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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Témas aktualitate

P&c Pasaules Veselibas organizacijas datiem 2018. gada pasaulé tika registréti 9,6 miljoni
onkologisko saslim$anu izraisiti naves gadijumi un 18,1 miljoni jaunu onkologisko
saslim8anas gadijumu. Katrs piektais virietis un katra sesta sieviete dzives laika saslimst ar
vézi [1]. Eiropa, kur dzivo ~9 % no visiem pasaules iedzivotajiem, 2018. gada registréti
23,4 % no visiem onkologisko saslim$anu gadijumiem, tai skaita 20,3 % no visiem naves
gadijumiem, tapéc ir loti svarigi nepartraukti attistit un pilnveidot onkologisko slimibu
arstéSanas iespéjas [1].

Misdienas ir zinami vairak neka 300 dazadi enzimi, kuriem cinks ir nozimigs kofaktors.
Sie enzimi organisma veic biologiski nozimigas funkcijas, to darbiba ir tieSi saistita ar
epigenétiskas kontroles mehanismiem S$tnas, kuru reguléSanas traucjumi ir viens no
galvenajiem véza rasanas c€loniem [2].

Pedgja desmitgadé pastiprinata uzmaniba pieversta cinku saturoSiem metalloenzimiem —
oglskabes anhidrazém (CA, EC 4.2.1.1), kas organisma katalizé apgriezenisku oglekla
dioksida hidrataciju.

C02 + HzO B HCO37 + H+

Tiek uzskatits, ka no Sobrid zinamajam 15 cilvéka a-oglskabes anhidrazu izoformam,
CA IX un CA XII tiek paaugstinati ekspres€tas hipoksijai paklautajas véza $iinas, nodrosinot
optimalu pH to izdzivoSanai un attistibai. Lai apturétu véza Stnu attistibu un izvairitos no
nevélamam blakném, janodrosina selektiva CA IX un CA XII izoformu inhib&Sana.

Literattira [3] zinams, ka kumarina 1 atvasinajumiem piemit selektiva CA IX un CA XII
inhib&Sanas spgja. Misu grupa tika sintezeti sulfokumarina 2 atvasinajumi, kas izradijas
selektivi CA IX un CA XII inhibitori [4]. Balstoties uz $§im zinasanam, tika sintezeti
benzoksatiepina-2,2-dioksida 3 atvasinajumi, kas ir sulfokumarina atvasinajumi ar paplasinatu

ciklu.
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Promocijas darba merkis

Izveidot jaunus, efektivus un selektivus CA IX un CA XII inhibitorus, no kuriem nakotng,
iesp&jams, varétu tikt izstradats jaunas paaudzes pretveéza lidzeklis.



Promocijas darba uzdevumi

1. lzstradat 3H-1,2-benzoksatiepina-2,2-dioksida 3 atvasinajumu iegtiSanas metodes.
2. legut 3H-1,2-benzoksatiepina-2,2-dioksida 7-triazolil- 4 un 7-acilaminoatvasinajumus 5.
N=N
R&/]{Im R\H/E\m
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4 5

3. legait 6-, 7-, 8- un 9-aizvietotus 3H-1,2-benzoksatiepina-2,2-dioksida
arilatvasinajumus 6-9.
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4. legiit 1-imidazolidin-2,4-diona atvasinajumus 10.
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5. lzvertet sintez€to savienojumu CA inhib&Sanas aktivitates.

Zinatniska novitate un galvenie rezultati

Ir atrasta jauna, selektiva CA IX un CA XII inhibitoru klase — 3H-1,2-benzoksatiepina-
2,2-dioksidi. Sintezéta virkne 3H-1,2-benzoksatiepina-2,2-dioksida triazolil-, acilamino- un
arilatvasinajumu.

Atklajam, ka furagins, klinika lietots antibakterialais lidzeklis, ir selektivs CA IX un CA
XII inhibitors. Attistot So virzienu, tika sintezéta virkne imidazolidin-2,4-diona atvasinajumu.
Visiem promocijas darba iegiitajiem produktiem noteikta cilveka CA (I, Il, 1X un XII)
izoformu inhib&Sanas aktivitate.

Darba struktira un apjoms
Promocijas darbs sagatavots ka tematiski vienota zinatnisko publikaciju kopa par
oglskabes anhidrazes inhibitoru sintézi.
Darba aprobacija un publikacijas

Promocijas darba rezultati izklastiti piecas zinatniskajas publikacijas, publikaciju kopgja
ietekmes faktoru summa — 16,9. Darba rezultati prezentéti seSas konferences.
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PROMOCIJAS DARBA GALVENIE REZULTATI

Lai labak izprastu promocijas darba paveikto, sakotngji jaapliko mérkenzimu oglskabes
anhidrazes (CA). Oglskabes anhidrazes ir metalloenzimi, kas katalizé apgriezenisku oglekla
dioksida hidrataciju. Oglskabes anhidrazes tika atklatas 1933. gada, kops ta laika tas ir plasi
pétitas. Musdienas oglskabes anhidrazes iedala astonas dazadas klasés: a, B, v, 6, §, 1, 6 un
t [5], [6]. a-CA ir visplasak pétita klase, jo §is klases oglskabes anhidrazes sastopamas
ziditajos. B-CA sastopamas augstakajos augos un dazos prokariotos. y-CA sastopamas
arhebakterijas (Archea) un cianobaktérijas. d- un §-CA sastopamas tikai alges, savukart n-
CA — tikai vien$iinos [7]. a-, B- un 6-CA aktivaja centra satur Zn(II) jonus, y-CA satur
Fe(Il) jonus, &-CA satur Co(ll) jonus un -CA satur Mn(Il) jonus [5, 6]. Daudzos
organismos CA piedalas vitali svarigu fiziologisko procesu norisé, kas saistiti ar pH
reguléSanu un CO, homeostazes nodrosinasanu [7].

Cilvekos ir zinamas 15 a-CA izoformas. CA 1, 11, III, VII un XIII atrodas citosola, CA 1V,
IX, XII un XIV ir piesaistitas membranai, CA VA un VB atrodas mitohondrija, savukart CA
VI atrodas siekalas un mates piena [8], [9]. Jaatzimé, ka visam a-CA izoformam, iznemot CA
VB, ir zinama 3D struktiira. Neatkarigi no dazada novietojuma $tina visas a-CA izoformas ir
strukturali [idzigas, tas ir monoméras, iznemot CA IX, CA XIl un CA VI — tas ir diméras [8].

a-CA aktivais centrs ir novietots konusveida dobuma, kas ir aptuveni 12 A plats un 13 A
dzils. Cinka jons ir novietots dobuma apaksa, tas ir saistits ar ligandiem — 3 histidina
atlikumiem (His119, His94 un His 96), tidens molekulu / hidroksidjonu (1. att.) [7], [8].

Leul98

Vall21

1. att. CAII aktiva centra strukttra [8].

Zn** jons ar uUdenraza saitém ir saistits ar treonina (Thr199) hidroksilgupu un divam
pret&ji novietotam tidens molekulam. Udens molekulu, kas novietota hidrofobaja dala, sauc
par “dzilo tideni” (“deep water”), to ieskauj Val121, Val143, Leul98 un Trp207. Otra tdens
molekula novietota hidrofilaja dala, aktiva centra ieeja, un to ieskauj Asn62, His64 un Asn67.



Hidrofobais un hidrofilais apgabals skaidrojams ar substrata (CO,) un ta hidratacijas
produktu (H" un HCO3") dazado kimisko dabu [8]. Makkenna (McKenna) ar lidzstradniekiem
paradija, ka CO; molekula saistas enzima hidrofobaja dala, savukart hidratacijas produkti —
enzima hidrofilaja dala [10].

Jaatzime, ka visam lidz Sim kristaliz€tajam cilvéka CA izoformam cinka jons ir saistits
ar tr1s histidina atlikumiem (His119, His94 un His 96) un tam visam ir novérota hidrofoba
un hidrofila dala [7]. Balstoties uz $im zinasanam par mé&rkenzimu, tiek konstruéti un
izstradati inhibitori.

Misdienas ir zinami vairaki a-CA inhibicijas mehanismi. Sulfonamidi (RSO;NH)),
sulfamati (ROSO,NH>), sulfamidi (RNHSO,NH,), karboksilati (RCO,"), ureati un fosfonati
(R’PO(OR),) saistas ar enzima aktivaja centra esoSo cinka jonu un veido papildu H-saites ar
Thr199. Fenoli un poliamidi koordingjas ar tidens molekulu / hidroksidjonu, kas saistits pie
cinka. Kumarini un to izostéri nosedz ieeju aktivaja centra, tadeéjadi CA aktivatori nevar
piesaistities pie enzima [11], [12].

3H-1,2-Benzoksatiepina-2,2-dioksids ir uzskatams par sultonu. Termins “sultoni” pirmo
reizi tika lietots 1888. gada. Miusdienas sultoni tiek plasi izmantoti medicinas kimija ka
enzimu inhibitori, tiem piemit pretvirusu iedarbiba. Labakas sultonu iegiiSanas metodes ir
parejas metalu katalize, ciklopievienoSanas reakcijas un Diels—Alder tipa reakcijas [13].

Promocijas darba izstrades laika tika apkopota un velak ar1 publicéta jaunaka
informacija par parejas metalu katalize€tam sultonu sintézes metodém. Sultonus iesp&jams
iegiit palladija, rodija, vara, zelta un ruténija kataliz€tas reakcijas, tuvak tiks aplitkotas dazas
no §Tm metodém.

Doucets (Doucet) un lidzstradnieki publicgja palladija katalizétu sultonu 11 sintézes
metodi (2. att.), ka izejvielu izmantojot 2-brombenzosulfonskabes fenilesteri 12 [14].

=

Br X
©i o PA(OAC), (1 mol%) o R
e \ e
7% \© DMAc, AcOK 5%
A 150 °C, 16 st. 0

12 R 11
R = H, alkil, Bn, OMe, Cl, F, NMe, 13 pieméri
62-96% iznakums

2. att. Palladija kataliz&ta sultonu 11 sintéze.

Jaatzime, ka reakcija ir atkariga no aizvietotdja R dabas. Izmantojot elektrondonorus
aizvietotajus, reakcijas produku iznakums palielinas, savukart, izmantojot elektronakceptorus
aizvietotajus (NO,, CO,Bu, CFs3), attiecigie sultoni neveidojas. Visos gadijumos sultoni 11
tika iegti ar augstu regioselektivitati.

Li (Li) un lidzstradnieki izstradaja efektivu Rh(III) kataliz&tu sultonu 13 sintézes metodi
no arilsulfonskabém 14 un alkiniem (3. att.) [15].



RI%RZ

WL Kat. (2 mol%)
% S\OH AgSbFg, AgOAc
R | Dioksans, 100°C, 16st. R
14 13 R,
R =H, Me, OMe, CI, NO, .
21 piemeérs -

R = Ph, aril-, alkil-, heteroaril-
R, = Ph, aril-, alkil-, heteroaril-

49-92% iznakums

3. att. Rodija kataliz€ta sultonu 13 sinteze.

Saja metodé iesp&ams izmantot alkinus gan ar elektrondonoriem, gan ar
elektronakceptoriem aizvietotajiem. Jaatzime, ka, izmantojot alkinu ar elektrondonoriem
aizvietotajiem, reakcijas produkta iznakums ir augstaks. Izmantojot nesimetriskus alkinus,
attiecigie sultoni tika iegiti ar loti labu regioselektivitati.

Mondals (Mondal) un lidzstradnieki publicgja efektivu sultonu 15 sintézes metodi no
attiecigajiem diolefiniem 16, tos ciklizgjot (4. att.) [16]. Diolefini 16 tika cikliz&ti, izmantojot
ruténija katalizétu olefinu cikla saslégSsanas metatézes reakciju. Jaatzimé, ka, izmantojot
Grabsa (Grubbs) pirmas paaudzes ruténija katalizatoru, sultoni 15 neveidojas. Izmantojot
Grabsa otras paaudzes ruténija katalizatoru, sultoni 15 tika iegiiti ar labiem iznakumiem.

‘ O\/C/) Kat.
% M\
J Kat. 3mol%) O \\ | Mes™ N~ N"Mes
@ Osg- PhMe, 80 °C !
0 o 12-24 st. @ or b ph
PCY3
16 15
7 piemeri
70-80%

4. att. Ruténija kataliz&ta sultonu 15 sintéze.

Izanalizgjot literatiira pieejamo informaciju, benzoksatiepina-2,2-dioksida 3 atvasinajumus
nolémam iegiit ruténija katalizéta olefinu cikla saslégSanas metatézes reakcija. Izmantojot cikla
saslegSanas metatézes reakciju, iesp&ams iegiit sultonus ar elektrondonoriem un
elektronakceptoriem aizvietotajiem. Reakcijas produktu iznakumi parasti ir augsti.

1. 3 H-1,2-Benzoksatiepina-2,2-dioksida atvasinajumu sintéze

Pétijuma sakuma tika izstradata sintézes metode. Sintézi sakam no 5-aizvietota 2-
hidroksibenzaldehida 17, tam veicot Vitiga reakciju, ieguvam olefinus 18 (5. att.). Olefinus 18
apstradajam ar sulfonilhloridu 19, iegiistot diolefinus 20 ar pienemamiem iznakumiem (56—
67 %). Sulfonilhlorids 19 ir komerciali pieejams, tacu dargs reagents. To veiksmigi ieguvam,
Na,SOj3 varot ar alilbromidu, pec tam iegiito natrija sali apstradajam ar POCls. Jaatzime, ka
sulfonilhlorids 19 gaisa nav stabils, tapec to ieguvam lielaka daudzuma, lai attiriSanu veiktu
vakuumdestilacijas cela. Izmantojot nedestilétu sulfonilhloridu 19, reakcijas produktu
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iznakums biitiski samazinas. Ka galvena stadija benzoksatiepina-2,2-dioksida iegiisana tika
izveleta diolefina 20 ciklizacija, izmantojot olefinu cikla saslégSanas metatézes reakciju.
Ciklizaciju veiksmigi veicam, izmantojot komerciali pieejamo Grabsa otras paaudzes
katalizatora atvasinagjumu 21. Veiksmigi ieguvam attiecigos 7-aizvietotus 3H-1,2-
benzoksatiepina-2,2-dioksidus 3 ar augstiem iznakumiem (84-96 %).

|O KOtBu SOZCI P(‘ .-
X CH3P(C6H5)3Br X
THF, 24 st. NEt;, CH2C12 4 st. / PhMe _S0O
OH OH / \\ (6] 2

ist. temp. 0°C — ist. temp. 4 st., 70 °C
17 3
~a) H (70%) X= a) H (56%) —a) H (87%)
b) Br (59%) b) Br (67%) b) Br (84%)
¢) NO, (65%) ¢) NO, (57%) ¢) NO, (96%)

5. att. Benzoksatiepina-2,2-dioksida atvasinajumu 3a—3cC iegiiSana.

Darba gaita veiksmigi izdevas iegit 7-nitro-3H-1,2-benzoksatiepina-2,2-dioksida 3c
monokristalu, kas bija pietickami kvalitativs struktiiras noteik$anai, izmantojot monokristala
rentgendifraktometriju. Latvijas Organiskas sintézes institata Fizikali organiskas kimijas
laboratorija tika iegiita rentgendifrakcijas aina, kas ir neapsaubams savienojuma 3c struktiiras
pieradijums (6. att.).

6. att. 7-Nitro-3H-1,2-benzoksatiepina-2,2-dioksida 3c rentgenstruktiira.

Jaatzime, ka musdienas ir zinami daudzi un dazadi cikla saslégSsanas metatézes reakcijas
katalizatori. Galvenokart izmanto ruténija un molibdéna katalizatorus. Pagajusa gadsimta
90. gados tika izstradati un komercializ&ti pirmas paaudzes katalizatori. Zinamakie no tiem ir
Grabsa pirmas paaudzes katalizators 22 un Sroka (Schrock) katalizators 23 (7. att.). Diemzél
pirmas paaudzes katalizatoriem nepiemit augsta funkcionalo grupu tolerance un selektivitate,
tie ir gaisa un mitruma jutigi [17]. 1999. gada augusta Grabs public&ja rakstu, kura ir apskatiti
jauni, efektivaki olefinu cikla saslégSanas metatézes ruténija katalizatori [18]. Masdienas tos
pazist ka Grabsa otras paaudzes katalizatorus. Otras paaudzes ruténija katalizatori ir
efektivaki, tiem piemit paaugstinata termiska stabilitate, katalitiska aktivitate, gaisa un
mitrumizturiba. Tas tika panakts, tricikloheksilfosfina ligandu aizstajot ar N-heterociklisku
karbéna ligandu [17], [19]. Zinamakais no Siem katalizatoriem ir Grabsa otras paaudzes
katalizators 24 (7. att.). Attistot molibdena katalizatorus, izstradaja Sroka—Hoveidas
(Schrock—Hoveyda) katalizatoru 25 (7. att.), kam piemit augstaka funkcionalo grupu tolerance
un selektivitate neka Sroka katalizatoram 23. Tiek uzskatits, ka molibdéna katalizatori tolerg
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aminus un fosfinus, bet netoleré substratus ar karboksil-, hidroksi-, un aldehidgrupam.
Savukart ruténija katalizatori netoleré aminus un fosfinus, bet toleré substratus ar karboksil-,
hidroksi-, un aldehidgrupam [17].

Otras paaudzes ruténija katalizatori ir termiski stabili, ar labu funkcionalo grupu toleranci,
gaisa un mitrumizturibu, tapéc nolémam izmantot komerciali pieejamo otras paaudzes
katalizatora atvasinajumu 21.

tBu iPr
CF
PCy; FCj \Q T
\ N

Ru / Ru _\ /

%O (0) Ph
3C PCY3

22 23 24

tBu

7. att. Olefinu metat€zes reakcijas katalizatoru piemeri.

1.1. 3H-1,2-Benzoksatiepina-2,2-dioksida 1,2,3-triazolilatvasinajumu sintéze

Lai labak izprastu struktiras—aktivitates likumsakaribas, nolémam sintezét 1,4-
diaizvietotus benzoksatiepina-2,2-dioksida 1,2,3-triazolilatvasinajumus 4. Mihaels (Michael)
1893. gada publicgja pirmo 1,2,3-triazolu sintézi no dietilacetiléendikarboksilata un fenilazida
[20]. Neskatoties uz to, 1,2,3-triazolu sintézi vairak saista ar Huisgéna (Huisgen) vardu. 20.
gadsimta 60. gados vin$ stradaja pie 1,3-dipolarajam ciklopievienoSanas reakcijam, tai skaita
1,2,3-triazolu sintézes. Nodarbojas ar reakcijas mehanisma un kingtikas pétjjumiem [21].
Kops ta laika zinams, ka azidu 26 reakcijas ar alkiniem 27 paaugstinata temperatiira veidojas
regioizoméru — 1,4- 28 un 1,5-diaizvietotu 29 1,2,3-triazolu maisijums (8. att.).

1— N3 —R, RI/N\/\RZ RI/N\%
26 27 28 29 R,

8. att. 1,2,3-Triazolilatvasinajumu veidosanas.

Misdienas ir izstradatas metodes selektivai 1,4- vai 1,5-diazvietotu 1,2,3-
triazolilatvasinajumu sintézei. 2002. gada Mendals (Mendal) un lidzstradnieki [22] un
Sarpless (Sharpless) un Iidzstradnieki [23] neatkarigi viens no otra publicgja rakstus, kur
aprakstita Cu(I) kataliz&ta azida-alkina ciklopievienoSanas, selektivi veidojot 1,4-diaizvietotus
1,2,3-triazolilatvasinajumus. Jaatzimé, ka Sarplesa izstradataja protokola [23] tika izmantots
CuSQq, ko in situ reducgja ar natrija askorbatu, veidojot Cu(l) nevis Cu(0). Selektivu 1,5-
diaizvietotu 1,2,3-triazolilatvasinajumu veidoSanos iesp&jams panakt, izmantojot dazadus
ruténija katalizatorus [21], [24].

Turpinot darbu, nitroatvasinajumu 3¢ veiksmigi reducgjam ar Fe(0), ar labu iznakumu
leglistot aminoatvasinajumu 30 (9. att.). No aminoatvasinajuma 30 ar pienemamu iznakumu
(69 %) pagatavoja azidoatvasinajumu 31 (9. att.), ko talak izmantoja ka izejvielu 1,4-
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diaizvietotu 1,2,3-triazolilatvasinajumu sintéz&. Apstradajot aminoatvasinajumu 30 ar NaNO,
skaba vide, in situ veidojas diazonija sals, kuram reaggjot ar NaNs, veidojas azids 31.
Jaatzimé, ka no NaNj; skaba vidé veidojas HN3 (Slapekludenrazskabe), kas ir viegli gaistoss,
toksisks savienojums. Tapéc reakcija javeic 0 °C temperatiira.

Fe, AcOH 1. NaNO,/H,0
NO ’ NH 22 N
Zm EtOH, H,0 2m 2. NaNy/H,0 3m
—_— P
70 °C, 1st. TFA, 0 °C
0-S0, s 0-S0, i 0-50,
3¢ 30 ' 31
98% 69%

9. att. Benzoksatiepina-2,2-dioksida azidoatvasinajuma 31 iegiiSana.

Selektivai 1,4-diaizvietotu 1,2,3-triazolilatvasinajumu 4 iegiiSanai izvél&jamies izmantot
Cu(l) katalizétu reakciju starp azidu 31 un dazadiem alkiniem (10. att.). Cu(I) ieguvam no
CuSOy, to in situ reducgjot ar natrija askorbatu, lidzigi ka Sarplesa raksta [23]. Ka $kidinataju
lietojam t-BuOH/H,0O maisTjumu attieciba 1 : 1. Ar labiem iznakumiem tika iegita rinda 1,4-
diaizvietotu 1,2,3-triazolilatvasinajumu 4a-4j (1. tabula). Jaatzimg, ka tika izmantota
etikskabes piedeva. Ir pieradits, ka vajas organiskas skabes (etikskabe, benzoskabe) atvieglo
vara eliminéSanos péc 1,3-dipolaras ciklopievienosanas, tadéjadi paaugstinot reakcijas
atrumu [25].

—R

N; = CuSO,- 5SH,0 N=N
NaAsc, AcOH R/Q\/N =
0-S02 - BuOH/H,O (1:1)

31 ist. temp., 1st. 4 0—350;

10. att. 1,4-Diaizvietotu 1,2,3-triazolu 4a—4j sintéze.

1. tabula
Benzoksatiepina-2,2-dioksida 1,2,3-triazolilatvasinajumus 4 sint€ze, CA inhib&Sanas rezultati
. Ky*, uM
N.p. k R 4, iznakums, %
hCAl | hCA Il | hCAIX [ hCA XII
1. CsHs 4a, 95 >50 >50 1,71 >50
2. 4-CICgH, 4b, 74 >50 >50 3,59 >50
3. 3-OMeC¢H, 4c, 51 >50 >50 2,56 >50
4, 4-FCg¢H,4 4d, 66 >50 >50 1,75 >50
5. 4-OCF3CgH,4 4e, 83 >50 577 0,34 1,72
6. 3-FCgH, af, 74 >50 >50 1,15 >50
7. 2-NH,C¢H, 49, 57 >50 >50 0,46 2,32
8. CH,0OH 4i, 81 >50 >50 0,87 >50
9. 4-CF3C¢H, 4j, 85 >50 >50 0,43 >50
10. AAZ* - 0,25 0,012 0,025 0,006

*10. rinda paradita acetazolamida (AAZ) dazadu CA izoformu inhib&Sanas spéja.
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Promocijas darba sintezétajiem savienojumiem Florences Universitaté profesora C. T.
Supurana (Supuran) grupa tika noteiktas cilvéka oglskabes anhidrazu (CA I, CA II, CA IX un
CA XIl) inhib&sanas aktivitates. Visos gadijumos ka salidzinasanas standarts izmantots 5-
acetamido-1,3,4-tiadiazol-2-sulfonamids (acetazolamids, AAZ), kas ir izoformu neselektivs
inhibitors. Jaatzime, ka citosolisko CA izoformu CA I un CA II inhib&S$ana ir nevélama, jo tas
ir plasi sastopamas cilvéka organisma (nemérkenzimi). Savukart uz §tinu membranas virsmas
saistitas CA izoformas CA IX un CA XII ir mérkenzimi, jo audz€u Sinas tas tiek
pastiprinati ekspresétas.

Ka redzams 1. tabula, neviens no triazolilatvasinajumiem neinhibé citosoliskas CA I un
CA 11, iznemot savienojumu 4e, kam piemit vaja CA Il inhibitora aktivitate (K, =5,77 uM)
(5. rinda). Triazolilatvasinajumi 4a—4j inhibé CA IX, inhibitora aktivitate ir 0,43-3,59 uM,
kas ir vajaka par acetazolamida CA IX inhib&Sanas aktivitati. Vislabakos rezultatus uzradija
triazolilatvasinajumi 4e, 4g—4j. Savienojums 4i satur hidroksimetilgrupu triazolilgredzena, ta
CA IX inhib&sanas konstante ir K; = 0,87 uM (8. rinda). Arilgrupu saturo$ajiem triazoliem 4e,
49 un 4j, kas satur 4-trifluormetoksi-, 2-amino- un 4-trifluoraizvietotajus fenilgredzena K ir
0,34 uM; 0,46 uM un 0,43 uM attiecigi (5., 7. un 9. rinda).

Septini no deviniem triazolilatvasinajumiem neinhibé CA XII, K;>50 uM (1.-4. rinda,
6. rinda un 8.-9. rinda). Atlikusie divi savienojumi 4e un 4q ir vaji CA XIlI inhibitori —
Ki=1,72 uM un 2,32 uM. No biologiskajiem rezultatiem izriet, ka 1,4-diazvietotie 1,2,3-
triazolilatvasinajumi 4a—4j ir selektivi CA IX inhibitori.

1.2. 3H-1,2-Benzoksatiepina-2,2-dioksida 7-acilaminoatvasinajumu sintéze

Lai paplasinatu savienojumu klastu biologisko aktivitasu pétijumiem, tika nolemts iegiit
benzoksatiepina-2,2-dioksida 7-acilaminoatvasinajumus 5. Tos sekmigi ieguva no
aminoatvasinajuma 30 reakcijas ar dazadiem acilhloridiem (11. att., 2. tab.).

0]

H
Hsz R)J\Cl R\”/Nm
/802 NEt3, CHzclz, 4 st. 0 /SOZ

0o . 0]
0 °C—ist. temp.
30 5a-5k

11. att. Benzoksatiepina-2,2-dioksida 7-acilaminoatvasinajumu 5 sinteze.

Neviens no produktiem 5a-5g neinhibé citosoliskas CA I un CA II (K;> 100 000 nM).
Savukart visi produkti 5a-5g inhibeé meérkenzimus CA IX un CA XIl nanomolaras
koncentracijas. Produkts 5i uzrada lielisku gan CA 1X, gan ari CA XII inhib&sanas sp&ju —
K;=19,7nM un 8,7 nM (8. rinda). Tas ir aktivaks CA IX inhibitors neka medicina lietotais
acetazolamids, kam CA 1X K, = 25 nM. Produktiem 5a-5¢g un 5j-5k piemit vajaka biologiska
aktivitate uz CA IX un CA XII neka acetazolamidam (K; = 25 nM un 5,7 nM), to inhib&Sanas
konstantes ir 45,4-353,3 nM un 40,3-643,7 nM attiecigi (1.-7., 9., 10. rinda).
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2. tabula

Benzoksatiepina-2,2-dioksida 7-acilaminoatvasinajumu 5 sint€ze, CA inhib&Sanas rezultati

N. p. k R 5, iznakums, % Al
hCA | hCAIl | hCAIX | hCA XII

1, CHs 5a, 70 >100000 | >100000 | 61,8 162,5
2. CoHs 5b, 72 >100000 | >100000 | 2086 | 370,1
3. | 4-CHiCeH, 5¢, 73 >100000 | >100000 | 83 309,3
4. 4-BrCqH, 5d, 59 >100000 | >100000 | 3533 140,7
5 2-1CsH. 5e, 88 >100000 | >100000 | 45,4 643,7
6. 2-BrCeH, 5f, 82 >100000 | >100000 | 66,8 96,2
7. 2-FCH, 5g, 79 >100000 | >100000 | 74,6 40,3
8. 2-CF4CeHa 5i, 87 >100000 | >100000 | 19,7 8,7

9. 2-tienil 5§, 81 >100000 | >100000 | 177,5 73,2
10. 2-furil 5k, 81 >100000 | >100000 | 210,1 134,4
11. *AAZ - 250 12 25 5,7

*10. rinda paradtta acetazolamida (AAZ) dazadu CA izoformu inhib&Sanas spgja.

Produkts 5d, kas satur 4-bromfenilgrupu, ir mazak aktivs CA IX inhibitors (CA IX
Ki=353,3nM, 4. rinda) neka savienojums 5f, kas satur 2-bromfenilgrupu (CA IX
Ki=66,8nM, 6. rinda). Iesp&jams, fenilkarboksiamidatvasinajumi, kas satur aizvietotaju
fenilgrupas otraja pozicija, ir aktivaki neka savienojumi, kas satur aizvietotaju fenilgrupas
4. pozicija. Ja neaizvietotu fenilgrupu (savienojums 5b, 2. rinda) aizvieto ar metilgupu
(savienojums 5a, 1. rinda), CA IX inhibitora aktivitate palielinas. Savukart, ja neaizvietotu
fenilgrupu (savienojums 5b, 2. rinda) aizvieto ar piecloceklu heterociklu (5j un 5g), CA IX
inhibitora aktivitate biitiski nemainas — K; vértibas 117,5 nM un 210,1 nM attiecigi (9. un
10. rinda).

1.3. 3H-1,2-Benzoksatiepina-2,2-dioksida arilatvasinajumu sinteze

Lai giitu prieksstatu par struktiiras-aktivitates likumsakaribam un paplaSinatu savienojumu
klastu, tika nolemts sintez&t benzoksatiepina-2,2-dioksida arilatvasinajumus 6-9 (12. att.).

Ar
@fj Arm m —
O’SOZ 0/802 Ar O/SOZ (;(O?SOZ
6 8 9

7 Ar

12. att. Benzoksatiepina-2,2-dioksida arilatvasinajumu 6-9 vispargjas struktarformulas.
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Arilatvasinajumus izvél&jamies iegiit Pd katalizétas Suzuki-Mijauras Skérssametinasanas
reakcijas cela attiecigo halogénatvasinajumu reakcijas ar arilborskabém.

Suzuki—Mijauras $k&rssametinasanas reakcija galvenokart tiek izmantoti palladija un
nikela katalizatori. Palladija katalizatoru gadijuma reaggtsp&jigakie ir ariljodidi, kam seko
triflati un bromidi. Izmantojot arilhloridus, reakcijas produktu iznakums biitiski samazinas.
Tas skaidrojams ar oksidéjosas pievienoSas (pirmas katalitiska cikla stadijas) atruma
palélinaSanos [26]. Visbiezak izmantotic palladija Kkatalizatori ~Suzuki—Mijauras
SkérssametinaSanas reakcija ir palladija katalizatori ar fosfina ligandiem: Pd(PPhs)g,
Pd(dppf)Cl,, Pd(PPh3),Cl,, jo tie ir termiski izturigi un komerciali pieejami [26], [27].

Nikela katalizatoru attistiba ir veicindjusi mazak reagétsp&jigu elektrofilu, pieméram,
arilhloridu, fluoridu, esteru, nitrilu un arilamidu, izmantoSanu Suzuki—Mijauras
Skeérssametinasanas reakcija [28]. Tomér, neskatoties uz $im priekssrocibam, praksé vairak
izmanto tie$i palladija katalizi. Parasti nikela katalizétas Suzuki—Mijauras SkérssametinaSanas
reakcijas nepiecieSams liels katalizatora iesvars (3—10 mol %), un tas ir jutigas pret reakcijas
apstakliem. Loti svariga ir bazes un Skidinataja izvéle. Lielakoties izmanto THF, dioksanu vai
toluolu apvienojuma ar slikti $kistoSu neorganisko bazi, pieméram, K3PO,4 vai K,COj3 [28].
Hidroksidu [29], ka arT Gidens izmanto$ana [30] deaktivé nikela katalizatorus, un reakcijas
produktu iznakums samazinas.

Turpreti palladija katalizéta Suzuki—Mijauras Skérssametinasanas reakcija izmanto gan
organiskas, gan neorganiskas bazes, pieméram, Na/K3PO,4, Na/Cs/K,CO3, No/KOH, Na/KOt-
Bu, NaOEt, NaOMe. Svarigi atzimét, ka reakcija nenorisinas bez bazes klatbiitnes. Ka
Skidinataju parasti izmanto organisko $§kidinataju maisijuma ar tdeni. Visbiezak lietotie
organiskie $kidinataji ir dioksans, THF, DMF un toluols [31].

Skérssametinasanas reakcijas attistibu liela méra ir sekm&jusi organobora atvasinajumu
vaja nukleofila daba un stabilitate. Tie ir komerciali pieejami, ka ar1 ir izstradatas vairakas
metodes to iegidanai. Skérssametinasanu iespéjams veikt ar labu kimisko, regio- un
stereoselektivitati.

Merksavienojumu 6-9 sintézi sakam ar izejvielu iegiiSanu. Palladija katalizéta Suzuki—
Mijauras $kérssametinasanas reakcija jodidi reageé aktivak neka bromidi, tapéc nolémam iegiit
7-jodatvasinajumu 32. Jaatzimg, ka jodsalicilaldehids 33, lai arT komerciali pieejams, tomé&r ir
dargs reagents. To veiksmigi ieguva no saliciladehida 34, to apstradajot ar joda monohloridu
skaba vide. Talak jodsalicilaldehidam 33 veicaVitiga reakciju, iegiistot olefinu 35, ko
veiksmigi sulfonilgjaar sulfonilhloridu 19, iegiistot diolefinu 36. Diolefinu ciklizgja
izmantojot ruténija katalizatoru 21, ar labu reakcijas produktu iznakumu iegistot 7-
jodatvasinajumu 32 (13.att.).
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0] o) KOtBu

! ICl I ' CH,P(C¢Hs)sBr I 19
= .
AcOH, 24 st. THF, 18 st. NEt;, CH,Cl, 4 st.
OH 40 °C OH ist. temp. OH 0°C — ist. temp.
34 33 35
84% 83%
Cﬁ )
B
PhMe
O/SOZ
// \\ 4 st., 70 °C
36 32
83% 89%

13.att. 7-Jod-3H-1,2-benzoksatiepina-2,2-dioksida (32) sintéze.

3-, 4- un 6-bromsalicilaldehidi ir komerciali pieejami, un nav &rtas sintézes metodes
attiecigo jodsalicilaldehidu iegiiSanai, tapéc nolémam sintez€t bromatvasinajumus 37-39
(14.-16. att.).

0
| KOtBu ) _
CH3P(CgHs);Br _ 19.NEt; /) 21 (5 mol%) m
" THE, 185t CH2C12,4st PhMe, 4st. _so,

Br OH s temp. 0°C — ist. temp. ’/ \\ 70 °C 0
40 41 42 37
76% 54% 90%

14. att. 8-Brom-3H-1,2-benzoksatiepina-2,2-dioksida (37) sinteze.

KOtBu
l CH P(C6H5)3Br 19, NEt3 21 (5 mol%)
B — e
THF, 18 st. CH,Cl,, 4 st. / PhMe, 4 st.
OH ist. temp. 0°C — ist. temp. // \\ 70°C
Br r
43 44 45 38

80% 86% 78%

15. att. 9-Brom-3H-1,2-benzoksatiepina-2,2-dioksida (38) sinteze.

Br KOtBu, Br
CH P(Cs 5)3Br _ 19.NEy 21 (5 mol%) =
_—
THF 18 st. CHZCIZ, 4 st. / PhMe, 4 st.

OH ist. temp. — ist. temp. /, \\ 70 °C 0750

46 39
82% 66% 0%

—=0O

16. att. 6-Brom-3H-1,2-benzoksatiepina-2,2-dioksida (39) sintéze.
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Bromatvasinajumus 37, 38 lieguva lidzigi ka jodatvasinagjumu 32. Attiecigajam
salicilaldehidam veica Vitiga reakciju, iegiistot olefinu. Olefinu sulfonil&jaar sulfonilhloridu
19, iegustot attiecigo diolefinu, kuru veiksmigi cikliz€ja Izmantojot ieprieks izstradatos
ciklizacijas apstaklus, savienojumu 39 iegiit neizdevas. Veicanelielu reakcijas apstaklu
optimizaciju (17. att., 3. tab.).

Br ‘ Br
y kat. (10 mol%) =
/_/ PhMe, 70 °C
0-S 0—50;
77\
48 00 39

17. att. Diolefina 48 cikla saslégSanas metatézes reakcijas apstaklu optimizacija.

3. tabula
Diolefina 48 cikla saslégSanas metatézes reakcijas apstaklu optimizacijas rezultati
N. p. k. | Katalizators | Laiks, st. | Iznakums, %
1. 21 40 -
2. 23 16 -
3. 25 16 —

Izmantojot ieprieks lietoto katalizatoru 21, palielinot reakcijas laiku un divreiz palielinot
katalizatoru iesvaru, produkta veido$anos nenovéroja (1. rinda). lzvélgjamies izméginat Sroka
(Schrock) katalizatorus 23 un 25, jo tiek uzskatits, ka molibdéna katalizatori ir aktivaki par
ruténija katalizatoriem. DiemZz&l produktu 39 iegiit neizdevas, iesp&jams, tas neveidojas
sterisko traucgjumu del.

Arilatvasinagjumus 7-9 tika sekmigi sintezéti palladija katalizéta Suzuki—Mijauras
SkerssametinaSanas reakcija, ka katalizatoru izmantojot palladija tetrakis (Pd(PPhs)4) (18. att.,
4.-6. tab.). Reakcijas veiksmigai norisei bija nepiecieSama paaugstinata temperatiira un tidens
piedeva. Bez tidens piedevas reakcijas produktu iznakums butiski samazinas.

Ar-B(OH),
Pd(PPh,),
= K4PO, =
X & PhMe+H,0 Ar A
07°%2  100°C, 16 st. 07>%2
49 7-9

18. att. Optimizetie Suzuki-Mijauras sametinaSanas reakcijas apstakli.
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4. tabula

7-Aril-3H-1,2-benzoksatiepina-2,2-dioksida 7 atvasinajumu sintéze, CA inhib&Sanas rezultati

Produkta Nr., K*,nM
N. p. k. . _u Produkts '
iznakums, %
hCA IX | hCA XII
1. 7a, 56 654,8 1376
g
2. 7b, 61 O — 407,6 2934
O/S02
F
3. 7c, 44 O O — 330,8 890,5
O/SOZ
F;C
4, 7d, 66 O O — 2214 4017
0—S0;
EtO,C
5. Te, 44 O O — 620,8 2398
0/802

*CAlun CA Il K, > 100 uM. Ka standarts izmantots AAZ, ta CA IX K; =25 nM un CA XII K, =5,7 nM.

Ka redzams 4. tabula, 7-arilaizvietoti benzoksatiepina-2,2-dioksida atvasinajumi 7a—7e
iegati ar labiem (1., 2., 4. rinda) un vid&jiem (3., 5. rinda) iznakumiem. 7-Arilatvasinajumi
7a—Te neinhibg citosoliskas CA I un CA II, savukart inhibé mérkenzimus CA IX un CA XIL
Savienojumi 7a—7e spécigak inhibé CA IX (K, = 221,4-654,8 nM) neka CA XII (K, =890,5-

4017 nM).
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5. tabula

8-Aril-3H-1,2-benzoksatiepina-2,2-dioksida 8 atvasinajumu sintéze, CA inhib&sanas rezultati

Produkta Nr., Ki*,nM
N. p. k. iznakums, % Produkts
hCA IX hCA XIl
1. 8a, 44 O O 0-50, 104,8 473,2
2. 8b, 44 O O 0-S0, 63,1 168,6
e
3. 8c, 41 O O 0-50, 95,2 77,9
F
4, 8d, 46 O O 0-S0, 44,0 247,8
5. 8e, 38 2 79,8 289,3
EtO,C

*CAlun CA Il K, > 100 uM. Ka standarts izmantots AAZ, ta CA IX K; =25 nM un CA XII K, =5,7 nM.

Ka redzams 5. tabula, 8-arilaizvietoti benzoksatiepina-2,2-dioksida atvasinajumi 8a—8c
ieghti ar vidéjiem iznakumiem. 8-Arilatvasinajumi 8a—8e neinhibé citosoliskas CA I un CA
I1, savukart inhibe meérkenzimus CA IX un CA XII. Savienojumi 8a—8e specigak inhibé CA
IX (K, = 44,0-104,8 nM) neka CA XII (K, = 77,9-473,2 nM).
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6. tabula

9-aril-3H-1,2-benzoksatiepina-2,2-dioksida 9 atvasinajumu sintéze, CA inhib&sanas rezultati

Produkta Nr., Ki*, uM
N. p. k. iznakums, % Produkts
hCA IX hCA IX
1. 9a, 42 21,1 >100
O/SOZ
2. 9b, 40 O 60,9 >100
O\
L
3. 9c, 39 O 33,7 >100
F
L)
4, 9d, 44 O 47,1 >100
CF,4
L
5. e, 36 O 16,4 >100
CO,Et

*CAlun CA Il K, > 100 uM. Ka standarts izmantots AAZ, ta CA IX K; =25 nM un CA XII K, =5,7 nM.

Ka redzams 6. tabula, 9-arilaizvietoti benzoksatiepina-2,2-dioksida atvasinajumi 9a-9c
ieglti ar vid€jiem iznakumiem. 9-Arilatvasinajumi 9a—9e neinhibg citosoliskas CA Tun CA II
un mérkenzimu CA XII. Tie vaji inhibé CA IX, K, = 16,4-60,9 uM.

Jaatzime, ka netika noverota arilborskabju aizvietotaju ietekme uz Suzuki—Mijauras

sametinaSanas reakcijas norisi. Visos gadijumos produkti 7-9 tika ieguti ar Iidzigiem

iznakumiem.
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Salidzinot 7-aril- (4. tab.), 8-aril- (5. tab.) un 9-arilsavienojumu (6. tab.) biologiskas
aktivitates, tika secinats, ka visaktivakie CA IX un CA XIlI inhibitori ir 8-arilatvasinajumi 8a—
8e, kam seko 7-arilatvasinajumi 7a—7e. 9-Arilatvasinajumi 9a-9e vaji inhibé CA IX un
neinhibé CA XII. Vislabakais CA IX inhibitors ir 8-(4-(trifluormetil)fenil)-benzoksatiepina-
2,2-dioksids (8d) (5. tab., 4. rinda), savukart vislabakais CA XII inhibitors ir 8-(4-fluorfenil)-
3H-1,2-benzoksatiepina-2,2-dioksids (8c) (4. tab., 3. rinda). 7-Arilatvasinajumi 7a—7e un 8-
arilatvasinajumi 8a—8e ir selektivi CA IX inhibitori.

Lai izprastu benzoksatiepina-2,2-dioksida mijiedarbibu ar CA, Latvijas Biomedicinas
petijumu centra K. Tara grupa tika veikti benzoksatiepina-2,2-dioksidu un cilvéka CA IX
kokristalizacijas méginajumi. DiemZgl 1idz §im bridim enzima-inhibitora kokristalu iegtit nav
izdevies. Jaatzimé, ka iepriek§ misu grupa izstradatajam un sintez€tajam sulfokumarina
atvasinajumam 50 Latvijas Biomedicinas pétijumu centra K. Tara vadiba izdevas iegit
CAll/CAIX mimétika-sulfokumarina kokristalu [4a]. Izp&tot kokristala struktiru,
secinajam, ka aktivaja centra notikusi sulfokumarina cikla atvérSanas, veidojot
vinilsulfonskabi 51 (19. att.). Kumariniem notiek analoga cikla atvér$anas, veidojot attiecigos
kan€lskabes atvasinajumus [3].

(0)

N

Br\@\ Br\@\/ S~on
—_—
0> OH

50 51

19. att. Sulfokumarina cikla atvérSanas enzima aktivaja centra.

Benzoksatiepina-2,2-dioksida-mérkenzima kokristala mums nav, tapéc varam tikai izteikt
min&umus par inhib&Sanas mehanismu. Iesp&jams, ka oksatiepina-2,2-dioksida cikls enzima
aktivaja centra atveras l1dzigi ka sulfokumarinu gadijuma.

2. Imidazolidin-2,4-diona atvasinajumu sintéze

Promocijas darba iztrades beigu posma atklajam, ka furagins 52 (20. att.), klinika lietots
antibakterialais lidzeklis, ir selektivs CA IX un CA XII inhibitors. Furagins tiek pieskaitits pie
nitrofurana preparatiem. Iekskigi to lieto pret urincelu infekcijam, arigi — kirurgija un
ginekologija [32].

0]

N NH
Q/MN ’N\%o

O,N
52

20. att. Furagina struktiirformula.

Lai gtitu priekSstatu par to, ka furagins saistas ar dazadam cilvéka CA izoformam (CA II,
CA IX un CA XII), miisu sadarbibas partneri no Florences Univesitates veica molekularas
model&Sanas (21. att.) un molekularas dinamikas simulaciju eksperimentus.
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21. att. Paredzamas furagina (roza) un imidazolidin-2,4-diona atvasinajuma 10f (zala)
orientacijas enzimu (A) CA 1, (B) CA IX un (C) CA XII aktivaja centra.

No molekularas modelésanas eksperimentiem var secinat, ka imidazolidin-2,4-diona
funkcija ir cinku saisto$a grupa. Molekularas dinamikas simulaciju eksperimenti
100 nanosekunzu robezas parada, ka furagins veido sp&cigu H-saites mijiedarbibu ar
mérkenzimiem CA IX un CA XII. Savukart ar CA II furagins neveido spécigu H-saites
mijiedarbibu, tap&c tas ir selektivs CA IX un CA XII inhibitors.

Nemot véra ieglitos rezultatus, tika nolemts attistit So virzienu, sintez&ot virkni
imidazolidin-2,4-diona atvasinajumu 10a-10r (22. att., 7. tab.). Savienojumus 10a—10r
veiksmigi tika ieghti l-aminoimidazolidina-2,4-dinona hidrohlorida 53 reakcijas ar
izveletajiem aldehidiem.

(@) R
by N=N
I\/% * HCl EtOH, ist. temp., 16 st /I/i >:O

50-97%

53 10a—-10r
R = Alkil, aril, heteroaril

22. att. Imidazolidin-2,4-diona atvasinajumu 10a—10r sintgze.

Ka redzams 7. tabula, ieglita virkne savienojumu ar alkil- 10h un 10i (8.-9. rinda), aril-
10a-10c, 10g un 10j-10I (1.-4., 7., 10.-12. rinda), heteroaril- 10f un 10m-10p (6. un 13.-16.
rinda) aizvietotajiem. Neatkarigi no aizvietotaja dabas reakcijas produkti tika iegtiti ar labiem
un Joti labiem iznakumiem (50-97 %). Jaatzimé, ka visus savienojumus 10a-10r izdevas
veiksmigi attirit, izmantojot kristalizaciju no etanola, papildu attiriSana ar kolonnu
hromatografiju nebija nepiecieSama.

Visiem sintezétajiem imidazolidin-2,4-diona atvasinajumiem 10a-10r tika noteiktas
biologiskas aktivitates uz dazadam CA izoformam, iegiitie rezultati apkopoti 7. tabula. Visi
imidazolidin-2,4-diona atvasinajumi 10a—10r ir vaji citosoliskas CA I inhibitori, K, = 16 800—
100 000 nM. Tie labak inhib&ja CA II neka CA 1 (K;=620-59 000 nM). Savienojumi 10a,
10f, 10g un 10n (1., 6.—7. un 14. rinda), kas satur neaizvietotas fenil- vai heteroarilgrupas,
izradijas visspecigakie CA II inhibitori (K; =540-900 nM). Atlikusie savienojumi uzradija
zemu CA II inhibitoro aktivitati — K;=3100-59 000 nM. Jaatzim¢, ka savienojums 10k
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(11. rinda), kas satur dihidroksifenilgrupu, izradijas gandriz tris reizes vajaks CA II inhibitors
par otru vajako inhibitoru 10h (8. rinda).

7. tabula
Imidazolidin-2,4-diona atvasinajumu 10a—10r iznakumi, CA inhib&Sanas rezultati
N. p. k. I?rodukta Nr., R K*, nM
iznakums, % CAl CAIll | CAIX | CAXII
1. 10a, 90 CeHs 39 600 900 3500 5600
2. 10b, 80 4-OCH3-CgH,4 57600 | 6400 | 1200 4700
3 10c, 82 4-NO,- CgH, >100 000 | 11100 | 7400 2800
4 10d, 95 4-(CO,CH3)-CsH, >100 000 | 8300 | 4900 930
5. 10e, 50 %\/\):0 19100 | 4000 | 1100 160
\\MN’N

6 10f, 89 3-furil 16 800 710 850 1700
7. 10g, 90 4-(OCH,C¢Hs)-CgH,4 >100 000 | 540 350 910
8. 10h, 81 CHCH(CO,C;Hs) 45900 | 23600 | 810 440
9. 10i, 72 CHC(CHjy), 28800 | 16500 | 2900 880
10. 10j, 71 CHCH(4-OCH3-CgHy) >100 000 | 3100 400 360
11. 10k, 93 2,4-(OH),-CsH, >100 000 | 59 900 | 5800 150
12. 10I, 88 4-(B(OH),)-CsH, 90700 | 14200 | 7300 230
13. 10m, 95 2-piridil 51800 | 4200 | 4500 1300
14. 10n, 90 3-piridil 45 600 620 2300 3200
15. 100, 91 4-piridil 26 600 3300 1600 810
16. 10p, 97 5-imidazolil 9600 12400 | 560 350
17. F‘g;%;“s - >100000 | 9600 | 260 57
18. AAZ* - 250 12 25 6

*17. rinda paradita furagina 52 dazadu CA izoformu inhib&Sanas spgja, 18. rinda paradita acetazolamida (AAZ)
dazadu CA izoformu inhib&$anas sp¢ja.

Savienojumi 10f-10h (6.-8. rinda), 10j (10. rinda), 10p (16. rinda) un furagins 50
(17.rinda) mérkenzimu CA IX inhib&ja nanomolaras koncentracijas — K;=260-850 nM.
Efektivakais CA IX inhibitors no Siem savienojumiem izradijas furagins 50. AtlikusSie
savienojumi uzradija par kartu zemaku CA IX inhibitoro aktivitati (K;=1100-7300 nM).
Vérojama zinama likumsakariba, ka savienojumi, kas satur vinilgrupu 10h (8. rinda), 10j
(10. rinda) vai mazu heteroarilaizvietotaju 10f (6. rinda) un 10p (16. rinda) ir labaki CA IX
inhibitori neka pargjie atvasinajumi. Izné€mums ir savienojums 10g (7. rinda), kas
fenilgredzena satur &tera grupu.

Vislabak no visam parbauditajam izoformam tika inhib&ta CA XII, visslabakais inhibitors
bija furagins 52 (17. rinda), K, = 57 nM. Par kartu mazaka inhibitora aktivitate tika novérota
savienojumiem 10d un 10e (4.-5. rinda), 10g—10l (7.-12. rinda), 100 un 10p (14.-15. rinda),
CA XII K; = 150-930 nM.
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SECINAJUMI

Ruténija katalizéta olefinu cikla saslégSanas metatézes reakcija ir piemérota 3H-1,2-
benzoksatiepina-2,2-dioksida un ta atvasinajumu iegtiSanai.

Olefinu cikla saslégSanas metatézes reakcija, izmantojot gan rut€nija, gan molibdéna
katalizatoru, nav piemérota 6-brom-3H-1,2-benzoksatiepina-2,2-dioksida sintézei.
3H-1,2-Benzoksatiepina-2,2-dioksidi, kas 7. vieta satur triazolil-, acilamino- vai
arilatvasinajumus, ir selektivi un efektivi hipoksijai paklautajas $tnas ekspreséto CA 1X
un CA Xll izoformu inhibitori.

8-Aril 3H-1,2-benzoksatiepina-2,2-dioksidi CA 11X un CA XIlI izoformas inhibg
visefektivak, salidzinot ar atbilstosajiem 7- un 9-aril 3H-1,2-benzoksatiepina-2,2-
dioksidiem.

. Furagins un sintezétie imidazolidin-2,4-diona atvasinajumi ir selektivi un efektivi
hipoksijai paklautajas $tinas ekspreséto CA IX un CA XII izoformu inhibitori.
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GENERAL OVERVIEW OF THE THESIS

Introduction

According to the World Health Organization, in 2018, 9.6 million deaths due to
oncological diseases and 18.1 million new oncological cases were registered worldwide. One
in 5 men and one in 6 women develop cancer in their lifetime [1]. In Europe, where ~9 % of
the world’s population lived in 2018, 23.4 % of all oncological diseases were registered,
including 20.3 % of all deaths [1]. Therefore, it is very important to continuously develop and
improve cancer treatment.

Today, more than 300 different enzymes are known for which zinc is an important
cofactor. These enzymes perform various biologically important functions in human
organism. Their activity is directly related to epigenetic control mechanisms in cells, the
deregulation of which is one of the main causes of cancer [2].

In the last decade, increased attention has been paid to zinc-containing metalloenzymes
carbonic anhydrases (CA, EC 4.2.1.1), which catalyze the reversible hydration of carbon
dioxide in the living organisms.

CO, + H,0 == HCO; +H"

From currently known 15 human a-carbonic anhydrase isoforms, CA 1X and CA XII are
thought to be over expressed in hypoxic cancer cells providing an optimal pH for their
survival and development. To stop the development of cancer cells and avoid unwanted side
effects, selective inhibition of CA IX and CA XII isoforms must be developed.

In the literature [3] it has been shown that coumarin 1 derivatives are selective CA IX and
CA XIlI inhibitors. In our group, sulfocoumarin 2 derivatives were synthesized, which proved
to be selective inhibitors of CA IX and CA XIlI [4]. Therefore, we decided to synthesize
benzoxathiepine-2,2-dioxide 3 derivatives, which are sulfocoumarin derivatives with an

extended cycle.
COL OO, OO
SO
0”0 0”2 0-50;
1 2 3

The aim of the dissertation

To develop new, effective and selective inhibitors of CA IX and CA XII, from which a
new generation of anticancer agent could be developed in the future.
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Objectives

To develop synthesis method of 3H-1,2-benzoxathiepine 2,2-dioxide 3 derivative.
To synthesize 3H-1,2-benzoxathiepine 2,2-dioxide 7-triazolyl 4 and 7-acylamino 5
derivatives.

N:N

| H
50, © 50,

(0] (0]
4 5

To synthesize 6-, 7-, 8- and 9-substituted 3H-1,2-benzoxathiepine 2,2-dioxide aryl
derivatives 6-9.

Ar
C(j Arm m —
0—S0, 0-S0, Ar 0—S0; %2
6 7 8 Ar g

To synthesize 1-imidazolidine-2,4-dione derivatives 10.

R
N~/
N
=0
N
0" H
10

To evaluate inhibitory activities of synthesized compounds against hCA isoforms.

Scientific novelty and main results

A new, selective class of CA IX and CA XIl inhibitors — 3H-1,2-benzoxathiepine 2,2-

dioxides, has been found. A series of 3H-1,2-benzoxathiepine 2,2-dioxide triazolyl,
acylamino and aryl derivatives was synthesized.

We discovered that furagin, a clinically used antibacterial agent, is a selective inhibitor of

CA IX and CA XII. Developing this concept, we synthesized a series of imidazolidine-2,4-
dione derivatives.

Inhibitory activity on relevant human CA isoforms (I, Il, IX, and XII) was determined for

all products synthesized within the scope of the Doctoral Thesis.

Structure of the Thesis

The Thesis is a summary of scientific publications focused on carbonic anhydrase

inhibitor synthesis.
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Publications and approbation of the Thesis
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MAIN RESULTS OF THE DOCTORAL THESIS

To better understand the results of this Doctoral Thesis, first, we will take a look at the
target enzyme — carbonic anhydrases (CA). CAs are metalloenzymes witch catalyze reversible
carbon dioxide hydratation. CAs were discovered in 1933 and since then they have been
extensively studied. Today at least 8 genetic families of CA are known: a, 3, v, 8, §, 1, 0, and 1
[5], [6]. The a-CAs are the most widely studied class because it is found in mammals. The -
CAs are found in higher plants and in some prokaryotes. The y-CAs are found in
cyanobacteria and Archaea. The 6 and &-CA are found only in marine diatoms, whereas the n-
CAs in protozoa [7]. The a-, B-, and 6-CAs contain Zn(II) in the active site, the y-CAs contain
Fe(Il) ions, & contain Co(II) ions and 1 contain Mn(Il) ions [5], [6]. In many organisms, the
CAs are involved in vital physiological processes — pH regulation and providing of CO,
homeostasis [7].

In humans, 15 a-CA isoforms have been described. CA I, 11, 111, VII, and XIII are found
in cytosol, CA IV, IX, XIll, and XIV are membrane bound, CA VA and VB are found in
mitochondria, CA V1 is found in saliva and breast milk [8], [9]. It should be noted, that all a-
CA isoforms, except CA VB, have a known 3D structure. Regardless of the different
subcellular localization, all a-CA isoforms are structurally similar, they are monomers, except
for CA 1X, CA XIl, and CA VI - which are dimmers [8].

The active site of a-CAs is located in a conical cavity that is approximately 12 A wide and
13 A deep. Zinc ion is placed at the bottom of the cavity and it is bound to ligands — 3
histidine residues (His119, His94, and His96), water molecule / hydroxide ion

(Fig. 1) [7], [8].

Leul98
Thr200

Thr199

Deep water

:
;

celh----©

¢H10/OH’

D
Vall43
His119

Vall21

Fig. 1. Active site structure of human CAII [8].

Zn** ion with hydrogen bonds is bonded with threonine (Thr199) hydroxyl group and two
opposite water molecules. The water molecule located in hydrophobic part is called “deep
water” and is surrounded by Vall121, Val143, Leul98, and Trp207. The second water
molecule is located in hydrophilic part, in the entrance of active site, and is surrounded by
Asn62, His64, and Asn67.
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The hydrophobic and hydrophilic regions can be explained by the different chemical
nature of the substrate (CO,) and its hydration products (H* and HCO3") [8]. McKenna with
co-workers showed that the CO, molecule binds in the hydrophobic part of the enzyme, while
the hydration products bind in the hydrophilic part of the enzyme [10].

It should be noted, that for all human CA isoforms crystallized so far, the zinc ion is
bound to three histidine residues (His119, His94, and His96), and all of them have a
hydrophobic and hydrophilic parts [7]. Inhibitors are designed and developed based on this
knowledge about target enzyme.

Nowadays several a-CAs inhibition mechanisms are known. Sulphonamides (RSO;NHy),
sulfamates (ROSO;NHy), sulfamides (RNHSO,NH;), carboxylates (RCO,), urates, and
phosphonates (R’PO(OR),) bind to the zinc ion located in the active site and form additional
H-bonds with Thr199. Phenols and polyamides coordinate with water molecule / hydroxide
ion, which is bound to zinc. Coumarins and their isosteres block the active site entrance, so
CA activators cannot bind to the enzyme [11], [12].

In general, 3H-1,2-benzoxathiepine 2,2-dioxide is a sultone. The term “sultone” was first
used in 1888 by Endermann. Nowadays sultones are widely used in medicinal chemistry as
enzyme inhibitors, they exhibit antiviral activity. The most powerful sultone synthesis
methods include transition metal catalyzed reaction, cycloaddition reactions, and Diels-Alder
type reactions [13].

In the process of development of the Doctoral Thesis, the latest information on transition
metal-catalyzed sultone synthesis methods was summarized and published in a review article.
Sultones can be synthesized using palladium, rhodium, copper, gold and ruthenium catalyzed
reactions, we will take a closer look at some of these methods.

Doucet with co-workers reported palladium catalyzed, phosphine free sultone 11 synthesis
method using 2-bromobenzenesulfonic acid phenyl esters 12 as a starting material (Fig. 2) [14].

Br X
©i o Pd(OAc), (1 mol%) d R
- X : ~
7% \© DMAc, AcOK S
A 150 °C, 16 h 0

12 R 1
R =H, alkyl, Bn, OMe, Cl, F, NMe, 13 examples
62-96%

Fig. 2. Palladium catalyzed sultone 11 synthesis.

It should be noted, that substituent R has a strong influence on the reaction outcome.
Using electron donor substituents, the yield of reaction products increases, while using
electron acceptor substitutes (NO,, CO,Bu, CF3) corresponding sultones do not form. In all
cases when reaction occurred high product regioselectivity was observed.

Li with co-workers reported efficient Rh(lll) catalyzed sultone 13 synthesis method by
coupling aryl sulfonic acids 14 with internal alkynes (Fig. 3) [15].
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S Dioxane, 100 °C, 16 h S — Cl, (1
R, _RK
14 13 R, Q
R =H, Me, OMeg, CI, NO,

21 example -
R, = Ph, aryl, alkyl, heteroaryl 49,929, ké
R, = Ph, aryl, alkyl, heteroaryl

Fig. 3. Rhodium catalyzed sultone 13 synthesis.

Alkynes with both electron donor and electron acceptor substituents can be used in this
method, but reaction product yield is higher using alkynes with electron donor substituents. In
case of unsymmetrical alkynes, product regioselectivity is very high.

Mondal with co-workers reported convenient sultone 15 synthesis method by cyclization
of corresponding diolefines 16 via Ru-catalyzed ring closing metathesis (RCM) (Fig. 4) [16].
Using Grubbs 1% generation catalyst, no sultone 15 formation was observed. Changing
catalyst to Grubbs 2" generation catalyst, sultones 15 were synthesized in good yields.

| 0.7
:s Cat. [/ \
J Cat. (3 mol%) o\ Mes/N\(N\Mes

@ Og2 PhMe, 80 °C At
y

16 15 ’

7 examples
70-80%

Fig. 4. Ruthenium catalyzed sultone 15 synthesis.

After summarizing the information available in the literature, we decided to synthesize
benzoxathiepine 2,2-dioxide 3 derivatives in a ruthenium catalyzed olefin ring closing
metathesis reaction.

1. Synthesis of 3 H-1,2-benzoxathiepine 2,2-dioxide derivatives

We started our research with the development of synthesis method. At first, in Wittig
reaction from 5-substitued 2-hydroxybenzaldehydes 17 we prepared corresponding olefins 18
(Fig. 5). Olefins 18a—18c were sulfonylated with sulfonyl chloride 19 to give diolefins 20 in
moderate yields (56-67 %). Sulfonyl chloride 19, although commercially available, is an
expensive reagent. Therefore it was successfully synthesized by boiling allyl bromide with
Na,SO3, then obtained sodium salt was treated with POCIs. It should be noted, that sulfonyl
chloride 19 is air sensitive, therefore, we obtained it in larger quantities and purified by
vacuum distillation. Using non-distilled sulfonyl chloride 19, the yield of reaction products
was significantly reduced. Cyclization of diolefin 20 using olefin ring closing metathesis
reaction was chosen as the key step in synthesis of benzoxathiepine-2,2-dioxide. Cyclization
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was successfully performed using a commercially available Grubbs 2™ generation catalyst
derivative 21. We obtained corresponding 7-substituted 3H-1,2-benzoxathiepine 2,2-dioxides

3 in good yields (84-96 %).

(0] KOtBu

| sozc1
X CH3P(C6H5)3Br X m
TTHE, 24hort | NE. NEG, CH,Cly 41 PhMe 050,
OH 0°C — 1t // \\ 4h,70°C
17 3
X = a)H(70%) X = a)H (56%) —a) H (87%)
b) Br (59%) b) Br (67%) b) Br (84%)
¢) NO, (65%) ¢) NO, (57%) ¢) NO, (96%)

Fig. 5. Synthesis of 3H-1,2-benzoxathiepine 2,2-dioxide derivatives 3a—3c.

7-Nitro-3H-1,2-benzoxathiepine 2,2-dioxide 3c mono crystal, which was of sufficient
quality for structure determination using single crystal X-ray diffraction was obtained. In the
laboratory of Physical Organic Chemistry of the Latvian Institute of Organic Synthesis, an X-
ray pattern was obtained. X-ray pattern is an unequivocal proof of the structure of compound
3c (Fig. 6).

Fig. 6. 7-Nitro-3H-1,2-benzoxathiepine 2,2-dioxide 3c X-ray structure.

It should be noted, that nowadays a lot of different olefin ring closing metathesis reaction
catalysts are known. Mostly ruthenium and molybdenum catalysts are used. In 1990s, first
generation catalysts were developed and commercialized. The best known ones are Grubbs 1%
generation catalyst 22 and Schlock’s catalyst 23 (Fig. 7). Unfortunately, 1% generation
catalysts do not exceed high functional group tolerance and selectivity; they are air and
moisture sensitive [17]. In August 1999, Grubbs published a paper in which he described
new, more efficient ruthenium olefin ring closing metathesis reaction catalysts [18]. Today
they are known as Grubbs 2" generation catalysts. 2" generation ruthenium catalysts are
more efficient, they have increased thermal stability, catalytic activity, air and moisture
resistance. That was achieved by replacing the tricyclohexylphosphine ligand with an N-
heterocyclic carbene (NHCs) ligand [17], [19]. The best known of these catalysts is Grubbs
2" generation catalyst 24 (Fig. 7). Continuing the development of molybdenum catalysts,
Schrock—Hoveyda catalyst 25 (Fig. 7) was developed. It has a higher functional group
tolerance and selectivity than the Schrock’s catalyst 23. In general molybdenum catalysts
tolerate amines and phosphines, but do not tolerate substrates with carboxyl, hydroxy, and
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aldehyde groups. Ruthenium catalysts, on the other hand, do not tolerate amines and
phosphines, but tolerate substrates with carboxyl, hydroxy, and aldehyde groups [17].

{Bu iPr
CF
PCy; FiC] ° \Q T O o
\ N
/ O O/ Ph
tBu
25

Ru —\

Ru—\
cl

F3C>‘O PC
PCy3 ¥3

22 23 24

Fig. 7. Some olefin ring closing metathesis reaction catalysts.

Since 2™ generation ruthenium catalysts are thermally stable, with good functional group
tolerance, air and moisture resistance, we decided to use a commercially available 2™
generation catalyst derivative 21.

1.1. Synthesis of 3H-1,2-benzoxathiepine 2,2-dioxide 1,2,3-triazolyl derivatives

To better understand structure—activity relationship (SAR) we decided to synthesize 1,4-
disubstituted benzoxathiepine-2,2-dioxide 1,2,3-triazolyl derivatives 4. Michael, in 1893,
published the first ever synthesis of 1,2,3-triazoles from diethyl acetylenedicarboxylate and
phenyl azide [20]. Despite this, the synthesis of 1,2,3-triazoles is more related with Huisgen.
In the 1960s, he worked on 1,3-dipolar cycloaddition reactions, including the synthesis of
1,2,3-triazoles, studied the reaction mechanism and kinetics [21]. Since then, it has been
known that the reaction of azides 26 with alkynes 27 at high temperature forms a mixture of
regioisomers — 1,4- 28 and 1,5-disubstituted 29 1,2,3-triazoles (Fig. 8).

temp. N=N

R—N; + =R, ' /N\)\R /N\R

26 27 29 R,

Fig. 8. Synthesis of 1,2,3-triazoles.

Nowadays, there are methods for selective synthesis of 1,4- or 1,5-disubstituted 1,2,3-
triazolyl derivatives. In 2002, Mendal with co-workers [22] and Sharpless with co-workers
[23] independently of each other published papers describing Cu (1) catalyzed azide-alkyne
cycloaddition to selectively form 1,4-disubstituted 1,2,3-triazole derivatives. It should be
noted, that in the protocol developed by Sharpless [23] CuSO4 was used, which was reduced
in situ with sodium ascorbate to selectively form Cu(l) instead of Cu(0). Selective formation
of 1,5-disubstituted 1,2,3-triazolyl derivatives can be achieved using various ruthenium
catalysts [21], [24].

Continuing the work, we successfully reduced nitro derivative 3¢ with Fe(0), obtaining the
amino derivative 30 (Fig. 9). From amino derivative 30 in decent yield (69 %) we synthesized
azide derivative 31 (Fig. 9.), which was further used as a starting material in the synthesis of
1,4-disubstituted 1,2,3-triazolyl derivatives. Treatment of amino derivative 30 with NaNO, in
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acid medium in situ produces diazonium salt, which then reacts with NaN3 to form azide 31.
It should be noted, that from NaN3; in acid medium HNj; (hydrazoic acid) forms, which is a
volatile, toxic compound. Therefore, the reaction must be carried out at 0 °C temperature.

Fe, AcOH 1. NaNO,/H,0
O,N ’ H,N S RN
2 m EtOH, H,0 > m 2. NaNy/H,0 3m
—_— T -
o-s0, 70°C.Th -0, TFAZ,}? °C 550,
3¢ 30 31
98% 69%

Fig. 9. Synthesis of 3H-1,2-benzoxathiepine 2,2-dioxide azido derivative 31.

For selective synthesis of 1,4-disubstituted 1,2,3-triazolyl derivatives we chose to use a
Cu(l) catalyzed reaction between azide 31 and various alkynes (Fig. 10). Cu(l) was obtained
from CuSO, by in situ reduction with sodium ascorbate, similar like in Scharpless article [23].
As a solvent, we chose to use a 1:1 mixture of t-BuOH/H,O. With good yields we
synthesized a series of 1,4-disubstituted 1,2,3-triazole derivatives 4a—4j. It should be noted,
that we decided to use acetic acid additive. It has been proven, that weak organic acid additive
(acetic, benzoic acid) facilitates the elimination of copper after 1,3-dipolar cycloaddition, thus
increasing the reaction rate [25].

—R

N; = CuSO, - 5SH,0 N=N
NaAsc, AcOH R/&/N =
O/SOZ

t-BuOH/H,0 (1:1)
31 rt, 1 h 4 0—S0,

Fig. 10. Synthesis of 1,4-disubstituted 1,2,3-triazole derivatives 4.

Table 1
Synthesis of benzoxathiepine-2,2-dioxide 1,2,3-triazolyl derivatives 4, CA inhibition results
Entry R 4, yield, % K™, uM
hCA1 | hCAIl | hCAIX | hCAXII
1 CsHs 4a, 95 >50 >50 1.71 >50
2 4-CICgH, 4b, 74 >50 >50 3.59 >50
3 3-OMeC¢H, 4c, 51 >50 >50 2.56 >50
4 4-FCgH4 4d, 66 >50 >50 1.75 >50
5 4-OCF3CgH4 4e, 83 >50 5.77 0.34 1.72
6 3-FC¢H,4 4f, 74 >50 >50 1.15 >50
7 2-NH,CgH4 49, 57 >50 >50 0.46 2.32
8 CH,OH 4i, 81 >50 >50 0.87 >50
9 4-CF3;CeH,4 4j, 85 >50 >50 0.43 >50
10 AAZ* — 0.25 0.012 0.025 0.006

* Different CA isoform inhibition of acetazolamide (AAZ, Entry 10).
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For the compounds synthesized within the scope of the Doctoral Thesis, inhibitory
activities of human carbonic anhydrases (CA I, CA Il, CA IX, and CA XII) were determined
at University of Florence in Prof. C. T. Supuran’s group. In all cases, 5-acetamido-1,3,4-
thiadiazole-2-sulfonamide (acetazolamide, AAZ), a non-selective isoform inhibitor, was used
as a reference standard.

It should be noted, that inhibition of the cytosolic CA isoforms CA | and CA Il is
undesirable because they are widespread in the human body (off-target enzymes). On the
other hand, transmembrane isoforms (CA IX and CA XII) are drug targets, because they are
overexpressed in tumour cells.

As shown in Table 1, all synthesized triazole derivatives do not inhibit cytosolic CA | and
CA I, except compound 4e, which showed a moderate inhibitory profile against CA 1l
(K;=5.77 uM, Entry 5). Tumour associated isoform CA IX was inhibited by all triazole
derivatives 4a—4j, with K;s ranging between 0.43 uM and 3.59 uM. Four compounds 4e, 4g—
4j showed submicromolar CA IX inhibitory activity. Compound 4i contains a hydroxymethyl
group in the triazolyl ring, its CA IX inhibition constant is K; = 0.87 uM (Entry 8). For phenyl
group containing triazoles 4e, 4g, and 4j substituted with 4-trifluoromethoxy-, 2-amino-, or 4-
trifluoromethyl substituents on the aryl fragment K;s are 0.34 uM; 0.46 uM and 0.43 uM
(Entry 5, 7, 9).

Seven out of nine triazole derivatives do not inhibit CA XII, K; > 50 uM (Entry 1-4, 6, 8—
9). Remaining two compounds 4e and 4g are moderate CA XII inhibitors — K, =1.72 and
2.32 uM (Entry 5, 7). Based on biological results, we can conclude that 1,4-disubstituted
1,2,3-triazole derivatives 4a—4j are selective CA IX inhibitors.

1.2. Synthesis of 7-acylamino-3H-1,2-benzoxathiepine 2,2-dioxides

Continuing development of the work, we decided to synthesize 7-acylamino-3H-1,2-
benzoxathiepine 2,2-dioxide derivatives 5 to better understand SAR. 7-Acylamino derivatives
were successfully synthesized from amino derivative 30 in reactions with various acyl
chlorides (Fig. 11, Table 2).

O

H
o950, NEt;, CH,Cl,, 4 h O oS0,
0°C —rt
30 5a-5k

Fig. 11. 7-Acylamino-3H-1,2-benzoxathiepine 2,2-dioxide 5 synthesis.

As shown in Table 2, all synthesized products 5a-5g do not inhibit cytosolic (off-target)
CA land CA 1l (K; > 100 000 nM). On the other hand, they inhibit target enzymes CA IX and
CA XII in nanomolar concentrations. Derivative 5i is the most active CA IX and CA XII
inhibitor — K, =19.7 nM and 8.7 nM (Entry 8), it is even more active than AAZ (Entry 11).
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Table 2

Synthesis of 7-acylamino benzoxathiepine 2,2-dioxide derivatives 5, CA inhibition results

Entry R PrOQUct No., K*, nM
yield, % hCA | hCA Il | hCAIX | hCA XII

1 CHs 5a, 70 >100 000 | >100000 | 61.8 162.5
2 CeHs 5h, 72 >100 000 | >100000 | 208.6 370.1
3 4-CH4CeH, 5c, 73 >100 000 | >100 000 83 309.3
4 4-BrCeH, 5d, 59 >100 000 | >100000 | 353.3 140.7
5 2-1C¢H, Se, 88 >100000 | >100000 | 45.4 643.7
6 2-BrCeH, 5f, 82 >100 000 | >100000 | 66.8 96.2
7 2-FCeH, 59, 79 >100000 | >100000 | 74.6 40.3
8 2-CF4CeH, 5i, 87 >100 000 | >100000 | 19.7 8.7

9 2-thienyl 55, 81 >100000 | >100000 | 177.5 73.2
10 2-furyl 5k, 81 >100000 | >100000 | 210.1 134.4
11 AAZ* - 250 12 25 5.7

* Different CA isoform inhibition of acetazolamide (AAZ, Entry 10).

Compounds 5a-5g and 5j-5k exhibit weaker biological activity on CA IX and CA XII
than AAZ (Entry 11), their inhibition constants are 45.4-353.3 and 40.3-643.7 nM (Entry 1—
7, 9, 10). Compound 5d, which contains 4-bromophenyl substituent, is less active CA IX
inhibitor (CA 1X K, = 353.3 nM, Entry 4) than compound 5f, which contains 2-bromophenyl
substituent (CA IX K, =66.8 nM, Entry 6). In general, compounds containing substituents in
second position of phenyl ring are more active than the compounds containing substituent in
forth position of phenyl ring. If unsubstituted phenyl group (5b, Entry 2) is replaced by
methyl group (5a, Entry 1), increases inhibitory activity on target enzymes. If unsubstituted
phenyl group (5b, Entry 2) is replaced by five membered heterocycle 5j (Entry 9) and 5g
(Entry 10), the target enzyme inhibitory activity does not change significantly.

1.3. Synthesis of 3H-1,2-benzoxathiepine 2,2-dioxide aryl derivatives

To gain a better understanding about SAR and expand the range of compounds, we
decided to synthesize benzoxathiepine-2,2-dioxide aryl derivatives 6-9 (Fig. 12).

Ar
©f§> Arm m —
O/SOZ O/SO2 Ar O/SOZ (;(()?SOZ
6 7 8 9

Ar
Fig. 12. General structures of benzoxathiepine-2,2-dioxide aryl derivatives 6-9.
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We decided to synthesize benzoxathiepine-2,2-dioxide aryl derivatives by palladium
catalyzed Suzuki—Miyaura cross-coupling reaction, from corresponding benzoxathiepine-2,2-
dioxide halogen derivatives and aryl boronic acids.

In general, palladium and nickel catalysts are mainly used in Suzuki—Miyaura cross-
coupling reaction. In the case of palladium catalysts, the most reactive are aryl iodides,
followed by triflates and bromides. The use of aryl chlorides significantly reduces the reaction
product yield. Oxidative addition (the first stage of the catalytic cycle) in most cases is the
limiting step, its speed decreases in order I >> OTf = Br >> CI [26]. The most commonly used
palladium catalysts in the Suzuki—Miyaura cross-coupling reaction are palladium catalysts
with phosphine ligands: Pd(PPhs)s, Pd(dppf)Cl,, Pd(PPhs3).Cl,, they are thermally stable and
commercially available [26], [27].

The development of nickel catalysts has contributed to the use of less reactive
electrophiles such as aryl chlorides, fluorides, esters, nitriles and aryl amides Suzuki—Miyaura
cross-coupling reaction [28]. However, despite these advantages, palladium catalysis is more
widely used in practical synthesis than nickel catalysis. Generally, nickel catalyzed Suzuki—
Miyaura cross-coupling reactions require high catalyst loading (3—10 mol %), and they are
sensitive to reaction conditions. The choice of base and solvent is very crucial. Mostly THF,
dioxane or toluene is used in combination with a poorly soluble inorganic base such as K3PO,
or K,CO3[28]. Alkali hydroxides [29], water addition [30] deactivates nickel catalysts and the
reaction product yield decreases.

In palladium catalyzed Suzuki—Miyaura cross-coupling reaction both — inorganic and
organic bases such as Na/K3PO,4, Na/Cs/K,CO3;, Na/KOH, Na/KOt-Bu, NaOEt, NaOMe can
be used. It is important to note that the role of base is crucial, cross-coupling reaction will not
proceed without the presence of a base. Mainly organic solvent is used in mixture with water.
Commonly used organic solvents are dioxane, THF, DMF, and toluene [31].

Weak nucleophilic nature and stability of organoboron compounds contributed to the
development of cross-coupling reaction. Organoboron coumpounds are comercially available,
several methods have been developed to synthetize them. Cross-coupling can be done with
good chemical, regio- and stereoselectivity.

We started target compound 6-9 synthesis with preparation of starting materials. In
palladium catalyzed Suzuki—Miyaura cross-coupling reaction iodides react more actively than
bromides, therefore we decided to synthesize 7-iodo derivative 32. It should be noted, that
iodosalicylaldehyde 33, although commercially available, is an expensive reagent. It was
successfully synthesized from salicyladehyde 34 treating it with iodine monochloride in acid
medium (Fig. 13). Next, we performed Wittig reaction on iodosalicylaldehyde 33 to yield
olefin 35. Olefin 35 was successfully sulfonylated with sulfonyl chloride 19 to give diolefin
36. Diolefin 36 was successfully cyclised using ruthenium olefin ring-closing metathesis
catalyst 21 to give 7-iodo derivative 32 in good yield.
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Fig. 13. Synthesis of 7-iodo-3H-1,2-benzoxathiepine 2,2-dioxide 32.

As 3-, 4-, and 6-bromosalicylaldehydes are commercially available and there is no
convenient synthesis method for preparation of corresponding iodosalicylaldehydes, we
decided to synthesize bromo derivatives 37-39 (Fig. 14-16).

KOtBu —
CH;P(CeHy);Br _ 19.NEy // 21 (5 mol%) m
i THE 18 TTHF, 18 h, 1t CH2C12, 4h PhMe,4h o _so,

(6]
0°C —rt 70°C
41 42 37
76% 54% 90%

Fig. 14. Synthesis of 8-bromo-3H-1,2-benzoxathiepine 2,2-dioxide 37.
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Fig. 15. Synthesis of 9-bromo-3H-1,2-benzoxathiepine 2,2-dioxide 38.

Br O KOtBu, Br Br
@% CH;P(C4Hs);Br | 19, NEt3 d 21 (5 mol%) m
THF, 18 h, rt CH,Cly, 4 h /_/ PhMe, 4 h
OH OH 0°C -1t & \\ 70 °C 050,
46 47 39

82% 66% 0%

Fig. 16. Synthesis of 6-bromo-3H-1,2-benzoxathiepine 2,2-dioxide 39.
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Bromo derivatives 37 and 38 were obtained similarly to iodine derivative 32. At first we
performed Wittig reaction on the corresponding salicylaldehyde to obtain corresponding
olefin. The olefin was sulfonylated with sulfonyl chloride 19 to give the corresponding
diolefin, which was successfully cyclized using ruthenium ring-closing metathesis catalyst 21.
Unfortunately using the previously developed cyclization conditions, compound 39 was not
obtained. We performed a small optimization of the reaction conditions (Fig. 17 and Table 3).

Br ‘ Br
/ cat. (10 mol%) S
/_/ PhMe, 70 °C
0—S 0—S0,
77\
48 00 39

Fig. 17. Optimization of diolefin 48 ring-closing metathesis reaction conditions.

Table 3
Optimization Results of Diolefin 48 Ring-Closing Metathesis Reaction Conditions

Entry | Catalyst | Time, h | Yield, %
1 21 40 -
2 23 16 -
3 25 16 -

Using previously used catalyst 21, increasing reaction time and twice increasing the
amount of catalyst, no product formation was observed (Entry 1). We decided to try
Schrock’s molybdenum catalysts 23 (Entry 2) and 25 (Entry 3), because in general
molybdenum catalysts are more active than ruthenium catalysts. Unfortunately, even by
changing the catalyst the desired product 39 was not forming. Most likely it is due to
steric factors.

Benzoxathiepine 2,2-dioxide aryl derivatives 7-9 were successfully synthesized in a
palladium catalyzed Suzuki—Miyaura cross-coupling reaction using palladium tetrakis
(Pd(PPhs)4) as a catalyst (Fig. 18, Tables 4-6). The reaction required heating and addition of
water. Without water additive yield of reaction products decreased significantly.

Ar-B(OH),
Pd(PPh;),
= K4PO, =
X & PhMe+H0 Ar A
072 100°C, 16 h 07>2
49 7-9

Fig. 18. Optimized Suzuki—Miyaura cross-coupling reaction conditions.
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Table 4

Synthesis of 7-aril-3H-1,2-benzoxathiepine 2,2-dioxide derivatives 7, CA inhibition results

Product No., K* nM
1
Entry yield, % Product
hCA IX | hCA XII
1 7a, 56 654.8 1376
0
2 7b, 61 O = 407.6 2934
0/802
F
3 7c, 44 O O — 330.8 890.5
O/SOQ
F,C
4 7d, 66 O O — 221.4 4017
O/SOZ
EtO,C
5 Te, 44 O O — 620.8 2398
0-S0,

* For compounds 7a—7e hCA | and hCA Il K;>100 uM. AAZ used as a standard CA inhibitor, its hCAI
K, =0.25 nM, hCAIl K, =0.012 nM, CA IX K, =25 nM, and CA XII K, =5.7 nM.

As shown in Table 4, 7-aryl substituted benzoxathiepine 2,2-dioxide derivatives 7a-7c
were obtained in good (Entry 1, 2 and 4) and moderate yields (Entry 3 and 5). 7-aryl
derivatives 7a—7c do not inhibit cytosolic (off-target) CA | and CA Il. On the other hand, 7-
aryl derivatives 7a—7c inhibit target enzymes CA IX (K, =221.4-654.8 nM) and CA XIlI
(K; = 890.5-4017 nM), they are more effective CA 1X than CA XII inhibitors.



Table 5

Synthesis of 8-aryl-3H-1,2- benzoxathiepine 2,2-dioxide derivatives 8, CA inhibition results

Product No., Ki*, nM
Entry vield, % Product
hCAIX | hCAXII
1 8a, 44 O 0-S0, 104.8 473.2
2 8b, 44 63.1 168.6
3 8c, 41 95.2 77.9
4 8d, 46 O O 0—S0, 44.0 247.8
5 8e, 38 79.8 289.3
EtO,C

* For compounds 8a—8e hCA | and hCA Il K;>100 uM. AAZ used as a standard CA inhibitor, its hCAI
K;=0.25 nM, hCAIl K, = 0.012 nM, CA IX K; = 25 nM, and CA XII K, =5.7 nM.

As shown in Table 5, 8-aryl substituted benzoxathiepine 2,2-dioxide derivatives 8a—8c
were obtained in moderate yields. 8-aryl derivatives 8a—8c do not inhibit cytosolic (off-target)
CA | and CA Il. However, 8-aryl derivatives 8a—8c inhibit target enzymes CA IX (K, = 44.0-
104.8 nM) and CA XII (K, = 77.9-473.2 nM).
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Table 6
Synthesis of 9-aryl-3H-1,2-benzoxathiepine 2,2-dioxide derivatives 9, CA inhibition results

Product No., Ki*, uM
Entry yield, % Product
hCA IX hCA IX
C ~SO
1 9a, 42 07>%2 21.1 >100
L)
2 9b, 40 O 60.9 >100
O\
0/802
3 9c, 39 O 33.7 >100
F
L
4 9d, 44 g 471 >100
CF;
L)
5 9e, 36 O 16.4 >100
CO,Et

* For compounds 9a—9e hCA | and hCA Il K;>100 uM. AAZ used as a standard CA inhibitor, its hCAI
K;=0.25 nM, hCAIl K, = 0.012 nM, CA IX K; = 25 nM, and CA XII K, =5.7 nM.

As shown in Table 6, 9-aryl substituted benzoxathiepine 2,2-dioxide derivatives 9a-9c
were obtained in moderate yields. 9-aryl derivatives 9a—9c do not inhibit cytosolic (off-target)
CA |, CA 11, and cancer associated (target) isoform CA XII. They poorly inhibit other cancer
associated isoform CA IX (K, = 16.4-60.9 uM).
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It should be noted, that no effect of aryl boronic acid substituent was observed on Suzuki-
Miyaura cross-coupling reaction. In all cases, products 7-9 were obtained in similar yields.

Comparing 7-aryl (Table 4), 8-aryl (Table 5), and 9-aryl (Table 6) benzoxathiepine 2,2-
dioxide biological activities, we conclude that the most active cancer associated isoform (CA
IX and CA XII) inhibitors are 8-aryl derivatives 8a—8e (Table 5), followed by 7-aryl
derivatives 7a—7e (Table 4). 9-aryl derivatives 9a—9e exhibit very weak inhibitory activity on
CA IX and they do not inhibit CA XIlI.

7-aryl derivatives 7a—7e (Table 4) are more selective CA [IX inhibitors than 8-aryl
derivatives 8a—8e (Table 5), but best inhibitory activity on CA IX was observed for
compound 8d (Table 5, Entry 4), the best CA XII inhibitor was compound 8c (Table 4,
Entry 3).

In order to understand the interaction of benzoxathiepine 2,2-dioxide with CA, Professor
K. Tars’ group at Latvian Biomedical Research and Study Centre performed co-crystallization
experiments of benzoxathiepine 2,2-dioxide and human CA IX. Unfortunately, the enzyme-
inhibitor cocrystal has not been obtained so far. It should be noted, that the sulfocoumarin
derivative 50 previously developed and synthesized in our group was successfully
cocrystalyzed with CA 11/ CA 1X mimetic under the supervision of K. Tars [4a].

Examining the structure of the cocrystal, we concluded that the sulfocoumarin ring has
opened in the active site of enzyme forming vinylsulfonic acid 51 (Fig. 19). Coumarins
undergo an analogous ring opening forming corresponding cinnamic acid derivatives [3].

Y

Br\@f\ Br\@f\/ S ~OH
—_—
o SO, OH

50 51

Fig. 19. Sulfocoumarin ring opening in CA 11/ CA 1X mimic active site.

Since we do not have a benzoxathiepine 2,2-dioxide-target enzyme cocrystal, we can only
guess the mechanism of inhibition. It is possible that oxathiepine 2,2-dioxide ring opens in the
active site of the enzyme in a similar way to sulfocoumarins.

2. Synthesis of imidazolidine-2,4-dione derivative

In the final stage of the Doctoral Thesis, we discovered that furagin 52 (Fig. 20), an
antibacterial drug used in clinics, is a selective inhibitor of tumour associated CA 1X and CA
XI1. Furagin, nitrofurantoin analog, is used in the therapy of urinary tract infections [32].

o

N NH
Q/MN ’Nﬁo

O,N
52

Fig. 20. Furagin structure.
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To better understand how furagin binds to different CA isoforms (CA IlI, CA IX, and
CA XII), our collaboration partners from the University of Florence performed molecular
modelling (Fig. 21) and molecular dynamics simulation experiments.

‘ (B) | ‘ S (©) A\ ’
‘/;98 \\*'( ; J ‘ v13b s135 ¥ ~ )
F13l 7 T199 A . 7 /
Lo K/ \ 7» L198 7 ¥ — 5132 ( \
\ =~ ‘ i i " L198 v -
\

T200 '.;\ , | T199 \\:
vi21 4 = = _ A131
4 V121 1360 | =
= ‘ 4 ha |
- \Z T ) pN—

Fig. 21. Predicted docking orientations of furagin (pink) imidazolidine-2,4-dione (green)
to (A) CA 11, (B) CA IX, and (C) CA XII.

From the molecular modelling experiments we conclude that imidazolidine-2,4-dione
function is a zinc binding group. Molecular dynamics simulation experiments in the range of
100 nanoseconds show that furagin forms a strong H-bond interaction with target enzymes
CA IX and CA XIl. In contrast, furagin does not form a strong H-bond interaction with CA I,
that is why it is a selective inhibitor of CA IX and CA XII.

Based on docking and molecular simulation experiments, we decided to develop this
direction by synthesizing a series of imidazolidine-2,4-dione derivatives 10a—10r (Fig. 22 and
Table 7). Imidazolidine-2,4-dione derivatives 10a-10r were successfully synthesized by
reaction of 1-aminoimidazolidine-2,4-dinone hydrochloride 53 with various aldehydes.

(@) R
NH, %\/ N~
H N
%/’ \/% * HCl /]/: =0 R = Alkyl,
EtOH, rt, 16 h o N Aryl, Heteroaryl
H

50-97%
53 10a—10r

Fig. 22. Synthesis of imidazolidine-2,4-dione derivative 10a—10r.

As shown in Table 7, a number of compounds with alkyl 10h and 10i (Entry 8-9), aryl
10a-10c, 10g and 10j-10I (Entry 1-4, 7, 10-12), heteroaryl substituents 10f and 10m-10p
(Entry 6 and 13-16) were obtained. Regardless of the type of substituent, all reaction products
were obtained in good and very good yield 50-97 %. It should be noted, that all compounds
10a-10r were successfully purified by crystallization from ethanol, no further purification by
column chromatography was required.
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Table 7
Imidazolidine-2,4-dione derivative 10a—10r synthesis, CA inhibition results

Product Ki*, nM
Entry NO"O}(’)'e'd’ R CAl | CAIl | cAIX | cCAXI
1 10a, 90 CoHs 39600 | 900 | 3500 | 5600
2 10D, 80 4-OCHg-CoH, 57600 | 6400 | 1200 | 4700
3 10c, 82 4-NO,-CeH, >100000 | 11100 | 7400 | 2800
4 10d, 95 4-(CO,CHa)-CeH, >100 000 | 8300 | 4900 | 930
5 10e, 50 YJ\:O 19100 | 4000 | 1100 | 160
\MN/N

6 10f, 89 3-furanyl 16800 | 710 | 850 | 1700
7 10g, 90 4-(OCH,CeHs)-CoHs | >100000 | 540 | 350 | 910
8 10h, 81 CHCH(CO,C,Hs) 45000 | 23600 | 810 | 440
9 10i, 72 CHC(CHa), 28800 | 16500 | 2900 | 880
10 10j, 71 CHCH(4-OCH3-CcH,) | >100000 | 3100 | 400 | 360
11 10k, 93 2,4-(OH),-CoHs >100 000 | 59900 | 5800 | 150
12 101, 88 4-(B(OH),)-CoHa 90700 | 14200 | 7300 | 230
13 10m, 95 2-pyridyl 51800 | 4200 | 4500 | 1300
14 10n, 90 3-pyridyl 45600 | 620 | 2300 | 3200
15 100, 91 4-pyridy! 26600 | 3300 | 1600 | 810
16 10p, 97 5-imidazolyl 9600 | 12400 | 560 | 350
17 Fgg?,[” _ >100000 | 9600 | 260 57

18 AAZ* - 250 12 25 6

* Row 17 shows the ability of furagin 52 to inhibit different CA isoforms; Row 18 shows the ability of
acetazolamide (AAZ) to inhibit different CA isoforms.

Inhibition activities of various CA isoforms were determinated for all synthesized
imidazolidine-2,4-dione derivatives 10a—10r, see Table 7 for the obtained results. All tested
imidazolidine-2,4-dione derivatives 10a-10r exhibited weak inhibitory effect on cytosolic
CA | isoform, K; = 16 800-100 000 nM. The physiologically relevant isoform, CA II, was
better inhibited, K, = 620-59 000 nM. Compounds 10a, 10f, 10g, and 10n (Entry 1, 6-7, and
14) containing unsubstituted phenyl moiety, or heteroaryl group showed the best inhibitory
activities, K; = 540-900 nM. The rest of the compounds showed weaker inhibitory effect of
CA I, K; = 3100-59 000 nM. It should be noted, that the compound 10k (Entry 11), having
dihydroxyphenyl substituent, proved to be almost a three times weaker CA Il inhibitor, than
the second weakest CA Il inhibitor 10h (Entry 8).

Compounds 10f-10h (Entry 6-8), 10j (Entry 10), 10p (Entry 16), and furagin (Entry 17)
inhibited cancer associated target enzyme CA IX at nanomolar concentrations (K; = 260—
850 nM), the strongest inhibition was observed for furagin. The rest of imidazolidine-2,4-
dione derivatives showed one order weaker CA IX inhibition activities, K; = 1100-7300 nM.

Certain pattern can be observed, compounds containing vinyl substituent 10h (Entry 8),
10j (Entry 10) and furagin (Entry 17) or small heteroaryl substituent 10f (Entry 6) and 10p
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(Entry 16) are better CA IX inhibitors than the rest of compounds, except in the case of
compound 10g (Entry 7), containing ether moiety.

Of all the isoforms studied, the other cancer associated isoform CA XII was inhibited best.
The best inhibitor was furagin (Entry 17), K, = 57 nM. One order weaker CA XII inhibition
compared to furagin was observed for compounds 10d and 10e (Entry 4-5), 10g-10l (Entry
7-12), 100 and 10p (Entry 14-15), CA XII, K; = 150-930 nM.

In summary, we have showed that furagin and imidazolidine-2,4-dione derivatives are
potential CA inhibitors. Good selectivity against cancer associated isoforms (CA 1X and CA

IX) compared to cytosolic ones (CA | and CA I1) was observed for furagin and compound
10h.
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CONCLUSIONS

. The ruthenium-catalyzed olefin ring closing metathesis reaction is suitable for the
preparation of 3H-1,2-benzoxathiepine 2,2-dioxide and its derivatives.

. The olefin ring closing metathesis reaction using both ruthenium and molybdenum
catalysts is not suitable for the synthesis of 6-bromo-3H-1,2-benzoxathiepine-2,2-dioxide.
. 3H-1,2-Benzoxathiepine 2,2-dioxides containing triazolyl, acylamino, or aryl derivatives
at 7" position are selective and effective inhibitors of tumour associated CA isoforms —
CA IX and CA XII.

8-Aryl 3H-1,2-benzoxathiepine 2,2-dioxides are the most effective CA IX and CA XIlI
inhibitors compared to the corresponding 7- and 9-aryl 3H-1,2-benzoxathiepine 2,2-
dioxides.

Furagin and the synthesized imidazolidine-2,4-dione derivatives are selective and
effective inhibitors of tumour associated CA isoforms — CA IX and CA XIlI.
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