAME) obtained from [1,2-
4C]-acetate-labelled Mtb H37Ra strain treated with 1d, 2e or INH in
final concentration of 5.0 ng mL™. Line C - untreated control.

Conclusions

To conclude, substitution of 6-chlorine or 5-chlorine with
n-alkylamino substituent yielded derivatives with comparable
or increased activity against Mycobacterium tuberculosis
H37Rv compared to the corresponding pattern compounds 1
and 2. No significant differences between 6-alkylamino (1a-e)
and 5-alkylamino (2a-e) isomers were observed. Generally,
activity increased with prolongation of the alkyl chain (corre-
sponding to the increase in lipophilicity) and culminated in
compounds with heptylamino (1d, 2d) and octylamino (1e,
2e) substitution. The series of 6-alkylamino-N-benzylpyrazine-
2-carboxamides (1a-e) also exerted activity against Mycobacte-
rium kansasii, which is naturally resistant to pyrazinamide.

The 6-alkylamino and 5-alkylamino isomers also showed
activity against drug-resistant strains of Mycobacterium tuber-
culosis culminating in heptyl/octylamino derivatives, where
the 5-alkylamino isomers exhibited marginally higher activity
compared to the 6-isomers.

On the contrary to series 1 and 2, substitution of chlorine
with an alkylamino substituent in N-benzyl-3-chloropyrazine-
2-carboxamide (3, MIC = 12.5 pug mL™" for Mtb), led to inac-
tive 3-alkylamino derivatives (3a-e).

In vitro activity of PZA is strongly dependent on pH and
decreases with the increase in pH. The MIC value for PZA
was in accordance with the literature.>*3%3*

The studied compounds exhibited no antifungal activity and
mostly no significant antibacterial activity. The only exception
was compound 1le (N-benzyl-6-octylpyrazine-2-carboxamide),
showing activity against Staphylococcus aureus (MIC = 3.9 uM).

Side-products 1’ and 3’ occurring during the synthesis of
pattern compounds 1 and 3 were evaluated for their biologi-
cal activities and no significant activity was observed.

Based on the results of the in vitro cytotoxicity assays, we
assume that the presented derivatives are non-toxic.

Molecular docking of compounds 1c-e and 2c-e suggested
potential inhibition of mycobacterial enoyl-ACP-reductase. In

1316 | Med. Chem. Commun., 2015, 6, 1311-1317
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view of these results, an in vitro study was performed. How-
ever, no effect on mycolic acid synthesis was observed for
selected compounds 1d and 2e.
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General

All chemicals were purchased from Sigma-Aldrich (Hohenkirchen, Germany). All organic solvents used for the synthesis were of
analytical grade. The reactions were monitored using Merck Silica 60 Fas4 TLC plates (Merck, Darmstadt, Germany). Compounds
were purified using automated chromatograph CombiFlash Rf (Teledyne Isco, Lincoln, NE, USA) using columns filled with
Kieselgel 60, 0.040-0.063 mm (Merck, Darmstadt, Germany); gradient elution (hexane/ethyl-acetate), detection wavelength 260 nm,
monitor wavelength 280 nm. NMR analysis was performed on Varian Mercury VX-BB 300 (Varian, Palo Alto, CA, USA) at
300 MHz for 'H and 75 MHz for 3C. Chemical shifts were recorded as & values in parts per million (ppm) and were indirectly
referenced to tetramethylsilane (TMS). IR spectra were measured in ATR mode using a Ge crystal-plate on Nicolet Impact 400
(Nicolet, Madison, WI, USA). The mass spectra were recorded in the mixture of MeOH, H:O, formic acid (80:20:0.02 v/v) using
LCQ Advantage Max ion-trap mass spectrometer (Thermo Finnigan, San Jose, CA, USA). The electrospray ionisation was
performed in the positive mode. Melting points were determined on Stuart SMP30 melting point apparatus (Bibby Scientific
Limited, Staffordshire, UK) and are uncorrected. Yields refer to chromatographically pure products after all purification operations.
The synthesis of comp. 3a-e took place in microwave reactor with focused field CEM Discover (CEM Corporation, Matthews, NC,
USA) connected with autosampler Explorer 24 (CEM Corporation, Matthews, NC, USA) and equipped with CEM’s Synergy™
software for monitoring the reaction progress.

General synthetic procedures
Synthesis of starting compound 1 and 2

Synthesis of parent compounds 1 and 2 was described previously.! Briefly, for synthesis of compound 1, 20 mmol of
6-chloropyrazine-2-carboxylic acid> was dissolved in anhydrous toluene, treated with thionyl chloride (3 eq., 60 mmol) and heated
for about 1.5 h under reflux. Then, the excess of thionyl chloride was removed by repeated evaporation with anhydrous toluene in
vacuo. Originated acyl chloride was directly used without any purification in the subsequent step. Benzylamine (1.5 eq., 30 mmol)
and TEA (1 eq., 20 mmol) were dissolved in water and added portion-wise to acyl chloride in dichloromethane (Schotten-Baumann
biphasic conditions). Reaction mixture was than stirred at RT for 4 h and monitored using TLC with hexane/ethyl acetate 2:1.
Organic layer was separated, dried over anhydrous Na2SOa, adsorbed on silica purified using flash-chromatography. Side-product,
later identified as N-benzyl-6-benzylaminopyrazine-2-carboxamide (1'), occurred during the synthesis of parent compound (1).

For compound 2, 5-hydroxypyrazine-2-carboxylic acid (Sigma-Aldrich) was used as starting material for synthesis of
5-chloropyrazine-2-carbonyl chloride.> During the reaction with thionyl chloride, the formation of acyl chloride occurs
simultaneously with the nucleophilic substitution of the hydroxyl group for chlorine. N,N-Dimethylformamide (DMF) was added to
the reaction mixture as catalyst.* Second step of the synthesis proceeded under mild conditions: 1.5eq. of benzylamine
(MW =107.15 g/mol) was dissolved in anhydrous acetone with TEA (1 eq.) and added drop-wise to the stirred solution of acyl
chloride. The reaction mixture was stirred at RT for about 4 h and monitored using TLC with hexane/ethyl acetate 2:1 mixture as
eluent. After this time small amount of silica gel was added and solvents were evaporated under reduced pressure. Adsorbed mixture
was addressed to flash column chromatography.

Synthesis of final compounds 1a-e and 2a-e

To synthesize final compounds, 1 mmol of N-benzyl-6-chloropyrazine-2-carboxamide (1) or N-benzyl-5-chloropyrazine-2-
carboxamide (2) was dissolved in ethanol with TEA (1 eq., 1 mmol). Five molar equivalents of corresponding non-aromatic amine
were added to the reaction mixture and refluxed in small amount of ethanol generally for 8 hours. The completion of the reaction
was checked by TLC chromatography (eluent: hexane/ethyl acetate, 1:1). The crude product was absorbed on silica gel by solvent



evaporation and purified by flash chromatography (hexane/ethyl acetate gradient elution). To remove residual non-aromatic amine,
final compounds were recrystallized from ethanol.

Synthesis of starting compound 3

N-benzyl-3-chloropyrazine-2-carboxamide (3) was synthesised in three step reaction. The first step was based on diazotation
reaction. 3-Aminopyrazine-2-carboxylic acid (50 mmol) was added in small amounts into the cooled concentrated sulphuric acid (30
mL) being stirred. Then the nitrosylsulphuric acid was prepared by cooling the concentrated sulphuric acid (37.5 mL) to 0 °C and
adding sodium nitrite (50 mmol) portion-wise over a period of 15 minutes. The nitrosylation mixture (0-2 °C) was added drop-wise
to the cold solution of 3-aminopyrazine-2-carboxylic acid and stirred again for 15 minutes. Then mixture was poured portion-wise
on cracked ice and stirred until the end of nitrogen evolution. Strongly acidic suspension was filtered by suction and the collected
solid was washed with distilled water to become free of acid and then dried.® Crude 3-hydroxypyrazine-2-carboxylic acid was
purified by recrystallization from water. Next step was the preparation of 3-chloropyrazine-2-carbonyl chloride. 3-Hydroxypyrazine-
2-carboxylic acid (7 mmol) was dissolved in phosphoryl chloride (13 mL), few drops of pyridine were added and the mixture was
stirred and heated to reflux for 2 hours.® The excess of POCls was evaporated under reduced pressure to give 3-chloropyrazine-2-
carboxylic acid chloride. Crude acyl chloride was dissolved in dry THF, and benzylamine (5 eq., 35 mmol) together with TEA
(2 eq., 10 mmol) in small amount of dry THF were added portion-wise. The mixture was stirred at room temperature for 3 hours,
then adsorbed on silica gel and purified by preparative flash-chromatography. As described previously for synthesis of compound 1,
side-product (3'), emerging during aminodehalogenation reaction where both chlorines were substituted with benzylamine, was
observed (Scheme 1).
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Scheme 1. Synthesis of parent compound 3 and its side-product 3'.

Synthesis of final compounds 3a-e

N-benzyl-3-chloropyrazine-2-carboxamide (3, 1.2 mmol) was treated with respective aliphatic amine (2 eq., 2.4 mmol) to yield
3-alkylamino-N-benzylpyrazine-2-carboxamides. All reactions were performed in the microwave reactor with focused field.
Conditions (experimentally determined in previous research)’: 140°C, 30 minutes, 120 W, methanol (solvent, 3 mL), pyridine (1 eq.,
1.2 mmol). The progress of reaction was monitored with TLC using the system hexane/ethyl acetate (1:1). The crude product was
purified with flash column chromatography (silica, gradient elution hexane/ethyl acetate).

Analytical data

N-benzyl-6-chlororpyrazine-2-carboxamide (1)

Analytical data in accordance with previously published results! (NMR spectra measured under different conditions). White solid.
Yield: 63 %; m.p. 58.1-58.9 °C. 'H NMR (300 MHz, CDCl3) § 9.33 (s, 1H, H3), 8.74 (s, 1H, H5), 7.97 (bs, 1H, CONH), 7.43-7.20
(m, 5H, ArH), 4.67 (d, J = 6.1 Hz, 2H, CH:2Ar); '3C NMR (75 MHz, CDCls) § 161.56, 147.47, 147.25, 143.88, 142.03, 137.36,
128.76, 127.89, 127.74, 43.57. Log k = 0.200; CLogP = 2.385.

N-benzyl-6-benzylaminopyrazine-2-carboxamide (1')

White solid. Identified side-product; m.p. 132.8-134.1 °C; IR (cm™'): 3340 (NH), 3309 (NH), 3032, 2935, 1655 (CO); 'H NMR
(300 MHz, DMSO) §9.02 (t, J = 6.4 Hz, 1H, CONH), 8.23 (s, 1H, H3), 8.13 (s, 1H, H5), 7.89 (t, /= 5.8 Hz, 1H, NH), 7.42 — 7.17
(m, 10H, ArH, Ar'H), 4.63 (d, J = 5.8 Hz, 2H, CH>), 4.49 (d, J = 6.4 Hz, 2H, CHa); '*C NMR (75 MHz, DMSO) § 163.95, 153.48,
141.49, 139.85, 139.64, 136.80, 129.58, 128.47, 128.01, 127.44, 127.35, 127.05, 126.97, 43.78, 42.33. Anal. Calcd. For Ci19HisN4sO
(318.38): 71.68% C, 5.70% H, 17.60% N; Found: 71.61% C, 5.68% H, 17.49% N. MS (ESI, Pos.): m/z 319.39 (M+H)"
Log &k =0.483; CLogP = 3.914.

N-benzyl-6-butylaminopyrazine-2-carboxamide (1a)

White solid. Yield: 41%; m.p. 94.6-95.9 °C; IR (cm™):3320 (NH), 3087, 2960, 2930, 2863, 1655 (CO); '"H NMR (300 MHz, CDCls)
5 8.60 (s, 1H, H3), 8.05 (s, 1H, H5), 7.99 (bs, 1H, CONH), 7.37 — 7.27 (m, SH, ArH), 4.99 (t, /= 5.7 Hz, 1H, NH), 4.65 (d, /= 6.0
Hz, 2H, CH2Ar), 3.27 — 3.17 (m, 2H, CH2), 1.66 — 1.54 (m, 2H, CH>), 1.41 (m, 2H, CH>), 0.98 — 0.83 (m, 3H, CH3). '3C NMR (75
MHz, CDCl3) 6 163.79, 152.90, 141.44, 138.09, 134.78, 130.97, 128.69, 127.63, 127.48, 43.24, 41.12, 31.24, 20.06, 13.74. Anal.
Calcd. For CisH20N4O (284.36): 67.58% C, 7.09% H, 19.70% N; Found: 67.61% C, 7.08% H, 19.69% N. MS (ESI, Pos.): m/z
285.20 (M+H)". Log £ = 0.549; CLogP = 4.053.

N-benzyl-6-pentylaminopyrazine-2-carboxamide (1b)

White solid. Yield: 39%; m.p. 72.5-73.4 °C; IR (cm™): 3324 (NH), 3063, 2964, 2929, 2859, 1655 (CO); 'H NMR (300 MHz, CDCls)
8 8.62 (s, 1H, H3), 8.02 (s, 1H, H5), 8.00 (bs, 1H, CONH), 7.39 — 7.24 (m, SH, ArH), 4.85 (t, /= 6.7 Hz, 1H, NH), 4.65 (d, J=6.1
Hz, 2H, CH2Ar), 3.32 (q, J = 6.7 Hz, 2H, CH>), 1.68 — 1.55 (m, 2H, CH2), 1.40 — 1.25 (m, 4H, CH), 0.89 (t, /= 6.7 Hz, 3H, CH3);



13C NMR (75 MHz, CDCls) & 163.93, 152.77, 141.14, 138.11, 135.11, 131.56, 128.67, 127.61, 127.45, 43.21, 41.39, 29.04, 28.89,
22.32, 13.92. Anal. Calcd. For C17H2N4O (298.38): 68.43% C, 7.43% H, 18.78% N; Found: 68.25% C, 7.45% H, 18.90% N. MS
(ESI, Pos.): m/z 299.22 (M+H)". Log k = 0.768; CLogP = 4.582.

N-benzyl-6-hexylaminopyrazine-2-carboxamide (1¢)

White solid. Yield: 37%; m.p. 75.7-76.2 °C; IR (cm!): 3330 (NH), 3054, 2929, 2857, 1656 (CO);'H NMR (300 MHz, CDCl3) 5 8.63
(s, 1H, H3), 8.01 (s, 1H, H5), 8.00 (bs, 1H, CONH), 7.37 — 7.26 (m, 5H, ArH), 4.78 (t, J= 5.7 Hz, 1H, NH), 4.65 (d, J= 6.2 Hz, 2H,
CH:Ar), 3.32 (td, J = 7.1, 5.5 Hz, CHa), 1.67 — 1.55 (m, 2H, CH2), 1.43 — 1.22 (m, 6H, CH2), 0.91 — 0.84 (m, 3H, CHs); 3C NMR
(75 MHz, CDCls) 6 163.93, 152.75, 141.16, 138.15, 135.06, 131.69, 128.68, 127.63, 127.46, 43.22, 41.48, 31.45, 29.20, 26.61,
22.51, 13.96. Anal. Calcd. For CisH2aN4O (312.41): 69.20% C, 7.74% H, 17.93% N; Found: 69.18% C, 7.79% H, 18.01% N. MS
(ESI, Pos.): m/z 313.25 (M+H)". Log k= 0.986; CLogP = 5.111.

N-benzyl-6-heptylaminopyrazine-2-carboxamide (1d)

White solid. Yield: 40%; m.p. 60.9-61.7 °C; IR (cm™):3399 (NH), 3336 (NH), 3030, 2929, 2858, 1665 (CO); 'H NMR (300 MHz,
CDCls) & 8.63 (s, 1H, H3), 8.01 (s, 1H, HS5), 8.00 (bs, 1H, CONH), 7.37 — 7.26 (m, 5H, ArH), 4.80 (t, /= 5.6 Hz, 1H, NH), 4.65 (d, J
=6.1 Hz, 2H, CH:Ar), 3.32 (td, /= 7.1, 5.5 Hz, 2H, CH>), 1.67 — 1.55 (m, 2H, CH>), 1.42 — 1.19 (m, 8H, CH>), 0.92 — 0.83 (m, 3H,
CH3); 3C NMR (75 MHz, CDCl3) § 163.94, 152.76, 141.15, 138.15, 135.08, 131.67, 128.68, 127.63, 127.46, 43.22, 41.47, 31.68,
29.25, 28.96, 26.90, 22.53, 14.03. Anal. Calcd. For C19H26N4O (326.44): 69.91% C, 8.03% H, 17.16% N; Found: 69.79% C, 7.97%
H, 17.09% N. MS (ESL Pos.): m/z 327.23 (M+H)". Log k= 1.207; CLogP = 5.640.

N-benzyl-6-octylaminopyrazine-2-carboxamide (1e)

White solid. Yield: 63%; m.p. 62.1-62.7 °C; IR (cm™):3394 (NH), 3334 (NH), 2929, 2854, 1666 (CO); 'H NMR (300 MHz, CDCls)
8 8.61 (s, 1H, H3), 8.05 (s, 1H, HS), 7.99 (bs, 1H, CONH), 7.39 — 7.27 (m, 5H, ArH), 4.95 (bs, 1H, NH), 4.65 (d, J = 5.9 Hz, 2H,
CH2Ar), 3.32 (td, J=7.1, 5.5 Hz, 2H, CH2), 1.68 — 1.54 (m, 2H, CH>), 1.44 — 1.15 (m, 10H, CHz), 0.87 (t, J = 6.3 Hz, 3H, CH3); 1*C
NMR (75 MHz, CDCl;) & 163.83, 152.87, 141.40, 138.11, 134.81, 131.09, 128.69, 127.61, 127.47, 43.22, 41.47, 31.72, 29.25,
29.20, 29.15, 26.94, 22.59, 14.05. Anal. Calcd. For C20H2sN4O (340.46): 70.56% C, 8.29% H, 16.46% N; Found: 70.51% C, 8.37%
H, 16.39% N. MS (ESI, Pos.): m/z 341.25 (M+H)". Log k= 1.431; CLogP = 6.169.

N-benzyl-5-chlororpyrazine-2-carboxamide (2)

Analytical data in accordance with previously published results.! White solid. Yield: 68 %; m.p. 102.3-103.0 °C.'"H-NMR
(300 MHz, CDCl3) 3 9.26 (s, 1H, H3), 8.61 (s, 1H, H6), 7.97 (bs, 1H, NH), 7.48—7.23(m, 5H, ArH), 4.65 (d, 2H, J = 6.0 Hz, CH:Ar);
BC-NMR (75 MHz, CDCl3) § 162.10, 151.93,144.36, 142.71, 142.39, 137.34, 128.70, 128.01, 127.65, 43.55. Log k=0.186;
CLogP =2.385.

N-benzyl-5-butylaminopyrazine-2-carboxamide (2a)

White solid. Yield: 78%; m.p. 120.1-121.2 °C; IR (cm™): 3399 (NH), 3306 (NH), 3027, 2951, 2922, 2865, 1661 (CO); 'H NMR
(300 MHz, CDCls) 6 8.83 (s, 1H, H3), 7.80 (t, /= 6.0 Hz, 1H, CONH), 7.69 (d, J = 1.5 Hz, 1H, H6), 7.37 — 7.27 (m, 5H, ArH), 5.21
(t, J=5.5Hz, 1H, NH), 4.63 (d, /= 6.1 Hz, 2H, CH:Ar), 3.40 (td, /= 7.2, 5.7 Hz, 2H, CH>), 1.68 — 1.56 (m, 2H, CH>), 1.50 — 1.33
(m, 2H, CHa), 0.95 (t, J = 7.3 Hz, 3H, CH3); *C NMR (75 MHz, CDCl3) § 164.14, 155.75, 143.07, 138.43, 133.18, 129.12, 128.60,
127.73, 127.32, 43.14, 41.27, 31.33, 20.03, 13.73. Anal. Calcd. For Ci16H20N4O (284.36): 67.58% C, 7.09% H, 19.70% N; Found:
67.65% C, 7.00% H, 19.63% N. MS (ESI, Pos.): m/z 285.10 (M+H)". Log k = 0.424; CLogP = 4.053.

N-benzyl-5-pentylaminopyrazine-2-carboxamide (2b)

White solid. Yield: 79%; m.p. 128.7-129.3 °C; IR (ecm™):3406 (NH), 3300 (NH), 3027, 2930, 2860, 1660 (CO); '"H NMR (300 MHz,
CDCl) 6 8.83 (s, 1H, H3), 7.80 (t, J= 6.1 Hz, 1H, CONH), 7.69 (s, 1H, H6), 7.38 — 7.27 (m, 5H, ArH), 5.21 (t, J=5.8 Hz, 1H, NH),
4.63 (d, J=6.1 Hz, 2H, CH2Ar), 3.45 - 3.27 (m, 2H, CH>), 1.71 — 1.53 (m, 2H, CH>), 1.35 (dp, /=17.3, 4.7, 4.1 Hz, 4H, CH>), 0.94 —
0.86 (m, 3H CH3); *C NMR (75 MHz, CDCls) 3 164.14, 155.74, 143.07, 138.43, 133.18, 129.11, 128.60, 127.73, 127.32, 43.14,
41.54, 28.99, 28.94, 22.31, 13.92. Anal. Calcd. For C17H22N4O (298.38): 68.43% C, 7.43% H, 18.78% N; Found: 68.40% C, 7.49%
H, 18.71% N. MS (ESI, Pos.): m/z 299.11 (M+H)". Log k = 0.638; CLogP = 4.582.

N-benzyl-5-hexylaminopyrazine-2-carboxamide (2c)

White solid. Yield: 75%; m.p. 117.7-118.3 °C; IR (cm™):3400 (NH), 3303 (NH), 3064, 3027, 2955, 2928, 2866, 1660 (CO); 'H
NMR (300 MHz, CDCl;) § 8.83 (d, /= 1.2 Hz, 1H, H3), 7.80 (t, J = 6.0 Hz, 1H, CONH), 7.69 (d, J = 1.3 Hz, 1H, H6), 7.39 — 7.26
(m, 5H, ArH), 5.21 (t, J = 5.7 Hz, 1H, NH), 4.63 (d, J = 6.0 Hz, 2H, CH2Ar), 3.43 — 3.33 (m, 2H, CH>), 1.69 — 1.54 (m, 2H, CH>),
1.45 — 1.23 (m, 6H, CH>), 0.88 (t, J = 6.7 Hz, 3H, CH3); *C NMR (75 MHz, CDCl3) § 164.14, 155.75, 143.08, 138.44, 133.17,
129.12, 128.60, 127.74, 127.32, 43.14, 41.58, 31.42, 29.22, 26.54, 22.51, 13.96. Anal. Calcd. For Ci1sH24N4O (312.41): 69.20% C,
7.74% H, 17.93% N; Found: 69.24% C, 7.81% H, 17.85% N. MS (ESI, Pos.): m/z 313.14 (M+H)*. Log k = 0.859; CLogP = 5.111.

N-benzyl-5-heptylaminopyrazine-2-carboxamide (2d)

White solid. Yield: 65%; m.p. 95.8-96.1 °C; IR (cm™):3388 (NH), 3329 (NH), 2929, 2858, 1641 (CO);'H NMR (300 MHz, CDCls)
5 8.83 (s, 1H, H3), 7.80 (t, J = 6.1 Hz, 1H, CONH), 7.69 (s, 1H, H6), 7.37 — 7.27 (m, 5H, ArH), 5.19 (t, /= 5.8 Hz, 1H, NH), 4.63
(d, J=6.1 Hz, 2H, CH2Ar), 3.43 — 3.34 (m, 2H, CH), 1.69 — 1.56 (m, 2H, CH2), 1.44 — 1.19 (m, 8H, CHz), 0.88 (t, /= 6.5 Hz, 3H,
CH3);'3C NMR (75 MHz, CDCl3) § 164.13, 155.74, 143.09, 138.44, 133.18, 129.09, 128.60, 127.74, 127.32, 43.14, 41.58, 31.67,
29.27, 28.91, 26.83, 22.52, 14.01. Anal. Calcd. For C19H26N4O (326.44): 69.91% C, 8.03% H, 17.16% N; Found: 69.97% C, 8.07%
H, 17.02% N. MS (ESL Pos.): m/z 327.13 (M+H)". Log k = 1.089; CLogP = 5.640.

N-benzyl-5-octylaminopyrazine-2-carboxamide (2e)

White solid. Yield: 80 %; m.p. 97.0-97.9 °C; IR (cm™): 3389 (NH), 3317 (NH), 2919, 2855, 1660 (CO); 'H NMR (300 MHz,
CDCls) 6 8.83 (s, 1H, H3), 7.80 (t,J = 6.1 Hz, 1H, CONH), 7.69 (s, 1H, H6), 7.36 — 7.26 (m, SH, ArH), 5.16 (t, /= 5.7 Hz, 1H, NH),
4.63 (d, J = 6.0 Hz, 2H, CH2Ar), 3.38 (q, J = 6.7 Hz, 2H, CH2), 1.70 — 1.53 (m, 2H, CH»), 1.47 — 1.17 (m, 10H, CH), 0.87 (t, J =
6.0 Hz, 3H, CHz); 3C NMR (75 MHz, CDCl3) & 164.14, 155.75, 143.11, 138.46, 133.22, 129.08, 128.61, 127.76, 127.33, 43.16,



41.60, 31.73, 29.28, 29.22, 29.15, 26.88, 22.59, 1405. Anal. Calcd. For C20H2sN4O (340.46): 70.56% C, 8.29% H, 16.46% N; Found:
70.47% C, 8.41% H, 16.41% N. MS (ESI, Pos.): m/z 341.15 (M+H)"*. Log k = 1.312; CLogP = 6.169.

N-benzyl-3-chloropyrazine-2-carboxamide (3)

Yellow solid.Yield: 80 %; m.p. 109.3-110.7 °C; IR (cm™) 3292 (NH), 1660 (CO); 'H NMR (300 MHz, DMSO) 5 9.31 (t,J = 6.0 Hz,
1H, CONH), 8.71 (d, J = 2.5 Hz, 1H, HY), 8.64 (d, J = 2.4 Hz, 1H, H6), 7.35 (d, J = 4.4 Hz, 2H,ArH), 7.32 — 7.21 (m, 3H, ArH),
4.49 (d, J = 6.1 Hz, 2H, CH»Ar); BC NMR (75 MHz, DMSO) & 164.09, 148.45, 145.80, 145.49, 142.94, 139.07, 128.82, 127.74,
127.46, 42.75.Anal. Caled. For C12H10CIN3O (247.68): 58.19% C, 4.07% H, 16.97% N; Found: 58.14% C, 4.10% H, 16.89% N. MS
(ESL pos.): m/z 247.95 (M+H)*. CLogP = 247.68.

N-benzyl-3-benzylaminopyrazine-2-carboxamide (3')

Yellow solid. Identified side product of the reaction; m.p. 69.8-70.6 °C; IR (cm™): 3353 (NH), 3334 (NH), 3061, 3032, 1647 (CO);
H NMR (300 MHz, DMSO) §9.39 (t, J = 6.4 Hz, 1H, CONH), 9.09 (t, J = 5.9 Hz, 1H, NH), 8.26 (d, J = 2.4 Hz, 1H, H5), 7.81 (d, J
= 2.6 Hz, 1H, H6), 7.38 — 7.16 (m, 10H, ArH, ArH), 4.63 (d, J = 5.9 Hz, 2H, CHa), 4.44 (d, J = 6.4 Hz, 2H, CHz); 3C NMR
(75 MHz, DMSO) 6 166.27, 154.14, 146.58, 139.61, 139.56, 130.22, 128.61, 128.45, 127.54, 127.46, 127.45, 126.97, 126.65, 43.64,
42.36. Anal. Calcd. For Ci9HisN4O (318.38): 71.68% C, 5.70% H, 17.60% N; Found: 71.73% C, 5.65% H, 17.68% N. MS not
measured. Log k= 1.040 ; CLogP = 3.964.

N-benzyl-3-(butylamino)pyrazine-2-carboxamide (3a)

Yellow liquid.Yield: 75 %; IR (ecm™): 3324 (NH), 2957, 2929, 2871, 1653 (CO); 'H NMR (300 MHz, DMSO) § 9.35 (t, J = 6.4 Hz,
1H, CONH), 8.71 (t, J= 5.6 Hz, 1H, NH), 8.25 (d, /= 2.4 Hz, 1H, H5), 7.76 (d, J = 2.6 Hz, 1H, H6), 7.30 (d, J=4.3 Hz, 2H, ArH),
7.25—17.20 (m, 3H, ArH), 4.43 (d, J = 6.4 Hz, 2H,CH>2Ar), 3.41 — 3.34 (m, 2H, CH>), 1.61 — 1.45 (m, 2H, CH>), 1.40 — 1.26 (m, 2H,
CHa), 0.89 (t, J = 7.3 Hz, 3H, CH3); '3C NMR (75 MHz, DMSO) § 166.36, 154.42, 146.65, 139.59, 129.58, 128.44, 127.48, 126.94,
126.34,42.31, 40.53, 31.07, 19.91, 13.88. MS (ESI, pos.): m/z 285.20 (M+H)"; Ci6sH20N4O (284.36). Log k= 1.081; CLogP = 4.103.

N-benzyl-3-(pentylamino)pyrazine-2-carboxamide (3b)

Yellow liquid. Yield: 74 %; IR (cm™): 3322 (NH), 2956, 2929, 2859, 1653 (CO);'H NMR (300 MHz, DMSO) § 9.34 (t, J = 6.4 Hz,
1H, CONH), 8.71 (t, J = 5.6 Hz, 1H, NH), 8.25 (d, /= 2.4 Hz, 1H, H5), 7.76 (d, J = 2.4 Hz, 1H, H6), 7.30 (d, /= 4.3 Hz, 2H, ArH),
7.26 —7.18 (m, 3H, ArH), 4.43 (d, J = 6.4 Hz, 2H, CH:Ar), 3.42 — 3.34 (m, 2H, CH>), 1.62 — 1.46 (m, 2H, CH>), 1.35 — 1.23 (m, 4H,
CHy), 0.85 (t, J = 7.0 Hz, 3H, CH3); *C NMR (75 MHz, DMSO) § 166.35, 154.40, 146.64, 139.58, 129.57, 128.43, 127.48, 126.94,
126.34, 42.31, 40.53, 28.94, 28.64, 22.08, 14.10.MS (ESI, pos.): m/z 299.21 (M+H)"; C17H22N40 (298.39). Log k = 1.321; CLogP =
4.632.

N-benzyl-3-(hexylamino)pyrazine-2-carboxamide (3¢)

Yellow liquid. Yield: 71 %; IR (cm™): 3322 (NH), 2955, 2928, 2857, 1654 (CO); 'H NMR (300 MHz, DMSO) § 9.34 (t, J = 6.4 Hz,
1H, CONH), 8.71 (t, J= 5.6 Hz, 1H, NH), 8.24 (d, /= 2.3 Hz, 1H, H5), 7.75 (d, J= 2.5 Hz, 1H, H6), 7.30 (d, J = 4.3 Hz, 2H, ArH),
7.25-17.19 (m, 3H, ArH), 4.43 (d, /= 6.4 Hz, 2H, CH:Ar), 3.38 (q, J = 6.7 Hz, 2H, CH»), 1.53 (p, /= 7.0 Hz, 2H, CH»), 1.39 - 1.19
(m, 6H, CH2), 0.83 (t, J= 6.7 Hz, 3H, CHs); 13C NMR (75 MHz, DMSO) § 166.35, 154.41, 146.64, 139.58, 129.56, 128.42, 127.48,
126.93, 126.34, 42.31, 40.53, 31.18, 28.91, 26.40, 22.24, 14.09.MS (ESI, pos.): m/z 313.20 (M+H)"; CisH24N4O (312.42). Log k =
1.564; CLogP = 5.161.

N-benzyl-3-(heptylamino)pyrazine-2-carboxamide (3d)

Yellow liquid. Yield: 70 %; IR (cm™): 3320 (NH), 2955, 2926, 2855, 1653 (CO); '"H NMR (300 MHz, DMSO) § 9.34 (t, J = 6.5 Hz,
1H, CONH), 8.71 (t, J=5.6 Hz, 1H, NH), 8.24 (d, /= 2.4 Hz, 1H, H5), 7.75 (d, J= 2.5 Hz, 1H, H6), 7.29 (d, J = 4.3 Hz, 2H, ArH),
7.25-7.18 (m, 3H, ArH), 4.43 (d, J= 6.4 Hz, 2H, CH»Ar), 3.37 (q, J = 6.5 Hz, 2H, CH2), 1.53 (p, J = 6.9 Hz, 2H, CH»), 1.36 — 1.16
(m, 8H, CH>), 0.83 (t, J = 6.7 Hz, 3H, CH3); 3*C NMR (75 MHz, DMSO) § 166.36, 154.41, 146.65, 139.59, 129.57, 128.43, 127.49,
126.94, 126.35, 42.31, 40.53, 31.41, 28.94, 28.62, 26.69, 22.23, 14.12.MS (ESI, pos.): m/z 327.24 (M+H)"; Ci19H26N1O (326.44).
Log k= 1.809; CLogP = 5.690.

N-benzyl-3-(octylamino)pyrazine-2-carboxamide (3e)

Yellow liquid. Yield: 51 %; IR (cm™): 3309 (NH), 2970, 2926, 2855, 1653 (CO); '"H NMR (300 MHz, DMSO) § 9.34 (t, J = 6.4 Hz,
1H, CONH), 8.71 (t, J=5.5 Hz, 1H, NH), 8.24 (d, /= 2.5 Hz, 1H, HS5), 7.75 (d, /= 2.4 Hz, 1H, H6), 7.30 (d, J = 4.4 Hz, 2H, ArH),
7.25-7.19 (m, 3H, ArH), 4.43 (d, J= 6.4 Hz, 2H, CH»Ar), 3.37 (q, J = 6.6 Hz, 2H, CH»), 1.53 (p, J = 6.8 Hz, 2H, CH»), 1.38 — 1.12
(m, 10H, CHa), 0.91 — 0.77 (t,J = 6.7 Hz, 3H, CH3); '3C NMR (75 MHz, DMSO) & 166.35, 154.41, 146.63, 139.58, 129.55, 128.42,
127.48, 126.93, 126.34, 42.31, 40.53, 31.41, 28.90, 28.82, 26.72, 22.26, 14.13.MS (ESL pos.): m/z 341.23 (M+H)*; C20H2sN4O
(340.47). Log k =2.054; CLogP = 6.219.

HPLC lipophilicity determination - capacity factor £ and calculated log &

Agilent Technologies 1200 SL liquid chromatograph with Diode-array Detector SL G1315C, chromatographic column ZORBAX
XDB-C18 RRHTI.8 pm, 4.6 x 50 mm, Part No. 927975-902 (Agilent Technologies Inc., Colorado Springs, CO, USA) were used.
The separation process was controlled by Agilent ChemStation, version B.04.02 extended by spectral module (Agilent Technologies
Inc.). A solution of MeOH (HPLC grade, 70 %) with H.O (HPLC-Milli-Q Grade, 30 %) was used as mobile phase. The total flow of
mobile phase was 1.0 mL/min, injection 20 pL, column temperature 30 °C. 210 nm as detection wavelength and 270 nm as monitor
wavelength were chosen. The KI methanol solution was used for the dead time (Tp) determination. Retention times (Tr) of
synthesized compounds were measured in minutes. The capacity factors k were calculated using Microsoft Excel according to
formula k& = (Tr — Tp)/Tp, where Tr is the retention time of the solute and Tp denotes the dead time obtained via an unretained
analyte. Log &, calculated from the capacity factor £, is used as the lipophilicity index converted to log P scale. Method was used for



compounds 1', 1a-e, 2a-e, 3' and 3a-e (measured in triplicates). Results were stated as average of n =3 (SD values were negligible,

relatively ranging from 0.01 to 0.19%).

HPLC chromatograms of compounds 3a-3e

Chromatograms of derivatives 3a-3e are included. Main peak of corresponding compound represents area in the range from 96.8 %
to 99.2 % of total peak areas. This can be taken as one of the purity criteria. System peaks, i.e. peaks found in the dead time (0.46
min) are not taken into account as the peaks do not represent any substances.

N-benzyl-3-(butylamino)pyrazine-2-carboxamide (3a)
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N-benzyl-3-(hexylamino)pyrazine-2-carboxamide (3¢)
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N-benzyl-3-(octylamino)pyrazine-2-carboxamide (3e)
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Lipophilicity calculation and correlation between measured and calculated data.

ClogP (the logarithm of n-octanol/water partition coefficient P based on established chemical interactions) values were calculated
using the program CS ChemBioDraw Ultra ver. 14.0 (CambridgeSoft, Cambridge, MA, USA).

The dependence of the calculated ClogP values on the measured log k£ parameters showed a linearity within individual series of
compounds (Fig. 1) and the corresponding correlations can be expressed by the following regression equations:

la-e: ClogP =2.4012 log k +2.7381; R>=1.0000; n =5
2a-e: ClogP = 2.3750 log k + 3.0580; R?=0.9998; n=5
3a-e: ClogP = 2.1733 log k + 1.7580; R? = 1.0000; n =5

As seen from Fig. 1, the ClogP algorithm did not distinguish between corresponding 6-alkylamino (1a-e) and 5-alkylamino (2a-e)
isomers. For example, the calculated lipophilicity ClogP = 4.053 was the same for both isomers 1a and 2a. ClogP values predicted
for 3-alkylamino isomers (3a-e) were insignificantly compared to corresponding 5-alkylamino and 6-alkylamino derivatives (ClogP
for 3a was 4.103). On contrary, experimentally measured log & values indicate different lipophilicity for the positional isomers.
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Fig. 1. Plot of calculated ClogP values on experimentally determined log k parameters.



Strikingly, 3-alkylamino isomers (3a-e) are much lipophilic then predicted. This is probably due to the possibility of intramolecular
H-bond formation as depicted for compound 3d in Fig. 2. Consequently, it can be assumed that log k values specify lipophilicity of
compounds more precisely than calculated ClogP values.

Fig. 2. Predicted conformation of 3d as generated by CORINA 3D (available online at https:/www.molecular-
networks.com/online_demos/corina_demo).

MS analysis of side-product N-benzyl-6-benzylaminopyrazine-2-carboxamide (1')

The mass spectra were recorded in the mixture of MeOH, H20O, formic acid (80:20:0.02 v/v) using LCQ Advantage Max ion-trap
mass spectrometer (Thermo Finnigan, San Jose, CA, USA). The electrospray ionisation was performed in the positive mode.
According to the fragment analysis, N-benzyl-6-benzylaminopyrazine-2-carboxamide was identified as a side-product, Fig. 3.
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Fig. 3. Mass spectrum of side-product 1' with labelled fragments.

In vitro antimycobacterial evaluation

Microplate alamar blue assay.® Antimycobacterial evaluation was performed at the Department of Clinical Microbiology, University
Hospital and Faculty of Medicine in Hradec Kralové, Charles University in Prague, Czech Republic. Four mycobacterial strains
were used: Mycobacterium tuberculosis H37Rv CNCTC My 331/88, M. avium CNCTC My 80/72, M. avium CNCTC My 152/73
and M. kansasii CNCTC My 235/80 (Czech National Collection of Type Cultures, National Institute of Public Health, Prague, Czech
Republic). The test compounds were dissolved in DMSO, diluted with Sula’s semisynthetic medium (Trios, Prague, Czech
Republic) to final concentrations 100, 50, 25, 12.5, 6.25, 3.13 and 1.56 pg/mL and placed into microdilution panel. Tested species
were added in the form of suspension in isotonic saline solution. The final concentration of DMSO was 0.5 % (v/v); this
concentration of DMSO did not affect the growth of mycobacteria. The cultures were grown in Sula’s semisynthetic medium at
pH 5.6 and 37 °C. 30 pL of working solution (1:1 mixture of 0.1% resazurin sodium salt (aq. sol.) and 10% Tween 80) was used for
visualization of growth. The working solution was usually added after 5 days of incubation for M. avium, after 5-7 days for
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M. kansasii and 10-14 days for M. tuberculosis. Results were then determined after 24 h and interpreted according to Framzblau et
al.® The minimal inhibition concentration (MIC, pg/mL) was determined as the lowest concentration which prevented a colour
change from blue to pink.

Resistant strains: clinically isolated M. tuberculosis 234/2005, M. tuberculosis 9449/2007, M. tuberculosis 7357/1998,
M. tuberculosis 8666/2010, M. tuberculosis Praha 1, M. tuberculosis Praha 4 and M. tuberculosis Praha 131. Microplate dilution
method. Tested compounds were dissolved in DMSO, diluted with Sula’s semisynthetic medium (Trios, Prague, Czech Republic) to
final concentrations from 1 to 1000 pM. INH was used as a standard in a sterile water solution at a concentration range from 0.5 to
250 uM. Suspensions of the mycobacterial strains were adjusted to density of 1.0 on McFarland standard. MIC was determined as
the lowest concentration which inhibited the visual growth after incubation at 37 °C for 14/21 days.

Examples of correlation between antimycobacterial activity (selected strains) and lipophilicity log k& are presented in Fig. 4 (for

compounds 1a-e) and Fig. 5 (for compounds 2a-e). A similar type of correlation was observed of all tested strains — activity
culminates in compounds with hexyl- to octylamino substitution (labelled c-e).
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Fig. 4. Correlation between antimycobacterial activity and lipophilicity (Log k) for compounds 1a-e. A: Multidrug-resistant
strain of Mycobacterium tuberculosis 234/2005; B: Multidrug-resistant strain of Mycobacterium tuberculosis 8666/2010.
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Fig. 5. Correlation between antimycobacterial activity and lipophilicity (Log k) for compounds 2a-e. A: Multidrug-resistant
strain of Mycobacterium tuberculosis 9449/2007; B: Multidrug-resistant strain of Mycobacterium tuberculosis Praha 1.

In vitro antibacterial evaluation

Microdilution broth method.® The organisms examined included strains from Czech Collection of Microorganisms (Brno, Czech
Republic): Staphylococcus aureus CCM 4516/08, Escherichia coli CCM 4517, Pseudomonas aeruginosa CCM 1961. These strains
are recommended as standards for testing of antibacterial activities. Other strains were clinical isolates (Department of Clinical
Microbiology, University Hospital and Faculty of Medicine in Hradec Kralové, Charles University in Prague, Czech Republic):



Staphylococcus aureus H 5996/08-methicilin resistant (MRSA), Staphylococcus epidermidis H 6966/08, Enterococcus sp.
J 14365/08, Klebsiella pneumoniae D 11750/08, Klebsiella pneumoniae J 14368/08-ESBL positive. All strains were subcultured on
Mueller-Hinton agar (MHA) (Difco/Becton Dickinson, Detroit, MI) at 35 °C. Bacterial inocula were prepared by suspending in
sterile 0.85% saline. The cell density of the inoculum was adjusted to yield suspension of density equivalent 0.5 McFarland scale
(1.5 x 10® viable CFU/mL). The compounds were dissolved in DMSO, and the antibacterial activity was determined in Mueller-
Hinton liquid broth (Difco/Becton Dickinson, Detroit, MI), buffered to pH 7.0. Controls consisted of medium and DMSO alone. The
final concentration of DMSO in the test medium did not exceed 1% (v/v) of the total solution composition. The minimum inhibitory
concentration (MIC), defined as 95% inhibition of bacterial growth as compared to control, was determined after 24 and 48 h of
static incubation at 35 °C.

Table 1.

Antibacterial activity of the most active derivatives, MIC values defined as
95% inhibition of bacterial growth.

MIC (uM)
No. SA MRSA SE

24h  48h 24h  48h 24h  48h
1a 625 625 >500  >500 250 >500
1b 125 >500 125 >500 125 >500
Ie 313 500 313 500 313 500
1d 500 >500 250 >500 500 >500
le 39 39 313 500 625  >500
Neomycin 195 39 39 7.81 156 156
Bacitracin 781 7381 781 313 156 313
Penicillin G | 049  0.98 625 125 125 250

SA = Staphylococcus aureus
MRSA = methicillin-resistant S. aureus
SE = 8. epidermidis

In vitro antifungal evaluation

The Department of Medical and Biological Sciences at the Faculty of Pharmacy in Hradec Kralové, Charles University in Prague,
Czech Republic, performed the antifungal susceptibility assays, which was carried out using microdilution broth method. (National
Committee for Clinical Laboratory Standards (NCCLS). Method for Antifungal Disc Diffusion Susceptibility Testing of Yeasts:
Approved Guideline M44-A; NCCLS: Wayne, PA, USA, 2004.) Compounds were dissolved in DMSO and diluted in a twofold
manner with RPMI 1640 medium with glutamine buffered to pH 7.0 (3-morpholinopropane-1-sulfonic acid). The final concentration
of DMSO in the tested medium did not exceed 2.5 % (v/v) of the total solution composition. Static incubation was performed in the
dark and humid, at 35 °C for 24 and 48 h (respectively 72 and 120 h for Trichophyton mentagrophytes). Drug-free controls were
included. Fluconazole was used as standard. Tested species: Candida albicans ATCC 44859, C. tropicalis 156, C. krusei E28,
C. glabrata 20/1, Trichosporon asahii 1188, Aspergillus fumigates 231, Lichtheimia corymbifera 272 and Trichophyton
mentagrophytes 445.

Cytotoxicity measurement

Cytotoxicity was investigated on Crandell feline kidney (CrFK) cells, human embryonic lung (HEL) fibroblasts, human cervix
epithelial (HeLa) and African green monkey kidney (Vero) cells, according to published procedures.'®!? Briefly, the cells were
seeded in 96-well plates and allowed to reach subconfluency. After addition of the test compounds at serial dilutions, the cultures
were incubated at 37°C during 4-6 days. Then, the compounds’ cytotoxicity was determined by microscopy and expressed as the
minimal cytotoxic concentration (MCC) or compound concentration producing minimal changes in cell morphology, or by
performing the formazan-based MTS cell viability assay, yielding the 50% cytotoxic concentration (CCso)''*'2,

Antiviral evaluation

Antiviral activity in cell culture was assessed by cytopathic effect (CPE) reduction assays with a broad panel of viruses'*'?. The
following viruses were examined on human embryonic lung fibroblast cells: herpes simplex virus type 1 (HSV-1); a thymidine
kinase-deficient (TK") HSV-1 KOS strain resistant to acyclovir; herpes simplex virus type 2 (HSV-2); vaccinia virus; human
adenovirus type 2; and vesicular stomatitis virus (VSV). The viruses examined on human cervix carcinoma HeLa cells were: VSV;
Coxsackie B4 virus; and respiratory syncytial virus (RSV). African Green Monkey Vero cells were used to determine the antiviral
effect on para-influenza-3 virus; reovirus-1; Sindbis virus; Coxsackie B4 virus and Punta Toro virus. Human influenza A/HINI,
A/H3N2 and B viruses were assessed on Madin-Darby canine kidney (MDCK) cells. Finally, activity against human
immunodeficiency virus (HIV) type 1 and type 2 was studied in human MT-4 lymphoblast cells. To perform the tests, the virus was
added to semiconfluent cell cultures in 96-well plates and, simultaneously, serial dilutions of the test compounds were added. The
plates were incubated until clear CPE was reached (typically 3-6 days). Microscopic scoring was then performed to determine the



antiviral activity [expressed as 50% effective concentration (ECso)]. In the case of HIV-1, HIV-2 and influenza virus, virus-induced
CPE was determined by the colorimetric formazan-based MTS cell viability assay.

Effect on mycolic acid synthesis

The strain of Mycobacterium tuberculosis H37Ra (ODsoo = 0.185) was grown in the presence of compounds 1d and 2e (5 pg/mL) or
isoniazid (5 pg/mL) at 37°C for 20 h and then [1,2-'*C] acetate (0.5 uCi/mL, specific activity 106 mCi/mmol, Amersham
Radiolabeled Chemicals) was added followed by further 24 h cultivation. The cells were harvested and excessively washed with
physiological saline solution. Mycolic acid methyl esters were prepared as described previously.'* Briefly, 1 mL of 15%
tetrabutylammonium hydroxide (Sigma-Aldrich) was added to cell pellets and the samples were saponified at 100 °C overnight.
Fatty/mycolic acids were subsequently methylated by adding 1.5 mL of dichloromethane, 150 pL of iodomethane and 1 mL of dd
H>O for 4 h at room temperature with mixing. After centrifugation, the upper layer was discarded and the lower organic phase was
washed twice with dd H>O, dried under nitrogen and extracted by 2 mL of diethyl ether. After bath sonication and centrifugation at
1 000 x g diethyl ether extract was transferred to a new glass tube, dried under nitrogen and dissolved in 200 uL of CHCI3/CH30H
(2:1, v/v). 1C labelled FAME/MAME were analyzed by TLC. For each sample 10 000 dpm were loaded on Silica Gel 60-precoated
Fas4 plates and developed in n-hexane/ethyl acetate (95:5, v/v, 3 x). The FAME/MAME were visualized by exposure of TLC plates
to Kodax Biomax MR films for 5 days at -70°C.

Docking procedure

All molecular modelling was done using Schrodinger Suite (Release 2014-2) and visualizations were prepared in Maestro 9.8
(Schrodinger, Inc.). Ligands were drawn manually in Maestro, converted to 3D and prepared as ligands using LigPrep (energy
minimization using OPLS_2005 force field, generation of possible states at pH 7.0 + 2.0, without generation of tautomers). Target
protein was downloaded from PDB databank (pdb: 2X23) and prepared using Maestro Protein Preparation Wizard with default
settings and as follows. Ionisation states of protein residues and cofactor NAD* were calculated by PROPKA with default settings
(pH = 7.0 £ 3.0). Water molecules were removed with the exception of HOH2009, HOH2112 and HOH2171, which mediate the
interaction of NAD" with protein. Grid box for docking box was centered on the co-crystallized inhibitor and had outer size of 22 A
to easily accommodate even large octylamino derivatives. The docking was performed using Glide in XP (extra precision) mode
with flexible sampling of ligands and without any constraints. Hydroxyl of Phe158 and 2°-OH of the ribose of NAD" were treated as
rotatable.

Table 2.
Best XP GScore values for compounds 1c-e, 2¢-e and 3c-e docked into the active site of mycobacterial enoyl-ACP-reductase (InhA, pdb:
2X23) in comparison with co-crystallized ligand PT70.

Compound PT70 1c 1d le 2¢ 2d 2e 3¢ 3d 3e
XP GScore -10.543 -8.752 -8.566 -9.705 -9.048 -9.208 -8.330 -3.692 -5.545 -6.175
References:

1. Servusova, B.; Eibinova, D.; Dolezal, M.; Kubicek, V.; Paterova, P.; Pesko, M.; Kralova, K. Substituted N-benzylpyrazine-2-
carboxamides: Synthesis and biological evaluation. Molecules. 2012, 17, 13183.

2. Abe, Y.; Shigeta, Y.; Uchimaru, F.; Okada, S.; Ozasayma, E. Methyl 6-methoxypyrazine-2-carboxylate. JP Patent 44012898,
1969; Chem. Abstr. 1969, 71, 112979y.

3. Matulenko, M.A.; Lee, C.H.; Jiang, M.; Frey, R.R.; Cowart, M.D.; Bayburt, E.K.; DiDomenico, S. 5-(3-Bromophenyl)-7-(6-
morpholin-4-ylpyridin-3-yl)pyrido[2,3-d]pyrimidin-4-ylamine: Structureactivity relationships of 7-substituted heteroaryl analogs
as non-nucleoside adenosine kinase inhibitors. Bioorg. Med. Chem. 2005, 13, 3705.
Clayden, J. Organic Chemistry; Oxford University Press: Oxford, UK, 2008; 276-296.

5. Erickson, A. E.; Spoerri, P. E. Syntheses in the Pyrazine Series. The preparation and properties of the pyrazyl halides. J. 4m.
Chem. Soc. 1946, 68, 400.

6.  Allen, J. R, et al. Nitrogen-heterocyclic compounds as phosphodiesterase 10 inhibitors. PCT Int. Appl, 2011, 143129.

7. Jandourek, O.; Dolezal, M.; Kunes, J.; Kubicek, V.; Paterova, P.; Pesko, M.; Buchta, V.; Kralova, K.; Zitko, J. New potentially
active pyrazinamide derivatives synthesized under microwave conditions. Molecules. 2014, 19, 9318.

8.  Franzblau, S.G.; Witzig, R.S.; McLaughlin, J.C.; Torres, P.; Madico, G.; Hernandez, A.; Degnan, M.T.; Cook, M.B.; Quenzer,
V.K.; Ferguson, R.M.; Gilman, R.H. Rapid, low-technology MIC determination with clinical Mycobacterium tuberculosis isolates
by using the microplate Alamar Blue assay. J. Clin. Microbiol. 1998, 36, 362.

9.  Jones, R.N.; Barry, A.L. Optimal dilution susceptibility testing conditions, recommendations for MIC interpretation, and quality
control guidelines for the ampicillin-sulbactam combination. J. Clin. Microbiol. 1987, 25, 1920.

10. Naesens, L.; Stephens, C.E.; Andrei, G.; Loregian, A.; De Bolle, L.; Snoeck, R.; Sowell, J.W.; De Clercq, E. Antiviral properties
of new arylsulfone derivatives with activity against human betaherpesviruses. Antiviral Res. 2006, 72, 60.



http://www.ncbi.nlm.nih.gov/pubmed?term=Naesens%20L%5BAuthor%5D&cauthor=true&cauthor_uid=16650489
http://www.ncbi.nlm.nih.gov/pubmed?term=Stephens%20CE%5BAuthor%5D&cauthor=true&cauthor_uid=16650489
http://www.ncbi.nlm.nih.gov/pubmed?term=Andrei%20G%5BAuthor%5D&cauthor=true&cauthor_uid=16650489
http://www.ncbi.nlm.nih.gov/pubmed?term=Loregian%20A%5BAuthor%5D&cauthor=true&cauthor_uid=16650489
http://www.ncbi.nlm.nih.gov/pubmed?term=De%20Bolle%20L%5BAuthor%5D&cauthor=true&cauthor_uid=16650489
http://www.ncbi.nlm.nih.gov/pubmed?term=Snoeck%20R%5BAuthor%5D&cauthor=true&cauthor_uid=16650489
http://www.ncbi.nlm.nih.gov/pubmed?term=Sowell%20JW%5BAuthor%5D&cauthor=true&cauthor_uid=16650489
http://www.ncbi.nlm.nih.gov/pubmed?term=De%20Clercq%20E%5BAuthor%5D&cauthor=true&cauthor_uid=16650489

11.

12.

Naesens, L.; Vanderlinden, E.; Roth, E.; Jeko, J.; Andrei, G.; Snoeck, R.; Pannecouque, C.; Illyes, E.; Batta, G.; Herczegh, P.;
Sztaricskai, F. Anti-influenza virus activity and structure-activity relationship of aglycoristocetin derivatives with
cyclobutenedione carrying hydrophobic chains. Antiviral Res. 2009, 82, 89.

Vanderlinden, E.; Goktas, F.; Cesur, Z.; Froeyen, M.; Reed, M. L.; Russell, C. J.; Cesur, N.; Naesens, L. Novel inhibitors of
influenza virus fusion: structure-activity relationship and interaction with the viral hemagglutinin. J. Virol. 2010, 84, 4277.
Phetsuksiri, B., A. R. Baulard, A. Cooper, D. E. Minnikin, J. D. Douglas, G. S. Besra, and P. J. Brennan. Antimycobacterial

activities of isoxyl and new derivatives through the inhibition of mycolic acid synthesis. Antimicrob. Agents Chemother. 1999, 43,
1042.



	Disertace FINAL.pdf
	1. Seznam použitých zkratek
	1.
	2. Formulace problematiky a způsob řešení
	3. Přehled současného stavu řešené problematiky
	3.1. Aktuální epidemiologická situace
	3.2. Tuberkulóza a její léčba
	3.2.1. Tuberkulóza
	3.2.2. Mycobacterium tuberculosis
	3.2.3. Terapie tuberkulózy

	3.3. Pyrazinamid
	3.3.1. Chemie pyrazinu
	3.3.2. Vlastnosti pyrazinamidu
	3.3.3. Mechanismus účinku pyrazinamidu
	3.3.4. Farmakologie pyrazinamidu
	3.3.5. Publikované deriváty PZA s antituberkulotickou aktivitou

	3.4. Mikrovlnami asistované reakce

	4. Zvolené metody řešení
	4.1. Obecné postupy
	4.2. Syntetické postupy
	4.2.1. Příprava 5-chlor-6-methylpyrazin-2,3-dikarbonitrilu
	4.2.2. Příprava 3-chlorpyrazin-2-karboxamidu
	4.2.3. Příprava N-benzyl-3-chlorpyrazin-2-karboxamidu
	4.2.4. Obecný postup aminodehalogenace

	4.3. Biologická hodnocení
	4.3.1. Antimykobakteriální hodnocení
	4.3.2. Hodnocení aktivity vůči Mycobacterium smegmatis
	4.3.3. Hodnocení antibakteriální aktivity
	4.3.4. Hodnocení antifungální aktivity
	4.3.5. Hodnocení antivirové aktivity
	4.3.6. Hodnocení herbicidní aktivity


	5. Komentář publikovaných výsledků
	5.1. Deriváty vycházející z 5-chlor-6-methylpyrazin-2,3-dikarbonitrilu
	5.1.1. 5-Chlor-6-methylpyrazin-2,3-dikarbonitril substituovaný benzylaminy (komentář k příloze č. 1)
	5.1.2. 5-Chlor-6-methylpyrazin-2,3-dikarbonitril substituovaný aromatickými fenylhydraziny (komentář k příloze č. 2)

	5.2. Deriváty vycházející z 3-chlorpyrazin-2-karboxamidu
	5.2.1. 3-Chlorpyrazin-2-karboxamid substituovaný aromatickými aminy (komentář k příloze č. 3)
	5.2.2. 3-Chlorpyrazin-2-karboxamid substituovaný benzylaminy (komentář k příloze č. 4)
	5.2.3. 3-Chlorpyrazin-2-karboxamid substituovaný aromatickými fenylhydraziny (komentář k příloze č. 2)
	5.2.4. 3-Chlorpyrazin-2-karboxamid substituovaný alifatickými a alicyklickými aminy (komentář k příloze č. 5)
	5.2.5. 3-Chlorpyrazin-2-karboxamid substituovaný benzylaminem na karboxamidové funkci a alifatickými aminy v poloze 3- pyrazinového jádra (komentář k příloze č. 6)

	5.3. Shrnutí a diskuze

	6. Závěr
	7. Abstrakt
	8. Abstract
	9. Seznam publikovaných vědeckých a odborných prací
	9.1. Články v impaktovaných časopisech a patent
	9.2. Elektronické publikace
	9.3. Přednášky
	9.4. Plakátová sdělení

	10. Seznam použité literatury
	11. Seznam příloh

	molecules-19-00651
	WO2016095877A1.pdf
	Bibliography
	Abstract
	Description
	Claims
	Search-report

	Prázdná stránka
	Prázdná stránka
	Prázdná stránka



