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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 kataliz€ apgriezenisku oglekla
dioksida hidrataciju.

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

Tiek uzskatits, ka no Sobrid zinamajam 15 cilvéka a-oglskabes anhidrazu izoformam,
CA IX un CA XII tiek paaugstinati ekspresétas hipoksijai paklautajas véZza $tinas, nodroSinot
optimalu pH to izdzivoSanai un attistibai. Lai apturétu véza §tnu attistibu un izvairitos no
nevélamam blakném, janodrosina selektiva CA IX un CA XII izoformu inhib&Sana.

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

ciklu.
COL, OO OO
_SO
o0~ Yo o2 050,

1 2 3

Promocijas darba merkis

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



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/Q\/I\\]m R\n/gm
0-50; © 0-S0,
4 5

3. legait 6-, 7-, 8- un 9-aizvietotus  3H-1,2-benzoksatiepina-2,2-dioksida
arilatvasinajumus 6-9.

Ar
©f§> Arm m
0—50; 0-5S02  Ar 0-S0,
6 7 8

4. legiit 1-imidazolidin-2,4-diona atvasinajumus 10.

,NQ/R
N,
e
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5. lzvertet sintezeéto 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 iegutajiem produktiem noteikta cilvéka CA (I, II, IX 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
arhebaktérijas (Archea) un cianobaktgrijas. 6- 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, II, III, VII un XIII atrodas citosola, CA IV,
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 koordin&jas 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, ciklopievieno$anas reakcijas un Diels—Alder tipa reakcijas [13].

Promocijas darba izstrades laika tika apkopota un vé&lak ari publicéta jaunaka
informacija par parejas metalu katalize€tam sultonu sintézes metodém. Sultonus iesp&jams
iegiit palladija, rodija, vara, zelta un ruténija katalizetas reakcijas, tuvak tiks apliikotas 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 Pd(OAc), (1 mol%) o R
- \ > P
7% \O DMAc, AcOK %
[ 150 °C, 16 st. 0

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

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

Jaatzime, ka reakcija ir atkariga no aizvietotaja 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) katalizétu sultonu 13 sintézes metodi
no arilsulfonskabém 14 un alkiniem (3. att.) [15].



R——R,
V0 Kat. (2 mol%)
S AgSbF¢, AgOAc
R-Z [ on ———— R R
S Dioksans, 100 °C, 16 st. Cl, /Cl
K

14
R =H, Me, OMe, CI, NO,
R, = Ph, aril-, alkil-, heteroaril-
R, = Ph, aril-, alkil-, heteroaril-

21 piemers
49-92% iznakums

3. att. Rodija kataliz€ta sultonu 13 sint&ze.

Saja metodé iespgjams izmantot alkinus gan ar elektrondonoriem, gan ar
elektronakceptoriem aizvietotajiem. Jaatzim€, ka, izmantojot alkinu ar elektrondonoriem
aizvietotajiem, reakcijas produkta iznakums ir augstaks. Izmantojot nesimetriskus alkinus,
attiecigie sultoni tika iegti 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 saslégSanas metatézes reakciju. Jaatzimé, ka, izmantojot
Grabsa (Grubbs) pirmas paaudzes ruténija katalizatoru, sultoni 15 neveidojas. Izmantojot
Grabsa otras paaudzes ruténija Katalizatoru, sultoni 15 tika iegti ar labiem iznakumiem.

‘ O\//O Kat.
>S [\
J Kat. (3 mol%) 0o \ Mes/N\(N\Mes
@ Osgc PhMe, 80 °C A
0 "o 12-24 st. @ oL Ny
PCy;
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 POCl;. 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 %).

a PC‘
PhMe mz

(0] KOtBu

X ! CH;P(CHs)Br X
TTHE 245t
OH

sozc1

NEt,, CH2C12 4st.

ist. temp. OH  ¢oc _ist. temp. // \\ 4st.,70°C
17 3
X = a) H (70%) - a) H (56%) X =a) H (87%)
b) Br (59%) b) Br (67%) b) Br (34%)
¢) NO, (65%) ) NO, (57%) ¢) NO, (96%)

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

Darba gaita veiksmigi izdevas iegut 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 iegtita rentgendifrakcijas aina, kas ir neapsaubams savienojuma 3c struktiiras
pieradijums (6. att.).

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

Jaatzim¢, ka musdienas ir zinami daudzi un dazadi cikla saslégSanas 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 publicgja rakstu, kura ir apskatiti
jauni, efektivaki olefinu cikla saslégSanas metat€zes ruténija katalizatori [18]. Musdienas 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 molibdéna 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 toleré
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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, tapé€c nolémam izmantot komerciali pieejamo otras paaudzes
katalizatora atvasinajumu 21.

CF,
PCy; F3C/\] \Q Tc1 N
v
/ MO \

Ru
cr _\ C%o
PCy3 F3 PCY3
22 23 24

7. att. Olefinu metatézes reakcijas katalizatoru piemeri.

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

Lai labak izprastu struktiiras—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 dietilacetilendikarboksilata un fenilazida
[20]. Neskatoties uz to, 1,2,3-triazolu sint€zi 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 kinétikas pétjjumiem [21].
Kops ta laika zinams, ka azidu 26 reakcijas ar alkiniem 27 paaugstinata temperattra veidojas
regioizoméru — 1,4- 28 un 1,5-diaizvietotu 29 1,2,3-triazolu maisijums (8. att.).

o temp. N=N
RNy 7 =R, R/N\)\R /N\R

26 27 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
CuSQy, 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
ieglistot 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 27 N
—_—
70 °C, 1st. TFA, 0 °C
0—S0, 0—S0, 5y 0—S0,
3c 30 : 31
98% 69%

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

Selektivai 1,4-diaizvietotu 1,2,3-triazolilatvasinagjumu 4 iegtSanai 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 $kidinataju
lietojam t-BuOH/H,0O maisijumu attieciba 1 : 1. Ar labiem iznakumiem tika iegtta rinda 1,4-
diaizvietotu 1,2,3-triazolilatvasinajumu 4a—4j (1. tabula). Jaatzimg, ka tika izmantota
etikskabes piedeva. Ir pieradits, ka vajas organiskas skabes (etikskabe, benzoskabe) atvieglo
vara eliminé$anos péc 1,3-dipolaras ciklopievienoSanas, tadéjadi paaugstinot reakcijas
atrumu [25].

—R

N; = CuSO,-5H,0 N=N

NaAsc, ACOH R/Q\/N S
0—S02 t-BuOH/H,0 (1:1)

31 ist. temp., 1st. 4 0—S0;

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
N. p. k R 4, iznakums, % M
hCA1l | hCAIl | hCAIX | hCA XII
1. CeHs 4a, 95 >50 >50 1,71 >50
2. 4-CIC¢H, 4b, 74 >50 >50 3,59 >50
3. 3-OMeCgH, 4c, 51 >50 >50 2,56 >50
4, 4-FCg¢H, 4d, 66 >50 >50 1,75 >50
5. 4-OCF3CgH4 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 sp&ja.
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Promocijas darba sintezétajiem savienojumiem Florences Universitaté profesora C. T.
Supurana (Supuran) grupa tika noteiktas cilvéka oglskabes anhidrazu (CA I, CA Il, CA IX un
CA XII) inhib&sanas aktivitates. Visos gadijumos ka salidzinasanas standarts izmantots 5-
acetamido-1,3,4-tiadiazol-2-sulfonamids (acetazolamids, AAZ), kas ir izoformu neselektivs
inhibitors. Jaatzimg, ka citosolisko CA izoformu CA | un CA 1II inhib&Sana 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.).

(@)

H
"0, e T 0
/802 NEt3, CH2C12, 4 st. O /SOZ

0 . 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 mérkenzimus CA IX un CA XII 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 IX K, = 25 nM. Produktiem 5a-5g 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 I 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&$anas 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 paplasSinatu savienojumu
klastu, tika nolemts sintez&t benzoksatiepina-2,2-dioksida arilatvasinajumus 6-9 (12. att.).

Ar
@fj Arm m —
0—S0, 0-S0; Ar 0-S0, (;(O?soz
6 7 8 Ar g

12. att. Benzoksatiepina-2,2-dioksida arilatvasinajumu 6-9 vispargjas struktturformulas.
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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 oksid€joSas 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 $im priekss$rocibam, 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 $kidinataja 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 arf 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 0 KOtBu

! ICl I | CH;P(C4Hs);Br I 19 .
AcOH, 24 st. THEF, 18 st. NEt;, CH,Cl,, 4 st.
OH 40 °C OH ist. temp. OH 0°C — ist. temp.
34 33 35
84% 83%
\©\) /_/ 21 (S mol%) Im
—_—
PhMe
& \\ 4 st., 70 °C 0502
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& bromatvasinajumus 37-39
(14.-16. att.).

0
| KOtBu
0, —
CH;P(CeHs);Br _ 19NEy /) 21 (5 mol%) 21 (5 mol%) m
THF 18 st. CH2C12, 4 st. PhMe, 4 st. Br _s0,

Br OH st 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) sintéze.

KOtBu
o cmpegHy B By 21 (5 mol%) —
—_—
TTHE 185t CH2C12, 4t /—/ PhMe, 4 st.
OH ist. temp. — ist. temp. /, \\ 70 °C 030,
Br Br o Br
43 44 45 38

80% 86% 78%

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

Br O KOtBu, Br |
! CH;3P(CgHs);Br _ 19.NEy 21 (5 mol%)
R —— —_——
THE, 18 st. CH,Cl,, 4 st. /_/ PhMe, 4 st.

OH ist. temp. OH  (oc _ist. temp. /, \\ 70 °C

46 47 39
82% 66% 0%

16. att. 6-Brom-3H-1,2-benzoksatiepina-2,2-dioksida (39) sinteze.
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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
/ kat. (10 mol%)‘ =
PhMe, 70 °C
0-8, 0-50;
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 veidosanos nenovéroja (1. rinda). lzvélgjamies izméginat Sroka
(Schrock) katalizatorus 23 un 25, jo tiek uzskatits, ka molibdéna katalizatori ir aktivaki par
ruténija katalizatoriem. Diemzgl produktu 39 ieglit neizdevas, iesp&ams, tas neveidojas
stérisko traucgjumu del.

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

Ar-B(OH),
Pd(PPh,),
= K4PO, =
X & PhMe+H0 Ar A
072 100°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

P kta Nr. K*, nM
N. p. k. .roc_ju anr. Produkts !
1iznakums, %
hCA IX | hCA XIlI
1. 7a, 56 654,8 1376

2. 7b, 61 O — 407,6 2934
F

3. 7c, 44 ‘ — 330,8 890,5
F;C

4, 7d, 66 O — 2214 4017

EtO,C
5. 7e, 44 O — 620,8 2398

*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 XIIL
Savienojumi 7a—7e spécigak inhibé CA IX (K, = 221,4-654,8 nM) neka CA XII (K, =890,5-
4017 nM).

19



5. tabula

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

Produkta Nr., K*, nM
N. p. k. iznakums, % Produkts
hCA IX | hCA Xl
1. 8a, 44 O O 0/802 104,8 473,2
2. 8b, 44 O O 0—S0, 63,1 168,6
™0
3. 8c, 41 95,2 77,9
4, 8d, 46 O ‘ 0—S0, 44,0 247,8
F,C
5. 8e, 38 OO*SO2 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., K/*, uM
N. p. k. iznakums, % Produkts
hCA IX hCA IX
1. 93, 42 21,1 >100
O’SOZ
2. 9b, 40 g 60,9 >100
O\
0—S02
3. 9c, 39 g 33,7 >100
F
050,
4, 9d, 44 g 47,1 >100
CF,
0—S0;
5. e, 36 g 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
iegiti ar vidéjiem iznakumiem. 9-Arilatvasinajumi 9a—9e neinhibg citosoliskas CA Tun CA 11
un mérkenzimu CA XII. Tie vaji inhibé CA IX, K, = 16,4-60,9 uM.
Jaatzimeé, ka netika novérota arilborskabju aizvietotaju ietekme uz Suzuki—Mijauras

sametinasanas reakcijas norisi. Visos gadijumos produkti 7-9 tika ieguti ar lidzigiem

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 XII 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
CAIll/CAIX mimétika-sulfokumarina kokristalu [4a]. Izp&tot kokristala struktaru,
secinagjam, 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

BT\E:(\ Br\@(\/ S ~OH
—_—
0502 OH
50 51

19. att. Sulfokumarina cikla atvérSanas enzima aktivaja centra.

Benzoksatiepina-2,2-dioksida-mérkenzima kokristala mums nav, tapéc varam tikai izteikt
mingumus 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]

}‘NH
Q/\/%N’N\)so

O,N
52

20. att. Furagina struktiirformula.

Lai gttu prieksSstatu 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 II, (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, tapec 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.

OYR R
I\/% *HC EtOH, ist. temp., 16st /l/i /EO

50-97%

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

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

Ka redzams 7. tabula, iegita 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 I (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 1I 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 Y\/\zo 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(CHa), 28800 | 16500 | 2900 880
10. 10§, 71 CHCH(4-OCHj5-CgHy) >100 000 | 3100 400 360
11. 10k, 93 2,4-(OH),-CgHs >100 000 | 59900 | 5800 150
12. 101, 88 4-(B(OH),)-CeH, 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 26600 | 3300 | 1600 810
16. 10p, 97 5-imidazolil 9600 | 12400 | 560 350
17. F Py - >100000 | 9600 | 260 57
18. AAZ* - 250 12 25 6

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

Savienojumi 10f-10h (6.-8. rinda), 10j (10. rinda), 10p (16. rinda) un furagins 50
(17.rinda) mérkenzimu CA IX inhibgja nanomolaras koncentracijas — K;=260-850 nM.
Efektivakais CA IX inhibitors no Siem savienojumiem izradijas furagins 50. AtlikuSie
savienojumi uzradija par kartu zemaku CA IX inhibitoro aktivitati (K;=1100-7300 nM).
Veérojama 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. Izp€mums ir savienojums 10g (7. rinda), kas
fenilgredzena satur &tera grupu.

Vislabak no visam parbauditajam izoformam tika inhibéta 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 $tinas 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 == HCO5; +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.
SO
0~ o 0777 0-50;

1 2 3

The aim of the dissertation

To develop new, effective and selective inhibitors of CA IX and CA XIlI, 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
_so, © S0,

(6] (0]
4 5

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

Ar
CO), OO, SO, CC
0/802 O/SOZ Ar O/SOZ %2
6 7 8 Ar g

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

R
N~/
N
L =0
N
0" §
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

Main results of Thesis were summarized in four scientific publications and a review
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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, B, v, 9, &, 1, 0, and
[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 1-
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 VI 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
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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].

A
Br \\
©i o Pd(OAc), (1 mol%) o R
g7 X ST
a0 | DMAc, AcOK N
O O o O
A 150 °C, 16 h
12 R 11
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(l11) catalyzed sultone 13 synthesis method by
coupling aryl sulfonic acids 14 with internal alkynes (Fig. 3) [15].
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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.

O
(0]
‘ :\s// Cat.
J Cat. (3 mol%) 0) \ Mes/N N-Mes
@ Og2 PhMe, 80 °C et
0’ "o 12-24 h @ o Ny
PCy;
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; FsC \Q T O 0
\ N
/ O O/ Ph
tBu
25

Ru
cr _\ v C%o
Pcy3 3 PCY3

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

RimNs = =R, 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 3c 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,O
O,N ’ H,N 272 N
2 m EtOH, H,0 2 m 2. NaN3/H,0 3m
—_—  »
0-50, 70°C, 1h 050, TFAz’r? °oC 050,
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,-5H,0 N=N
NaAsc, AcOH R/Q\/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, % i hM
hCA1l | hCA Il | hCAIX | hCA XII
1 CeHs 4a, 95 >50 >50 1.71 >50
2 4-CIC¢H, 4b, 74 >50 >50 3.59 >50
3 3-OMeCgH, 4c, 51 >50 >50 2.56 >50
4 4-FCeH, 4d, 66 >50 >50 1.75 >50
5 4-OCF3CgH4 4e, 83 >50 5.77 0.34 1.72
6 3-FCgH4 4f, 74 >50 >50 1.15 >50
7 2-NH,CgsH,4 49, 57 >50 >50 0.46 2.32
8 CH,0OH 4i, 81 >50 >50 0.87 >50
9 4-CF3CgH, 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).

H
", e T OQ
_so, NEt;, CH,Cl,, 4 h O 5o,

o o
0°C—rt
30 Sa-Sk

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
@fj Arm m —
O/SOZ O/SOZ Ar O/SOZ (;(()?S()z
6 7 8 Ar g

r

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 —
/O\) CH;P(C4Hs);Br 19, NEt3 // 21 (5 mol%) m
THF, 18 h t CHZCIZ, 4h PhMe, 4 h Br _so,

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,

0 KOtBu
I cn CHIP(CoHy):Br 1ONEG 215 mol%)_ ~
TTHE 18hrt CH,Cly, 4 h /— PhMe, 4 h
OH 0°C —rt 0 \\ 70 °C 0380,
Br Br 0] Br
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Fig. 15. Synthesis of 9-bromo-3H-1,2-benzoxathiepine 2,2-dioxide 38.

Br O KOtBu, Br
I CHAP(CyHts)sBr _I9.NEt, d 21 (5 mol%) C(j
T THF. 18hort CH,Cl,, 4 h /—/ PhMe, 4 h
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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%)' =
d PhMe, 70 °C @
0] 0—50,
48 0

/, /S\\

Y 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),) 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 ¢ PhMetH0 Ar A
07>+2 100°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
Entry yield, % Product
hCA IX | hCA XIlI
1 7a, 56 654.8 1376
g
2 7b, 61 O — 407.6 2934
3 7c, 44 330.8 890.5
4 7d, 66 221.4 4017
EtO,C
5 Te, 44 O O — 620.8 2398
O/SO2

* 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 IX than CA XII inhibitors.
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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 O 0—S0, 104.8 473.2
2 8b, 44 O O 0—S0, 63.1 168.6
e
3 8c, 41 95.2 77.9
4 8d, 46 O O 0—S0, 44.0 247.8
F,C
5 8e, 38 2 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
1 9a, 42 0~30: 21.1 >100
®
O\
L
3 9c, 39 O 33.7 >100
F
L
4 9d, 44 g 47.1 >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 XII.

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].

Br Br \\S//\
0502 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 ’N\%o

0,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 K*, nM
Entry NO"(%'e'd’ R CAl | CAll | CAIX | CAXII
1 10a, 90 CoHs 39600 | 900 | 3500 | 5600
2 10D, 80 4-OCH;-CgHs 57600 | 6400 | 1200 | 4700
3 10c, 82 4-NO,-CgH, >100 000 | 11100 | 7400 | 2800
4 10d, 95 4-(CO,CH;)-CoHa >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,CgHs)-CoHs | >100000 | 540 | 350 | 910
8 10h, 81 CHCH(CO,C,Hs) 45900 | 23600 | 810 | 440
9 10i, 72 CHC(CH,), 28800 | 16500 | 2900 | 880
10 10j, 71 CHCH(4-OCH-CsH) | >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-pyridyl 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 Il, 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 II, 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 11 inhibitor, than
the second weakest CA |1 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 [X 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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O ,0 This microreview summarizes recent advances in sultone synthesis, focusing on the transition metal-catalyzed
S,
4

\\/O reactions reported from 2012 to 2017.

Introduction

Sultones, the internal esters of hydroxysulfonic acids,
sulfur analogs of lactones, are among the oldest known
sulfur heterocycles as the term "sultone" was introduced by
Endermann in 1888.! Nowadays sultones are demanded
scaffolds in medicinal chemistry research,’  as they exhibit
skin sensitization, antiviral, and enzyme inhibitory
activities.'*” They also have broad application in organic

synthesis, as they are key intermediates in many natural
product syntheses.® Most sultones reported in literature are
4-7-membered rings, but few are larger.'! The most
powerful sultone synthesis methodologies include, among
others, various transition metal-catalyzed reactions,>* '
cycloaddition reactions,'™"? Diels-Alder-type reactions,™"
and the use of ionic liquids as sulfonating agents.™"

Julia—Kocienski reaction

First literature example of homologous Julia—Kocienski
reaction of epoxides with sulfones, which provides access
to y-sultones in one-pot stereocontrolled manner, was
reported by Bray and coworkers.” Method has good
functional group tolerance: substrates with protected
alcohols and amines, ketones, halogens, and even terminal
epoxides in the side chain can be used. In case of a bis-
epoxide even with five equivalents of base only the
monosultonylated product was obtained. Most likely
formation of the first ring slows down formation of the
second one.

(B N

N, X PAN . O

N NeBu R N"_NEBu oL &gl

Nl LiN(SiMes) N={ ~od | —TeT o
//S\: CH,Cl, O’ts\\o R 48-99% R
O C 20°C,20h R= Alkyl 22 examples

N-Heterocyclic carbene catalysis

N-Heterocyclic carbene-catalyzed (NHC) procedure of
d-sultone synthesis using TMS enol ethers and o,p-unsatu-
rated sulfonyl fluorides via o,B-unsaturated sulfonyl azolium
intermediates was reported by Lupton and coworkers.'®
Reaction is moderately sensitive to electronic effects of
starting materials: electron-poor sulfonyl fluorides are more
efficiently converted to corresponding sultones than electron-
rich ones. In this convenient procedure, both aliphatic and
aromatic TMS enol ethers can be used. In the case of an
unsymmetric TMS enol ethers, regeoselectivity is moderate.

N,Mes R' = R?= Alkyl, Cycloalkyl, Ph

[): R3=H, Ph, Aryl, Hetaryl
Oxy OTMS Y Mes.
) ) Mes N N R3 (I?
RZ R (10mol %) |3 P 5=0
+ ——— RS | — |
R3 O 4AMS THF % o OO
\/\S’:O 66°C, 6 h Mes| i
||: 40-88% R R
18 examples
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Palladium catalysis

Palladium-catalyzed phosphine-free intramolecular direct

arylation of 2-bromobenzenesulfonic acid phenyl esters Br ~
was first reported by Doucet and coworkers.'” Using this @[ 0 Pd(OAc) (1 mol %) X \R
procedure biarylsultones can be obtained in good and O”S\\OI@ DMA, AcOK o©
excellent yields. Unfortunately, substituents on the phenol 150°C, 16 h & 0
moiety have a strong influence on the reaction outcome. 62-96% 13 examples
Electron-donating substituents accelerate the reaction, R =H, Alkyl, Bn, OMe, CI, F, NMe,

whereas substrates with electron-withdrawing substituents
(NO,, CO;Bu, CF3) do not undergo ring closure. In all
cases when reaction occurred high regioselectivity was

(0]
0-L:0
observed. O‘S O
D
/

N . . . Br
An efficient regioselective Pd(0)-catalyzed intramolecular x -
Heck-type cyclization strategy for the synthesis of fused R Pd(PPhs); (3mol %) 5 examples
seven—memﬂgered sultones was reported ‘by Mpnda! and R =Ph. Ar. TMS HCO;Na 80-95%
coworkers. © However no examples with aliphatic or -

X . - ; ) DMF-H, 0 (7:3) 0
aromatic ~ substituents containing electrqn—wnthdrawnng 100°C. 1 h 01,0
groups are reported. It is interesting that in the case of O
dibenzo-fused sultones the exocyclic double bond | P g o Br
conformation is opposite to that of benzopyrido-fused N
sultones. Authors explain it using DFT calculations of R
possible reaction mechanism. In case of benzopyrido-fused R=Ph, Ar 4 examples
sultones, Pd-N interaction dominates over the steric 93-95%
interaction.

Rhodium catalysis

A new access to sultones using Rh(IIT)-catalyzed coupling R2—=——R?

of.arylsqltomc acids wFth !nternal alkynes, wher.e. sulfonic 0, 0 [RNCp*Calz (2 mol %) Q0
acid assisted C-H activation atlghe ortho position, was ¢ AgSbFe, AgOAC xS0
reported by Li and coworkers.” Under these reaction U OH ———— R'{-

.. . . R Dioxane N s
conditions, alkynes with electron-donating and electron- Z 100°C. 16 h R
withdrawing substituents can be used. Moreover, electron- 49_5;2% R?
donating sgbstltuents provide hlg.her yields. In case of R’ = H, Me,OMe, CI, NO; 21 example
uns.ymmetr‘lc.al .alkynes, .product yields are moderate, but RZ=R3= Alkyl, Ph, Ar, Hetaryl
regioselectivity is very high.

An effective rhodium-catalyzed carbene cyclization—

cycloaddition cascade (CCCC) reaction of vinylsulfonate

giving polycyclic sultone in good yield and diastereo- Rhy(oct

selectivity was reported by Metz and coworkers.” i Q N2 (3h§1(0| 0/14) o SO.Tol

_n
Rhodium carbenoid obtained from diazoketone moiety HC‘S’O\/C\/\H/C‘SOZTOI »
&% CH,Clo, 1t O, o

undergoes addition to ketone and forms carbonyl ylide. The 0 6%
1,3-dipolar cycloaddition to the vinyl sulfone moiety of the °
latter completes the reaction sequence.

Gold catalysis
Barriault and coworkers have reported a straightforward

heterocycle synthesis using dimeric phosphine-gold Me me | Cat
catalyst.”’ The authors have demonstrated a light-enabled 2csata|y|3§/ Pr, . Pn]?
reductive radical reaction of unactivated alkyl and aryl Br (2.5 mol %) . ‘ ph’plu_Eu‘ph
bromides where the gold complex acts as a photocatalyst. Q UVA, i-PryNEt O N Phiévé\—"h
This reaction can be carried out using UVA or sunlight and 0" HCO;H, MeCN O,S\:’O i Fn
it is suitable for the synthesis of benzosultones and other ) TS:/“ 0
heterocycles. Intermolecular transformations are also Sunlight, i-Pr,NEt, MeCN
possible. 80%

1284
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Copper catalysis

Simple photoredox-catalyzed procedure for the synthesis of
sultones in moderate to excellent yields using copper
catalyst was reported by Reiser and coworkers.” Using this
reaction procedure, aliphatic, spirocyclic, as well as
annulated &-sultones can be prepared even on gram scale.
Unfortunately, the method has a poor regio- and diastereo-
selectivity. It is sensitive to steric effects, and substitution
at the double bond or next to it leads to increasing extent of
CF;Cl addition.

Ruthenium catalysis

Mondal and coworkers reported a convenient synthetic
strategy toward seven-membered sultones fused with a
heterocycle or various carbocycles via Ru-catalyzed ring
closing metathesis (RCM).¥ Using 1st generation Grubbs
catalyst no sultone formation was observed. Changing cata-
lyst to 2nd generation Grubbs catalyst sultones were ob-
tained in good to excellent yields.

An efficient Ru-catalyzed olefin RCM example of seven-
membered sultone synthesis was reported by our group.’
Using 2nd generation Grubbs catalyst indenylidene varia-
tion it was possible to synthesize seven-membered benzo-
fused sultones with excellent yields and functional group
tolerance.

F2C__Cl
s
[efaNe)
o}
[Cu(dap)o2CI] S0,0l N ,O
(mol%) | 6
HaC R) KoHPO, R F3C\AR
HO MeCN, LEDs30 50-90% 9 examples
rt, 17 h HO xamp
Mes—N NIKMES
CH Ri=
| 2 or g,UQPh O\\é(?
CHz (3 mol %) o7\
o) e
Q ~g PhMe
o o 80°C,12-24h Q
70-80% 7 oxamples
NN
Mes— ~Mes
C\/.,,T Ph
CH, C‘«Rf
R | _CH, ForslJ R -
J/ (5 mol %)
O-84 PhMe, 70°C, 4 h S=
T ' ’ B
84-96% © 6 ©
R = H, Hal, NO, 3 examples
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ABSTRACT

A new chemotype with carbonic anhydrase (CA, EC 4.2.1.1) inhibitory action has been discovered, the
homo-sulfocoumarins (3H-1,2-benzoxathiepine 2,2-dioxides) which have been designed considering the
(sulfo)coumarins as lead molecules. An original synthetic strategy of a panel of such derivatives led to
compounds with a unique inhibitory profile and very high selectivity for the inhibition of the tumour asso-
ciated (CA IX/XIl) over the cytosolic (CA I/l) isoforms. Although the CA inhibition mechanism with these
new compounds is unknown for the moment, we hypothesize that it may be similar to that of the sulfo-
coumarins, i.e. hydrolysis to the corresponding sulfonic acids which thereafter anchor to the zinc-coordi-

nated water molecule within the enzyme active site.

Introduction

Sulfocoumarins (1,2-benzoxathiine 2,2-dioxides) such as derivatives
of type A were discovered by our groups to act as inhibitors of
the metalloenzyme carbonic anhydrase (CA, EC 42112 A large
series of sulfocoumarins derivatives, among which compounds of
type B, were thereafter reported, by using click chemistry or other
conventional drug design approaches (Figure 1)*°.

A salient feature of this type of CA inhibitor (CAl) was the fact
that they showed a very pronounced isoform selectivity for inhibit-
ing tumour-associated CA isoforms (CA IX and XII) over the wide-
spread, cytosolic ones CA | and 11", This has been explained
when the mechanism of CA inhibition with sulfocoumarins was
elucidated, by using kinetic and X-ray crystallographic experi-
ments'. Indeed, in the X-ray crystal structure of the adduct of a
CA 1II/IX mimic complexed with the 6-bromosulfocoumarin A2(A,
R=Br) (Figure 1), the 2-dihydroxy-5-bromophenyl-vinyl sulfonic
acid D was observed within the enzyme active site, probably due
to the CA-mediated hydrolysis of A2 to the cis-sulfonic acid C
which was thereafter isomerized to the more stable trans-deriva-
tive D (Scheme 1)".

This inhibition mechanism is similar to the one observed earlier
for coumarins™® the class of CAls which constituted the lead com-
pounds for the discovery of sulfocoumarins. Finding isoform-select-
ive CAls for the 15 different human CA isoforms is a challenging
task®'°, but coumarins and sulfocoumarins (and several families of
sulfonamides) do show such properties, which make them of great
interest for the design of pharmacological agents useful as diu-
retics, antiglaucoma, anticonvulsant and/or antitumor drugs®™'3.

Here, we report the homo-sulfocoumarins or 3H-1,2-benzoxa-
thiepine 2,2-dioxides, which can be considered as homologs of
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sulfocoumarins or 1,2-benzoxathiine 2,2-dioxides', where oxathiine
ring was expanded by one carbon to form an oxathiepine ring. To
the best of our knowledge, there is no reported method for the
synthesis of 3H-1,2-benzoxathiepine 2,2-dioxides in the literature.
The general strategy for the formation of oxathiepine ring
reported in this paper involves a ruthenium-catalysed olefin
metathesis as a key step.

Materials and methods
Chemistry

Reagents, starting materials and solvents were obtained from com-
mercial sources and used as received. Thin-layer chromatography
was performed on silica gel, spots were visualized with UV light
(254 and 365 nm). Melting points were determined on an OptiMelt
automated melting point system. IR spectra were measured on
Shimadzu FTIR IR Prestige-21 spectrometer. NMR spectra were
recorded on Varian Mercury (400 MHz) spectrometer with chemical
shifts values (8) in ppm relative to TMS using the residual DMSO-
dg signal ("H 2.50; 13C 39.52) or CDCl; signal ("H 7.26; 13C 77.16)
as an internal standard. HRMS data were obtained with a Q-TOF
micro high resolution mass spectrometer with ESI (ESI+/ESI).
Elemental analyses were performed on a CARLO ERBA ELEMENTAL
ANALYZER EA 1108.

General procedure for the synthesis of 4-substituted 2-ethenylphe-
noles (2a—c)"*

To a stirred solution of methyltriphenylphosphonium bromide
(264 eq) in dry THF (5ml/1 mmol of corresponding aldehyde),
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was added tBuOK (2.86-3.12 eq.) in several portions over 20 min.
Reaction mixture was stired for 1h at RT. Corresponding
2-hydroxy benzaldehyde (1 eq.) was added and stirring continued
at room temperature for 24 h. Reaction mixture was diluted with
CHxCl; (5ml/1mmol aldehyde). Organic layer was collected and
washed with water (2 x 20ml) and brine (2 x 20ml), dried over
NayS0,4, solvent was driven off in vacuum. The crude product was
purified by column chromatography (silica gel, EtOAc/PhMe1:5).

2-Ethenyiphenol (2a)

Compound 2a was prepared according to the general procedure
from methyltriphenylphosphonium bromide (18.88g, 52.9 mmol),
tBuOK (6.42g, 57.2mmol) and 2-hydroxybenzaldehyde (2.44g,
20.0mmeol) as yellowish at room temperature melting solid (1.67 g,
70%)."HNMR (400 MHz, CDCl;) =537 (dd, 1H, J=11.3, 1.3Hz),
542 (s, 1H), 5.76 (dd, 1H, /=178, 1.3Hz), 6.81 (dd, 1H, /=81,
1.1Hz), 6.90-6.96 (m, 1H), 6.98 (dd, 1H, J/=17.8, 11.3Hz), 7.12-7.18
(m, TH), 741 (dd, 1H, J=7.7, 1.7Hz).

4-Bromo-2-ethenyiphenol (2b)

Compound 2b was prepared according to the general procedure
from methyltriphenylphosphonium bromide (13.22g, 37.0 mmol),
tBuOK (4.90g, 43.7mmol) and 5-bromo-2-hydroxybenzaldehyde
(2.814g, 14.0 mmol) as yellowish at room temperature melting solid
(1649, 59%)."H NMR (400 MHz, CDCl;) 5=4.98 (s, 1H), 5.40 (dd,
1H, J=113, 1.0Hz), 574 (dd, 1H, J=17.8, 1.0Hz), 6.68 (d, 1H,
J=86Hz), 6.85 (dd, 1H, J=17.8, 8.6Hz), 7.23 (dd, 1H, /=86,
24Hz), 749 (d, 1H, J=2.4Hz).

2-Ethenyl-4-nitrophenol (2c)

Compound 2c was prepared according to the general procedure
from methyltriphenylphosphonium bromide (28319, 79.3 mmol),
tBuOK (9.60 g, 85.6 mmol) and 5-nitro-2-hydroxybenzaldehyde (5g,
30mmol) as yellow at room temperature melting solid (3.23g,
65%). "H NMR (400 MHz, CDCl5) =543 (dd, 1H, J=113, 1.1Hz),
587 (dd, 1H, J=17.8, 1.1Hz), 6.92-7.00 (m, 2H), 7.96 (dd, 1H,
J=89, 2.6Hz), 831(d, 1H, J=2.6Hz), 8.82 (s, 1H).

Prop-2-ene-1-sulfonyl chloride (3)"*

To a solution of 3-bromoprop-1-ene (24.2g, 0.20 mol) in water
(140ml) was added Na,SO3 (30g, 0.24mol) and the reaction

To a solution of 3-bromoprop-1-ene (24.2g, 0.20 mol) in water
(140 ml) was added Na,SO; (30g, 0.24mol) and the reaction

(A) (B)

R = OH, Br, NO,, NH, R = Ph, substituted aryl, COOMe, etc.

Figure 1. Chemical structure of sulfocoumarins A and B.

A2
Scheme 1. Active site, CA-mediated hydrolysis of A2 to D'

mixture was refluxed overnight. After cooling to room tempera-
ture, reaction mixture was washed with Et;0 (3 x 35ml). Aqueous
phase was concentrated. Crude white solid was dried under high
vacuum at 110°C for 4h. To the white solid at 0°C POCl; (80 ml)
was added, and mixture was refluxed for 4h. After cooling to
room temperature dry THF (60 ml) was added and reaction mix-
ture was vigorously stirred for 10min and filtered. Filter cake was
suspended in dry THF (60 ml), suspension was vigorously stirred
for 10 min and filtered. Filtrates were combined and solvent was
carefully driven off on rotary evaporator. Residue was distilled in
vacuum (10 mbar) and fraction with boiling point 38-42°C was
collected, to give prop-2-ene-1-sulfonil chloride (3) as colourless
oil (18.89, 67%).

General procedure for the synthesis of 4-substituted 2-ethenyl
prop-2-ene-1-sulfonates (4a-c)

To a stirred solution of corresponding 2-ethenylphenol 2 (1 eq.) in
CH5Cl; (10ml/20mmol phenol) at 0°C was added prop-2-ene-1-
sulfonyl chloride (3) (1.6 eq.) and EtsN (1.5 eq.). Reaction mixture
was stirred overnight (20h) at room temperature. Water (10ml/

20mmol phenol) was added, reaction mixture was extracted with
EtOAc (3 x 10ml/20mmol phenol), combined organic extracts
were washed with brine (2 x 10ml/20 mmol olefin), dried over
NayS0s, filtered and solvent was driven off in vacuum. The crude
product was purified by column chromatography (silica gel,
CH,Cl,/PhMe 3:2).

2-Ethenylphenyl prop-2-ene-1-sulfonate (4a)

Compound 4a was prepared according to the general procedure
from 2-ethenylphenol (2a) (0.50g, 4.16 mmol), prop-2-ene-1-sul-
fonyl chloride (3) (0.94 g, 6.69 mmol) and EtsN (0.87 ml, 6.23 mmol)
as colourless oil (0.52g, 56%). IR (film, em™) Vimax= 1368 (5=0),
1178 (5=0), 1154 (5=0); 'H NMR (400 MHz, CDCl3) & =3.96-4.00
(m, 2H), 5.37-5.41 (m, 1H), 5.48-5.54 (m, 2H), 5.79 (dd, 1H, J=17.6,
09 Hz), 5.90-6.01 (m, 1H), 6.99 (dd, 1H, J=17.6, 11.0Hz), 7.23-7.34
(m, 2H), 7.57-7.62 (m, 1H); 3C NMR (100MHz, CDCls) §=55.6,
1173, 1228, 123.9, 125.4, 1269, 1274, 129.2, 130.3, 131.3, 146.5;
HRMS (ESI) m/z [M—1] caled for CyyH;,03S: 223.0429, found
223.0435.

4-Bromo-2-ethenylphenyl prop-2-ene-1-sulfonate (4b)

4-Bromo-2-ethenylphenyl prop-2-ene-1-sulfonate (4b)

Compound 4b was prepared according to the general procedure
from 4-bromo-2-ethenylphenol (2b) (0.50g, 2.51 mmol), prop-2-
ene-1-sulfonyl chloride (3) (0.57 g, 405mmol) and EtzN (0.52ml,
3.76mmol) as colourless oil (0.51g, 67%). IR (film, cm™)
Vmax= 1364 (5=0), 1170 (5=0), 1154 (5=0); TH NMR (400 MHz,
CDCl3) 6=4.00 (dt, 2H, /=74, 09Hz), 546 (d, 1H, J=11.0H2),
5.51-5.59 (m, 2H), 5.81 (d, 1H, J=17.6 Hz), 5.91-6.03 (m, 1H), 6.92
(dd, 1H, J=17.6, 11.0Hz), 7.22 (d, 1H, J=8.6Hz), 7.41 (dd, 1H,
J=86, 24Hz), 7.73 (d, 1H, J=24Hz); 3C NMR (100 MHz, CDCl5)
6=55.7,118.6, 121.0, 123.7, 124.6, 125.7, 129.2, 129.8, 132.0, 133.3,

= Br - SO3H
oSOt

OH
C D
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145.3;HRMS (ESI) m/z [M —1]" caled for C;yH;oBrO3S: 300.9534,
found 300.9537.

2-Ethenyl-4-nitrophenyl prop-2-ene-1-sulfonate (4c)

Compound 4c was prepared according to the general procedure
from 2-ethenyl-4-nitrophenol (2¢) (0.32g, 1.94mmol), prop-2-ene-
1-sulfonyl chloride (3) (0.44g, 3.13mmol) and EtzN (0.41ml,
296 mmol) as yellowish oil (0.30g, 57%). IR (film, ecm )
Vimax= 1350 (5=0), 1159 (5=0); 'H NMR (400 MHz, CDCl3) 5=4.01
(dt, 2H, J=7.2, 0.9Hz), 5.54-5.63 (m, 3H), 5.93-6.05 (m, 2H), 6.99
(dd, 1H, J=17.6, 11.0Hz), 7.53 (d, 1H, J=9.0Hz), 8.16 (dd, 1H,
/=90, 2.8Hz), 848 (d, 1H, J=2.8Hz); '*C NMR (100 MHz, CDCls)
5=56.3, 120.2, 122.4, 123.4, 123.8, 124.0, 126.2, 128.6, 132.8, 146.5,
150.2; HRMS (ESI) m/z [M —1]" caled for C,yH;oNOsS: 268.0280,
found 268.0280.

General procedure for the synthesis of 7-substitued 3H-1,2-benzox-
athiepine 2,2-dioxides (6a-c)
To a stirred solution of corresponding 4-substituted 2-ethenyl
prop-2-ene-1-sulfonate (1 eq.) in dry toluene (10ml/0.2g 4), was
added Ru-catalyst 5 (tricyclohexylphosphine[1,3-bis(2,4,6-trimethyl-
phenyl)imidazol-2-ylidene][3-phenyl-1H-inden-1-
ylidene]ruthenium(ll) dichloride, CAS Nr. 254972-49-1) (0.05 eq.).
Reaction mixture was stirred at 70°C for 4 h. Solvent was driven
off in vacuum and the crude product was purified by column
chromatography (silica gel, Hex/EtOAc 4:1) with following re-crys-
tallization from EtOAc/Hex. Compound 6c¢ was purified by column
chromatography (silica gel, CH>Cl2/Hex 2:1).

Oy

053
6 (0]

3H-1,2-benzoxathiepine 2,2-dioxide (6a)

Compound 5a was prepared according to the general procedure
from  2-ethenylphenyl prop-2-ene-1-sulfonate (4a) (100mg,
0.45mmol), Ru-catalyst 5 (21mg, 0.022mmol) as white solid
(76 mg, 87%). Mp 131-132°C. IR (film, cm™") vim=1369 (5=0),
1176 (5=0); '"H NMR (400 MHz, CDCl5) 6 =4.01 (dd, 2H, J=6.3,
1.2Hz), 5.96-6.03 (m, 1H), 6.90 (d, 1H, J=10.9Hz), 7.31-7.37 (m,
3H), 741-7.46 (m, 1H); *C NMR (100 MHz, CDCls) 6=>51.2, 119.5,
123.0, 127.3, 1284, 130.6, 130.8, 1329, 147.8;HRMS (ESI) m/z

[M —1]" calcd for CgH;05S: 195.0116, found 195.0115.
O
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7-Bromo-3H-1,2-benzoxathiepine 2,2-dioxide (6b)

Compound 5b was prepared according to the general procedure
from  4-bromo-2-ethenylphenyl  prop-2-ene-1-sulfonate  (4b)
(100 mg, 0.33 mmol), Ru-catalyst 5 (16 mg, 0.017 mmol) as yellow-
ish solid (76mg, 84%). Mp 129.3-1303°C. IR (film, cm™
Vinax= 1360 (S=0), 1170 (5=0), 1154 (S=0); 'H NMR (400 MHz,
CDCl3) 6=4.03 (dd, 2H, J=6.3, 0.9Hz), 5.99-6.06 (m, 1H), 6.81 (d,
1H, J=11.0Hz), 7.22 (d, 1H, J=8.6 Hz), 7.47 (d, 1H, J=24Hz), 7.54
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(dd, 1H, J=86, 2.4Hz); *C NMR (100 MHz, CDCls) 3=514, 1205,
1209, 124.7, 130.2, 1316, 133.5 1336, 146.7; Anal. Calcd for
CoH,BrO5S (275.12): C 39.29, H 2.56, found C 39.19, H 2.59.
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7-Nitro-3H-1,2-benzoxathiepine 2,2-dioxide (6c)

Compound 5¢ was prepared according to the general procedure
from 2-ethenyl-4-nitrophenyl prop-2-ene-1-sulfonate (4¢) (100mg,
037mmol), catalyst 5 (18 mg, 0.019 mmol) as yellowish solid
(86 mg, 96%). Mp 130-131°C. IR (film, em ") Vpmay= 1375 (5=0),
1351 (5=0), 1170 (5=0), 1161 (S=0); 'H NMR (400 MHz, CDCl3)
6=4.18 (dd, 2H, J=5.8, 1.2Hz), 6.05-6.12 (m, 1H), 6.89 (d, 1H,
J=11.3Hz), 748 (d, 1H, J=8.9Hz),8.24 (d, 1H, J=2.6Hz), 8.28 (dd,
1H, J=89, 2.6Hz); '*C NMR (100MHz, CDCl;) 8=524, 1216,
1243, 1256, 126.8, 1294, 130.8, 151.3; Anal. Caled for CoH,NOsS
(241.22): C 44.81, H 292, N 5.81, found C 44.70, H 2.95, N 5.79.
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7-Amino-3H-1,2-benzoxathiepine 2,2-dioxide (7)

To a solution of 7-nitro-3H-1,2-benzoxathiepine 2,2-dioxide (6c)
(250 mg, 1.04 mmol) in EtOH (4.3 ml) and H;O (2.8 ml) AcOH (0.06 ml,
1.04mmol) was added following by iron powder (350mg,
6.27 mmol) at room temperature. Resulting suspension was stirred
at 75°C for 1h. It was cooled to room temperature, EtOAc (50 ml)
was added and washed with sat. aq. NaHCOj3 (5 x 30 ml). Organic
layer was dried over Na,SO, and concentrated in vacuum. Re-crys-
tallized of the crude product from EtOAc/Hex afforded 7 (220mg,
98%) as yellowish solid. Mp 170-171°C. IR (film, cm ™) vja=3465
(N-H), 3382 (N-H), 1358 (5=0), 1163 (5=0); 'H NMR (400 MHz,
CDCl3) 6 =3.72-3.85 (br s,2H), 3.92 (dd, 2H, /= 6.3, 1.0Hz), 5.93-6.00
(m, 1H), 6.53 (d, 1H, J=2.9Hz), 6.68 (dd, 1H, J=8.8, 2.6 Hz), 6.80 (d,
1H, J=10.6Hz), 7.12 (d, 1H, J=8.8Hz); "*C NMR (100 MHz, CDCl5)
6=50.5, 115.0, 116.8, 119.8, 123.8, 133.4, 140.4, 145.5; HRMS (ESI)
m/z [M+HI" caled for CgH,oNO5S: 212.0381, found 212.0364.

0
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0

7-Azido-3H-1,2-benzoxathiepine 2,2-dioxide (8)

To a solution of -7-amino-3H-1,2-benzoxathiepine 2,2-dioxide (7)
(220mg, 1.03 mmol) in trifluoroacetic acid (1.3ml) at 0°C, slowly
was added NaNO, (80 mg, 1.12 mmol). After 30 min stirring at 0°C,
solution of NaN; (67 mg, 1.03mmol) in water (3ml) was added.
Mixture was stirring at 0°C for1h. Collection of solid precipitate
and drying in vacuum afforded 8 (170 mg, 69%) as brown solid. IR
(film, cm™") Vmax= 2116 (N3), 1374 (5=0), 1369 (5=0), 1167 (5=0);
'"H NMR (400 MHz, CDCl;) 6=4.01 (dd, 2H, /=63, 1.2Hz),
5.99-6.07 (m, 1H), 6.83 (d, 1H, J=109Hz), 6.94 (d, 1H, /=2.8Hz),
7.06 (dd, 1H, J=89, 2.8Hz), 732 (d, 1H, J=89Hz); '3C NMR
(100 MHz, CDCl3) 6 =51.2, 120.5, 120.8, 120.9, 124.5, 129.8, 132.0,
139.2, 144.5.
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General procedure for the synthesis of 1,4-disubstitutedtriazolyl
compound (9-17)

To a solution of corresponding alkyne (1 eq.) in tBuOH/H,0O 1:1
mixture (10 ml)7-azido-3H-1,2-benzoxathiepine 2,2-dioxide (8) (1
eq.), CuSO,4-5H,0 (2 eq.) and sodium ascorbate (4 eq.) were added
and reaction mixture was stirred at room temperature for 10 min.
AcOH (19-21 eq.) was added and mixture was stirred for add-
itional 30 min. Solvent was driven off in vacuum and the crude
product was purified by reversed phase chromatography (C-18,
H,O-MeCN gradient MeCN 10-90%).
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1-(2,2-Dioxido-3H-1,2-benzoxathiepin-7-yl)-4-phenyl-1H-1,2,3-
triazole (9)

Compound 9 was prepared according to the general procedure
from phenylacetylene (13mg, 0.13mmol), azide 8 (30mg,
0.13mmol), CuSO,4-5H,0 (65mg, 0.26 mmol), sodium ascorbate
(103mg, 0.52mmol), AcOH (0.14ml, 2.45mmol) as white solid
(41mg, 95%). Mp 203-204°C. IR (KBr, cm™") Vpa,=1368 (5=0),
1171 (5=0); 'H NMR (400 MHz, DMSO-d) 8 =461 (dd, 2H, J=5.9,
1.2Hz), 6.09-6.16 (m, 1H), 7.02 (d, TH, J=113Hz), 7.37-7.43 (m,
1H), 7.48-7.54 (m, 2H), 7.63 (d, 1H, J=8.8Hz), 7.92-7.97 (m, 2H),
8.04 (dd, 1H, /=88, 2.6Hz), 8.13 (d, TH, J=26Hz), 9.35 (s, TH); '*C
NMR (100 MHz, DMSO-dg) 6 =51.7, 119.9, 121.6, 122.1, 122.7, 1240,
125.3, 128.4, 129.1, 129.6, 130.0, 130.1, 135.0, 146.3, 147.5; HRMS
(ESI) m/z [IM+ HI™ calcd for Cy7H,4N305S: 340.0756, found 340.0755.
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4-(4-Chlorophenyl)-1-(2,2-dioxido-3H-1,2-benzoxathiepin-7-yl)-
1H-1,2,3-triazole (10)

Compound 10 was prepared according to the general procedure
from 1-chloro-4-ethynylbenzene (17 mg, 0.12mmol), azide 8
(29mg, 0.12mmol), CuSO4-5H,0 (61 mg, 0.24 mmol), sodium ascor-
bate (97mg, 0.49 mmol), AcOH (0.13ml, 2.27 mmol) as yellowish
solid (34mg, 74%). Mp 191-192°C. IR (KBr, cm™) Vmax=1369
(5=0), 1356 (5=0), 1168 (S=0); 'H NMR (400 MHz, DMSO-dg)
8=4.61 (dd, 2H, J=5.9, 1.2Hz), 6.09-6.16 (m, TH), 7.01 (d, TH,
=11.5Hz), 7.55-761 (m, 2H), 7.63 (d, TH, J=8.9Hz), 7.92-7.98
(m, 2H), 8.02 (dd, 1H, /=89, 2.7Hz), 8.11 (d, 1H, J=2.7Hz), 9.38
(s, TH); *C NMR (100 MHz, DMSO-dg) 6=51.7, 1203, 121.6, 122.1,
122.7, 1241, 127.0, 129.0, 129.1, 129.6, 130.1, 132.8, 135.0, 146.3,
146.4; HRMS (ESI) m/z [M +H]™ calcd for Cq7H,5CIN3O5S: 374.0366,

found 374.0366.
NaN
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1-(2,2-Dioxido-3H-1,2-benzoxathiepin-7-yl)-4-(3-methoxyphenyl)-
1H-1,2,3-triazole (11)

Compound 11 was prepared according to the general procedure
from 3-ethynylanisole (17mg, 0.13mmol), azide 8 (30mg,
0.13mmol), CuSO4-5H,0 (63 mg, 0.25mmol), sodium ascorbate
(100mg, 0.50mmol), AcOH (0.14ml, 2.45mmol) as yellowish
solid (24mg, 51%). Mp210-211°CIR (KBr, M) Vmax=1372
(5=0), 1162 (5=0); '"H NMR (400 MHz, DMSO-dg) &=3.84 (s, 3H),
461 (dd, 2H, J=58, 1.2Hz), 6.09-6.16 (m, 1H), 6.94-6.99 (m,
1H), 7.02 (d, 1H, J=115Hz), 7.39-745 (m, 1H), 7.48-7.55 (m,
2H), 7.63 (d, 1H, J=89Hz), 803 (dd, 1H, J=8.9, 2.7Hz), 8.12 (d,
1H, J=27Hz), 936 (s, TH); 'C NMR (100MHz, DMSO-dg)
6=51.7, 55.2, 1106, 114.1, 117.6, 120.1, 1216, 122.1, 1226,
124.0, 129.6, 130.1,130.2, 131.4, 135.0, 146.3, 147.4, 159.8; HRMS
(ES) m/z [M+H]" caled for CigH;6N30,S: 370.0862, found
370.0876.
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1-(2,2-Dioxido-3H-1,2-benzoxathiepin-7-yl)-4-(4-fluorophenyl)-
1H-1,2,3-triazole (12)

Compound 12 was prepared according to the general procedure
from 1-ethynyl-4-fluorobenzene (30mg, 0.25mmol), azide 8
(60mg, 0.25mmol), CuSO,-5H,0 (126 mg, 0.50 mmol), sodium
ascorbate (200mg, 1.02mmol), AcOH (0.28 ml, 5.05mmol) as
yellowish solid (60mg, 66%). Mp 200-201°C. IR (KBr, cm™")
Vmax=1369 (5=0), 1167 (S=0); 'H NMR (400MHz, DMSO-dg)
8=461 (d, 2H, J=54Hz), 6.07-6.17 (m, 1H), 701 (d, 1H,
J=11.3Hz), 7.30-7.71 (m, 2H), 7.63 (d, 1H, J=8.8Hz), 7.94-8.05
(m, 3H), 811 (s, TH), 934 (s, 1H); >C NMR (100 MHz, DMSO-dg)

8=51.7, 116.1 (d, J=21.9Hz), 1199, 1216, 122.1, 122.7, 124.1,
126.6, 1274 (d, J=83Hz), 129.7, 130.1, 135.0, 1463, 146.6,
162.1 (d, J=2453Hz); HRMS (ES) m/z [M+H]T caled for

Cy7H13FN305S: 358.0662, found 358.0656.
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1-(2,2-Dioxido-3H-1,2-benzoxathiepin-7-yl)-4-[4-
(trifluorometoxy)phenyl]-1H-1,2,3-triazole (13)

Compound 13 was prepared according to the general proced-
ure  from  4-(trifluoromethoxy) phenylacetylene  (40mg,
0.21mmol), azide 8 (50mg, 0.21mmol), CuSO,-5H,0 (105mg,
0.42mmol), sodium ascorbate (167mg, 0.84mmol), AcOH
(0.23ml, 4.02mmol) as yellowish solid (74mg, 83%). Mp
168-169°C. IR (film, cm™") Vpax= 1357 (5=0), 1166 (5=0); 'H
NMR (400MHz, CDCl3) 6=4.13 (dd, 2H, J=6.0, 1.1Hz),
6.06-6.13 (m, 1H), 6.93 (d, TH, J=11.3Hz), 7.30-7.35 (m, 2H),
751 (d, 1H, J=8.8Hz), 7.79 (dd, 1H, J=8.8, 2.5Hz), 7.85 (d,
1H, J=25Hz), 7.91-798 (m, 2H), 825 (s, 1H); >C NMR
(100 MHz, CDCl3) 6=51.8, 120.6 (q, J=257.9Hz), 121.4, 1217,
122.1, 1229, 1247, 1275, 1288, 130.0, 131.5 1356, 1473,
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149.5, 149.6; HRMS (ESI) m/z [M+HI" calcd for CyaHi3F3N30,S:
4240579, found 424.0553.

1-(2,2-Dioxido-3H-1,2-benzoxathiepin-7-yl)-4-(3-fluorophenyl)-
1H-1,2,3-triazole (14)

Compound 14 was prepared according to the general procedure
from 1-ethynyl-3-fluorobenzene (25mg, 0.21mmol), azide 8
(50mg, 0.21 mmol), CuSO4-5H,O0 (105mg, 0.42 mmol), sodium
ascorbate (166 mg, 0.84mmol), AcOH (0.25ml, 4.37mmol) as
brownish solid (56mg, 74%). Mp 188-189°C. IR (KBr, cm™')
Vmax=1354 (5=0), 1175 (5=0); 'H NMR (400MHz, DMSO-dq)
6=4.62 (dd, 2H, J=6.0, 1.3Hz), 6.09-6.16 (m, 1H), 7.01 (d, TH,
J=11.6Hz), 7.20-7.26 (m, 1H), 752-7.60 (m, 1H), 7.64 (d,
1H, J=88Hz), 7.70-7.75 (m, 1H), 7.77-7.81 (m, 1H), 8.02 (dd, 1H,
J=8.9, 2.7Hz), 8.10 (d, 1H, J=27Hz), 9.42 (s, 1H); '*C NMR
(100 MHz, DMSO-dg) 8=51.7, 1119 (d, J=23.0Hz), 1151 (d,
J=20.8Hz), 120.7, 121.3 (d, J=2.5Hz), 121.6, 122.1, 122.7, 124.1,
129.6, 130.0, 131.2 (d, J=87Hz), 132.4 (d, J=8.4Hz), 134.9, 146.3,
146.4, 1626 (d, J=243.5Hz); HRMS (ESI) m/zZIM+ H]" caled for
Cy7H,3FN305S: 358.0662, found 358.0667.
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2-[1-(2,2-Dioxido-3H-1,2-benzoxathiepin-7-yl)-1H-1,2,3-triazol-4-
yllaniline (15)

Compound 15 was prepared according to the general procedure
from 2-ethynylaniline (25mg, 0.21 mmol), azide 8 (50mg,
0.21 mmol), CuSO,4-5H,0 (105mg, 0.42 mmol), sodium ascorbate
(166 mg, 0.84 mmol), AcOH (0.25ml, 437 mmol) as yellowish solid
(43mg, 57%). Mp 190-191°C. IR (film, cm™") vinax=3430 (N-H),
3364 (N-H), 1365 (5=0), 1358 (5=0), 1167 (S=0), 1163 (S=0); 'H
NMR (400 MHz, DMSO-dg) 6=4.61 (dd, 2H, J=6.0, 1.2Hz),
6.09-6.16 (m, 1H), 6.49-6.85 (m, 2H), 7.01 (d, 1H, J=11.3Hz),
7.10-7.18 (m, 1H), 7.59-7.66 (m, 2H), 8.08 (dd, TH, J=8.9, 2.4Hz),
8.16 (d, 1H, J=2.4Hz), 9.26 (s, 1H); '>C NMR (100 MHz, DMSO-de)
§=51.7,112.1, 1159, 116.1, 119.8, 121.8, 122.1, 122.8, 124.0, 127.9,

129.0, 1296, 130.1, 135.0, 1458, 146.3, 148.1;, HRMS (ESI)
m/z[M +H]™ calcd for Cq7H;5N405S: 355.0865, found 355.0869.
N=N
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[1-(2,2-dioxido-3H-1,2-benzoxathiepin-7-yl)-TH-1,2,3-triazol-4-
yllmethanol (16)

Compound 16 was prepared according to the general procedure
from propargyl alcohol (0.012ml, 0.21 mmol), azide 8 (50 mg,
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0.21mmol), CuSO4-5H,0 (105mg, 0.42 mmol), sodium ascorbate
(166 mg, 0.84mmol), AcOH (0.25ml, 4.37mmol) as white solid
(50mg, 81%). Mp 144-145°C. IR (KBr, cm™") Vpau—= 1374 (5=0),
1167 (5=0); 'H NMR (400 MHz, DMSO-dg) 6=4.59 (d, 2H,
J=5.7Hz), 4.62 (s, 2H), 6.05-6.13 (m, 1H), 6.98 (d, TH, J=11.5Hz),
7.56 (d, 1H, J=89Hz), 7.99 (dd, 1H, J=89, 2.6 Hz), 8.09 (d, 1H,
J=26Hz), 874 (s, TH); *C NMR (100 MHz, DMSO-dg) 8=51.8,
54.9, 121.3, 121.5, 121.9, 1226, 123.9, 129.5, 130.1, 135.1, 146.1,
149.4; HRMS (ESI) m/z M+ HI™ caled for Cy,H;,N50,S: 294.0549,
found 294.0553.
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4-(2,2-Dioxido-3H-1,2-benzoxathiepin-7-yl)-1-[4-
(trifluoromethyl)phenyl]-1H-1,2,3-triazole (17)

Compound 17 was prepared according to the general procedure
from 4-(trifluoromethyl)phenylacetylene (36 mg, 0.21 mmol), azide
8 (50mg, 0.21 mmol), CuSO,4-5H,0 (105mg, 0.42 mmol), sodium
ascorbate (166 mg; 0.84 mmol), AcOH (0.25ml, 437 mmol) as
yellowish solid (73mg, 85%). Mp 192-193°C.IR (KBr, can™)
Vmax=1358 (5=0), 1328 (5=0), 1174 (5=0), 1166 (5=0); 'H
NMR (400 MHz, DMSO-dg) 6=4.62 (dd, 2H, J=59, 1.0Hz),
6.09-6.16 (m, 1H), 701 (d, 1H, J=11.5Hz), 764 (d, 1H,
J=8.8Hz), 7.86-7.91 (m, 2H), 804 (dd, 1H, /=88, 2.7Hz), 8.13
(d, 1H, J=27Hz), 8.13-8.18 (m, 2H), 9.52 (s, TH); "*C NMR
(100 MHz, DMSO-dg) 6=51.7, 121.2, 121.7, 1221, 122.8, 124.1,
124.2(q, J=272.0Hz), 1258, 126.1 (g, J=3.8Hz), 1284 (q,
J=32.0Hz), 129.6, 1300, 1340, 1349, 146.0, 146.4; HRMS
(ES) m/z [M+H]" caled for CigHy3F3N305S: 408.0630, found
408.0626.

CA inhibition assay

An SX.18 MV-R Applied Photophysics (Oxford, UK) stopped-flow
instrument has been used to assay the catalytic/inhibition of
various CA isozymes'ﬁ. Phenol Red (at a concentration of
0.2mM) has been used as indicator, working at the absorbance
maximum of 557nm, with 10mM Hepes (pH 7.4) as buffer,
0.1M Na,SO, or NaClO, (for maintaining constant the ionic
strength; these anions are not inhibitory in the used concentra-
tion),"” following the CA-catalysed CO, hydration reaction for a
period of 5-10s. Saturated CO, solutions in water at 25°C were
used as substrate. Stock solutions of inhibitors were prepared at
a concentration of 10mM (in DMSO-water 1:1, v/v) and dilutions
up to 1nM done with the assay buffer mentioned above. At
least seven different inhibitor concentrations have been used for
measuring the inhibition constant. Inhibitor and enzyme solu-
tions were preincubated together for 6h at 4°C prior to assay,
in order to allow for the formation of the E-I complex.
Triplicate experiments were done for each inhibitor concentra-
tion, and the values reported throughout the paper are the
mean of such results. The inhibition constants were obtained by
non-linear least-squares methods using the Cheng-Prusoff equa-
tion, as reported earlier'’, and represent the mean from at least
three different determinations. All CA isozymes used here were
recombinant proteins obtained as reported earlier by our
group'®.
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Scheme 2. Reagents and conditions: (i) MePPh;Br, tBuOK, THF, RT, 24 h; (ii) NEt;, CH,Cl,, RT, 20 h; (iii) 5, toluene, 70°C, 4 h; (iv) Fe, AcOH, EtOH, H,0, 70°C, 1h, 98%;
(v) 1) NaNO,, H,0, TFA, 2) NaN;, H,0, 69%; (vi) alkyne, tBuOH/H,0 (1:1), CuSO,, sodium ascorbate, acetic acid, 30 min.

X-ray structure determination

X-Ray diffraction data for compound 6c were collected using a
NoniusKappaCCD diffractometre (MoKx radiation, A =0.71073 A),
equipped with low temperature Oxford CryosystemsCryostream Plus
device (Delft, the Netherlands). Data were collected using
KappaCCD Server Software, cell refined by SCALEPACK'®, data
reduction performed by DENZO?® and SCALEPACK'®, structures
solved by direct method using SIR2004 and refined by SHELXL97%'
as implemented in the program package WinGX*. Software used
to prepare CIF file was SHELXL97>' and graphics—ORTEPBH,

Crystal data for 6c: CoH;NOsS (M= 241.22), monoclinic, P2,/a,
a=7.3194(3), b=14.9000(7) and c=18.3387(8) A, p=101.325(1)°,
V=1961.06(15) A3, T=1732) K Z=2, Z'=1, uMoKu)=
034mm~", 9545 reflections measured, 2150 independent reflec-
tions (Rint =0.083), R;(obs)=0.058, wR1(obs)=0.1500, R;(all)=
0.1893, wR1(all) =0.1096, S=0.94.

CCDC 1526002 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via http://www.
ccdc.cam.ac.uk.

Results and discussion

Chemistry

The synthesis of homo-sulfocoumarins began with a Wittig reac-
tion in which salicylic aldehydes 1 were converted to the corre-
sponding mono-olefins 2a-c in good yields (Scheme 2). Treatment
of compounds 2a-c with allyl sulfonyl chloride (3) provided bis-
olefins 4a-c as the key intermediates, again in good yields

(see Experimental for details). In the next step, olefin metathesis

with the commercially available Ru-catalyst 5 was used, in which
bis-olefins 4a-c were converted to 3H-1,2-benzoxathiepine 2,2-
dioxides 6a-b in 84-96% vyields. To obtain a series of 7-substituted
homo-sulfocoumarins, the synthesis of 1,4-triazolyl derivatives
9-17 was thereafter performed. For this purpose, 7-nitro derivative
6¢ was reduced by elemental iron to the corresponding amine 7
in nearly quantitative yield. Further diazotation of amine 7 fol-
lowed by in situ treatment with sodium azide afforded the azide
8. Treatment of azide 8 with alkynes under click chemistry condi-
tion provides a series of 1,4-triazolyl homo-sulfocoumarins 9-17 in
good to excellent yields (see Experimental for details).

The structures of all synthesized 3H-1,2-benzoxathiepine 2,2-
dioxides 6-17 were fully supported by 'H, '*C NMR and IR spec-
troscopy, MS or elemental analysis. Additionally, the final
unequivocal identification of the scaffold of 3H-1,2-benzoxathie-
pine 2,2-dioxide was established by a single-crystal X-ray structure
for compound 6¢, shown in Figure 2.

Carbonic anhydrase inhibition

All the synthesized derivatives 6¢-17 were evaluated for their effi-
cacy in inhibiting four relevant CA isoforms, i.e. hCA |, II, IX and
XIl, by using the stopped flow carbon dioxide hydrase assay'®, in
comparison to the sulphonamide acetazolamide (AAZ, 5-acet-
amido-1,3,4-thiadiazole-2-sulfonamde) as a standard CAl.

Data of Table 1 show that the cytosolic isoforms hCA | and Il
(widely distributed enzymes, with important physiological roles in
many tissues)”'® were generally not inhibited by the investigated
homo-sulfocoumarins, up to 50uM concentration of inhibitors in
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Figure 2. Single-crystal X-ray structure of 6c (CCDC deposition number 1526002).
Thermal ellipsoids are drawn at the 50% probability level (see Experimental for
details).

Table 1. CA inhibition data against isoforms hCA 1, II, IX and XII with homo-sul-
focoumarins 6-17 and acetazolamide (AAZ) as standard, by a stopped-flow CO,
hydrase assay”A

Ki (HM)E
Compound hCA | hCA Il hCA IX hCA XII
6¢ >50 >50 0.027 0.64
7 >50 >50 357 >50
9 =50 =50 171 =50
10 >50 =50 3.59 >50
1 >50 >50 256 >50
12 =50 >50 1.75 >50
13 >50 5.77 0.34 1.72
14 >50 =50 1.15 >50
15 >50 >50 0.46 232
16 =50 >50 0.87 >50
17 >50 =50 0.43 >50
AAZ 0.25 0.012 0.025 0.006

®Errors in the range of +5% of the reported values, from three different assays.

the assay system. Only one derivative, 13, showed a moderate
inhibitory profile against hCA Il, with an inhibition constant
of 5.77 uM.

The tumour associated isoform hCA IX, a validated drug target
for antitumor/antimetastatic agentsB'M, was on the other hand
effectively inhibited by the investigated homo-sulfocoumarins,
with Kis ranging between 27 nM and 3.59 uM (Table 1). The struc-
ture activity relationship (SAR) was very interesting, as the best
inhibitor (6c) incorporated a compact, powerful electron attracting
moiety (NO,) whereas the remaining derivatives, incorporating
substituted 1,2,3-triazole moieties in position 7 of the homo-sulfo-
coumarin ring were less effective hCA IX inhibitors. Four submicro-
molar hCA IX inhibitors were however detected apart 6c,
derivatives 13, 15, 16 and 17, which incorporate either the
compact hydroxymethyl group at the triazole fragment of the
molecule, or substituted phenyls with 4-trifluoromethoxy-,
2-amino-, or 4-trifluoromethyl substituents on the aryl fragment.
These derivatives showed Kis ranging between 0.34 and 0.87 pM.
The remaining homo-sulfocoumarins were low micromolar hCA 1X
inhibitors.

The SAR for inhibition of the second tumour-associated iso-
form, hCA Xll, was more complex compared to what discussed
above for hCA IX (Table 1). Thus, 8 out of 11 derivatives were
inactive (K;s > 50 M) whereas the remaining ones, 6¢, 13 and 15,
inhibited hCA XII with K;s in the range of 0.64-2.32 uM.

This inhibition profile is rather similar to the one of sulfocou-
marins'~ and coumarins”®, which are generally selective inhibitors
for the tumour-associated over the cytosolic isoforms. However,
some homo-sulfocoumarins showed a very specific, and unique up
until now inhibition profile among all classes of CAls known to
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date™'’, as they are highly selective for hCA IX over hCA |, Il and
Xl (e.9. 7-12, 14, 16 and 17).

In conclusion, we report here a new chemotype with effective
and isoform-selective CAls, the homo-sulfocoumarins, which show
a unique inhibition profile for the tumour-associated CA isoforms
hCA IX (and Xll) over the cytosolic ones. Although the CA inhib-
ition mechanism with these new compounds is unknown for the
moment, we hypothesize that it may be similar to that of the sul-
focoumarins, i.e. hydrolysis to the corresponding sulfonic acids
which thereafter anchor to the zinc-coordinated water molecule
within the enzyme active site.
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ABSTRACT

A new series of homosulfocoumarins (3H-1,2-benzoxathiepine 2,2-dioxides) possessing various substitution
patterns and moieties in the 7, 8 or 9 position of the heterocylic ring were prepared by original proce-
dures and investigated for the inhibition of four physiologically relevant carbonic anhydrase (CA, EC
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4.2.1.1) isoforms, the human (h) hCA 1, II, IX and XII. The 8-substituted homosulfocoumarins were the most

effective hCA IX/XIl inhibitors followed by the 7-substituted derivatives, whereas the substitution pattern
in position 9 led to less effective binders for the transmembrane, tumour-associated isoforms IX/XIl. The
cytosolic isoforms hCA | and Il were not inhibited by these compounds, similar to the sulfocoumarins/cou-
marins investigated earlier. As hCA IX and Xl are validated anti-tumour targets, with one sulphonamide
(SLC-0111) in Phase Ib/ll clinical trials, finding derivatives with better selectivity for inhibiting the tumour-
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associated isoforms over the cytosolic ones, as the homosulfocoumarins reported here, is of cru-

cial importance.

1. Introduction

Carbonic anhydrases (CAs, EC 4.2.1.1) are metalloenzymes wide-
spread in nature, being encoded by at least eight different genetic
families, which have been identified in organisms all over the
phylogenetic tree' . By catalysing a crucial physiologic reaction,
by which CO, is hydrated with the formation of a weak base
(bicarbonate) and a strong acid (hydronium ions), these enzymes
are involved in a multitude of physiologic processes, starting with
pH regulation and ending with metabolism'3™. As thus, CAs are
drug targets for decades, with their inhibitors having pharmaco-
logical applications in a multitude of fields"3™. The primary sul-
phonamides were discovered as CA inhibitors (CAls) in the 40s,
and most of the drugs that were launched in the next decades as
diuretics, antiepileptics, or antiglaucoma agents targeting CAs
belonged to this class of compounds'>~>. Although highly effect-
ive as CAls', the sulphonamides generally indiscriminately inhibit
most «-CA isoforms present in mammals (at least 15 in humans,
and 16 in other vertebrates') as well as CAs belonging to the
other genetic families (f-, y-, &-, (-, -, 0- and 1-CAs)>~ and for this
reason alternative CAI classes were searched for. In fact, in the last
10years, a multitude of new chemotypes as well as novel CA
inhibition mechanisms were reported'*”~?, which highly enriched
our understanding of these enzymes and also allowed for obtain-
ing isoform-selective CAls targeting all the mammalian
forms™*”~%. Among the new such chemotypes, which also showed
the highest levels of isoform selectivity, were the coumarins®, the

iso-

(3H-1,2-benzoxathiepine 2,2-dioxides)™°. Considering the fact that
this last chemotype was only recently reported and rather poorly
investigated'®, we report here a series of new aryl-3H-1,2-benzoxa-
thiepine 2,2-dioxides substituted in various positions of the het-
erocyclic ring, which have been designed in order to explore the
chemical space around this new CA inhibitory chemotype and to
see whether the presence of various moieties in position 7, 8 or 9
of the heterocyclic system maintains the desired enzyme inhibi-
tory activity and selectivity for the target isoforms.

2. Materials and methods
2.1. Chemistry

Reagents, starting materials and solvents were obtained from
commercial sources and used as received. Thin-layer chromatog-
raphy was performed on silica gel, spots were visualised with UV
light (254 and 365nm). Melting points were determined on an
OptiMelt automated melting point system. IR spectra were
recorded on Shimadzu FTIR IR Prestige-21 spectrometer. NMR
spectra were recorded on Bruker Advance Neo (400 MHz) spec-
trometer with chemical shifts values () in ppm relative to TMS
using the residual DMSO-dg signal ("H 2.50; '>C 39.52) or CDCl;
signal (*H 7.26; "3C 77.16) as an internal standard. High-resolution
mass spectra (HRMS) were recorded on a mass spectrometer with
a Q-TOF micro mass analyser using the ESI technique. Elemental
analyses were measured using Carlo Erba (EA1108) apparatus
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2-Hydroxy-5-iodobenzaldehyde (2)
o

|
I

OH

To a solution of salicylaldehyde (1) (8.73mL, 81.9 mmol) in AcOH
(40mL) iodine monochloride (4.92mL, 98.3mmol) was added'’.
Reaction mixture was stirred 24h at 40°C, then cooled to r.t.
EtOH (60 mL) was added and all volatiles were removed in vac-
uum. CH,Cl, (60mL) and water (100 mL) were added, the phases
were separated and the aqueous phase was extracted with CH,Cl,
(3 x 50mL). The combined organic phases were washed with 10%
Na;S5,0; (1 x 60 mL), brine (1 x 60mL), dried over Na,SO,, filtered
and concentrated. The residue was purified by column chromatog-
raphy on silica gel (PE/EtOAc 3:1), the crude product was re-crys-
tallised from EtOH to afford product 2 (17.1g, 84%) as yellowish
solid. "H NMR (400 MHz, DMSO-dg)  =6.85 (d, 1H, J=8.6Hz), 7.77
(dd, 1H, J=8.6, 2.4Hz), 7.87 (d, 1H, J=2.4Hz), 10.16 (s, TH), 10.92
(s, TH) ppm. >C NMR (100 MHz, DMSO-dg) =814, 120.1, 1246,
136.7, 144.1, 160.3, 189.8 ppm.

Prop-2-ene-1-sulphonyl chloride (4)

|
ksozc1

Compound was synthesised using previously described procedure
by our group'®. To a solution of Na,505 (30.2 g; 0.24 mol) in water
(140mL) ally bromide (17.4 mL; 0.20 mol) was added and the reac-
tion mixture was refluxed overnight. After cooling to room tem-
perature, reaction mixture was washed with Et;O (3 x 50mL).
Aqueous phase was concentrated. Crude white solid was dried
under high vacuum at 100°C for 6h. To the white solid at 0°C
POCl; (120 mL) was added, and mixture was refluxed for 4 h. After
cooling to room temperature dry THF (60mL) was added and
reaction mixture was vigorously stirred for 10min and filtered.
Filter cake was suspended in dry THF (60 mL), suspension was vig-
orously stirred for 10min and filtered. Filtrates were combined
and solvent was carefully driven off on rotary evaporator. Residue
was distilled in vacuum (10 mbar) and fraction with boiling point
38-42°C was collected, to give prop-2-ene-1-sulfonil chloride (4)
as colourless oil (18.6g, 66%), which was used in further reactions
without additional purification.

General procedure for the synthesis of ethenylphenoles (3, 14,
18, 27)

To a stirred solution of methyltriphenylphosphonium bromide
(2.60 eq) in dry THF (5mL/1 mmol of methyltriphenylphosphonium
bromide), was added tBuOK (3.2 eq) in several portions over
20 min. Reaction mixture was stirred for 1h at r.t. Corresponding
benzaldehyde (1 eq) was added and stirring continued at room
temperature for 24 h. Reaction mixture was diluted with CH,Cl,
(4 mL/Tmmol of methyltriphenylphosphonium bromide). Organic
layer was washed with water (2 x 20mL) and brine (2 x 20mL),
and dried over Na,SO,, filtered and concentrated. The crude prod-
uct was purified by column chromatography on silica gel
(PE/EtOAC 4:1).

4-lodo-2-ethenylphenol (3)

|
‘@f
OH

Compound 3 was prepared according to the general procedure
from methyltriphenylphosphonium bromide (14.98g, 37.0 mmol),
t-BuOK (5.79g, 51.6mmol) and 2-hydroxy-5-iodobenzaldehyde (2)
(4.00g, 16.1mmol) as yellowish solid (3.29g, 83%)'%. 'H NMR

(400 MHz, DMSO-dg) 6=5.23 (dd, 1H, J=11.3, 1.4Hz), 5.80 (dd,
1H, J=17.8, 1.4Hz), 6.67 (d, 1H, J=8.6 Hz), 6.77-6.87 (m, 1H), 7.38
(dd, 1H, J=8.5, 23Hz), 7.70 (d, 1H, J=2.3Hz), 9.94 (s, TH) ppm
13C NMR (100 MHz, DMSO-dg) =814, 115.1, 1184, 126.9, 130.4,
134.4, 137.0, 154.6 ppm.

3-Bromo-2-ethenylphenol (14)
e

'OH
Compound 14 was prepared according to the general procedure
from methyltriphenylphosphonium bromide (18.48g; 51.7 mmol),
t-BuOK (7.15g; 63.7mmol) and 2-bromo-5-hydroxybenzaldehyde
(13) (4.00g, 19.9mmol) as yellowish solid (3.25g; 82%). "H NMR
(400 MHz, DMSO-dg) 6 =5.51 (dd, TH, J=12.0, 2.4Hz), 6.06 (dd,
1H, /=177, 24Hz), 676 (dd, 1H, J=17.7, 11.9Hz), 6.86-6.91
(m, 1H), 6.98 (t, 1H, J=8.0Hz), 7.07 (dd, 1H, J=8.0, 1.2Hz), 10.18
(s, TH) ppm '>C NMR (100 MHz, DMSO-dg) 6 =115.4, 120.9, 123.2,
123.4, 124.2, 129.1, 132.2, 157.1 ppm.

5-Bromo-2-ethenylphenol (18)
|

Compound 18 was preparedmaccorgilng to the general procedure
from methyltriphenylphosphonium bromide (18.48g; 51.7 mmol),
t-BuOK (7.15g; 63.7mmol) and 4-bromo-2-hydroxybenzaldehyde
(17) (4.00g, 19.9mmol) as yellowish solid (3.01g; 76%)'3. "H NMR
(400 MHz, DMSO-dg) 0 =5.24 (dd, 1H, J=11.3, 16Hz), 5.79 (dd,
1H, J=17.8, 1.6Hz), 6.86 (dd, 1H, J=17.8, 11.3Hz), 6.93-6.97
(m, TH), 7.00 (d, 1H, J=2.0Hz), 7.37 (d, 1H, J=8.3Hz), 10.13 (s,
TH) ppm >C NMR (100 MHz, DMSO-dg) & =114.6, 1183, 1208,
122.0, 123.5, 128.0, 130.8, 155.7 ppm.

2-Bromo-6-ethenylphenol (27)

OH

Compound 27 was prepared azycording to the general procedure
from methyltriphenylphosphonium bromide (18.48g; 51.7 mmol),
t-BuOK (7.15g; 63.7mmol) and 3-bromo-2-hydroxybenzaldehyde
(26) (4.00g, 19.9mmol) as yellowish solid (3.17 g; 80%)"“.

"H NMR (400 MHz, DMSO-d¢g) 6=5.29 (dd, 1H, /=11.2, 1.3H2),
5.78 (dd, 1H, J=17.6, 1.4Hz), 6.80 (t, TH, J=7.8Hz), 7.02 (dd, 1H,
J=17.6, 11.2Hz), 741-7.49 (m, 2H), 932 (s, 1TH) ppm C NMR
(100 MHz, DMSO-d¢) 6=112.2, 115.5, 121.3, 125.4, 1275, 1314,
132.1, 150.7 ppm.

General procedure for diolefine (5, 15, 19, 28) synthesis

To a stirred solution of corresponding ethenylphenol (3, 14, 18,
27) (1 eq) in CHyCl; (10 mL/1 mmol corresponding ethenylphenol)
at 0°C was added prop-2-ene-1-sulphonyl chloride (4) (1.39 eq)
and Et3N (1.4 eq). Reaction mixture was stirred overnight (20 h) at
room temperature. Water (30 mL) was added, reaction mixture
was extracted with EtOAc (3 x 40 mL), combined organic extracts
were washed with brine (2 x40mL), and dried over dried over
Na,SO,, filtered and concentrated. The crude product was purified
by column chromatography on silica gel (EtOAc/PE 1:4).
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4-lodo-2-ethenylphenyl prop-2-ene-1-sulfonate (5)

O
()g’,‘i‘\o

Compound 5 was prepared according to the general procedure
from 4-iodo-2-ethenylphenol (3) (2.00g; 8.13 mmol), prop-2-ene-1-
sulphonyl chloride (4) (1.11mL; 10.57 mmol) and NEts (1.58 mL;
11.38 mmol) as yellowish oil (2.36g; 83%). IR (film, cm") Vpnax=
1373 (§=0), 1160 (5=0). 'H NMR (400MHz, DMSO-dg)
0=4.46-450 (m, 2H), 544-5.55 (m, 2H), 5.56-5.63 (m, 1H),
5.85-5.97 (m, 1H), 6.02 (d, 1H, J=17.6Hz), 6.84 (dd, 1H, J=17.8,
11.2Hz), 7.15 (d, TH, J=8.6Hz), 7.72 (dd, TH, J=8.6, 2.2Hz), 8.10
(d, 1H, J=22Hz) ppm. *C NMR (100 MHz, DMSO-dg) d=54.9,
93.0, 119.0, 124.6, 1250, 1253, 1284, 133.1, 1349, 1379,
145.7ppm. HRMS (ES) [M-+HI™: m/z caled for C;yH;,05Sk

350.9552. Found 350.9542.

3-Bromo-2-vinylphenyl prop-2-ene-1-sulfonate (15)

Br ‘
L~

07/5\\

0 o0
Compound 15 was prepared according to the general procedure
from 3-bromo-2- ethenylphenol (14) (2.00g; 10.05 mmol), prop-2-
ene-1-sulphonyl chloride (4) (1.37mL; 13.06 mmol) and NEt3
(1.96 mL; 14.07 mmol) as yellowish oil (2.01 g; 66%). IR (film, cm™")
Venax— 1368 (S=0), 1174 (S=0), 1160 (S =0).

'H NMR (400 MHz, DMSO-dg) 6=4.41 (dt, 2H, J=7.2, 1.0 Hz),
5.49-5.53 (m, 1H), 5.55-5.61 (m, 1H), 5.69-5.76 (m, 2H), 5.83-5.94
(m, 1H), 6.63 (dd, 1H, J=17.9, 11.7Hz), 7.30-7.35 (m, 1H),
7.43-746 (m, 1H), 7.67 (dd, 1H, J=8.0, 1.1Hz) ppm. '*C NMR
(100 MHz, DMSO-dg) 6 =55.4, 122.4, 1235, 123.7, 124.5, 125.2,
129.8, 1306, 131.6, 131.9, 1469 ppm. HRMS (ES)) [M+H]": m/z
caled for C;7H,,055Br: 302.9691. Found 302.9681.

5-Bromo-2-vinylphenyl prop-2-ene-1-sulfonate (19)
~
Br DS,S\\G

Compound 19 was prepared according to the general procedure
from 5-bromo-2- ethenylphenol (18) (2.00g; 10.05 mmol), prop-2-
ene-1-sulphonyl chloride (4) (1.37mL; 13.06 mmol) and NEty
(1.96 mL; 14.07 mmol) as yellowish oil (1.65 g; 54%). IR (film, cm™ )
V= 1377 (5=0), 1161 (5=0). 'H NMR (400 MHz, DMSO-dg)
0=454 (dt, 2H, J=7.2, 1.0Hz), 548 (dd, 1H, J=11.2, 0.8Hz),
5.52-5.56 (m, TH), 5.58-5.64 (m, 1H), 5.86-5.98 (m, 1H), 5.99 (dd,
1H, J=17.6, 0.9Hz), 6.89 (dd, 1H, J=17.8, 11.2Hz), 7.55-7.59 (m,
2H), 7.73-7.77 (m, 1H) ppm. C NMR (100MHz, DMSO-de)
0=55.1, 1184, 120.8, 1245, 1254, 1256, 128.1, 128.7, 1303,
130.5, 146.1 ppm. HRMS (ESI) [M+HI": m/z caled for Cy1H;12055Br:
302.9691. Found 302.9684.

2-Bromo-6-vinylphenyl prop-2-ene-1-sulfonate (28)

J

/
07,-‘5\(_/
B 00

Compound 28 was prepared according to the general procedure
from 2-bromo-6-ethenylphenol (27) (2.00g; 10.05mmol), prop-2-
ene-1-sulphonyl chloride (4) (1.37mL; 13.06 mmol) and NEtz
(1.96 mL; 14.07 mmol) as yellowish oil (2.62 g; 86%). IR (film, cm )
Vmax= 1367 (S=0), 1179 (5=0), 1165 (S=0). '"H NMR (400 MHz,

CDCl;) 6=4.31 (dt, 2H, J=7.2, 1.0H2), 545 (dd, 1H, J=11.0,
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0.80Hz), 5.57-5.65 (m, 2H), 5.81 (dd, 1H, J=17.5, 0.8 Hz), 6.03-6.15
(m, 1H), 7.07-7.17 (m, 2H), 7.52-7.59 (m, 2H) ppm. '>*C NMR
(100MHz, CDCl3) 8=57.9, 117.7, 1184, 123.9, 125.7, 126.0, 128.3,
130.9, 133.1, 135.1, 144.4 ppm. HRMS (ESI) [M +H]": m/z calcd for
Cy1H1,035Br: 302.9691. Found 302.9681.

General method for 3H-1,2-benzoxathiepine 2,2-dioxide halogen
derivative (7, 20, 29) synthesis

To a solution of corresponding diolefine (5, 15, 19, 28) (1.0 eq) in
dry, degassed toluene (15mL/1 mmol corresponding diolefine)
ruthenium catalyst 6 (5mol %) was added. Reaction mixture was
bubbled with argon for 5min and sealed, stirred at 70°C for 4 h.
After cooling to r.t. it was concentrated, and the crude product
was purified by column chromatography on silica gel (EtOAc/PE
1:4). Products were re-crystallised from EtOH.

7-lodo-3H-1,2-benzoxathiepine 2,2-dioxide (7)
1. =

0-50;

Compound 7 was prepared according to the general procedure
from diolefine (5) (1.00g; 2.86 mmol) and ruthenium catalyst 6
(0.14 g; 0.14 mmol) as yellowish solid (0.82 g; 89%). Mp 127-128°C.
IR (film, €M™ ") tmax= 1370 (5=0), 1164 (S=0), 1155 (S=0). 'H
NMR (400 MHz, DMSO-dg) & =4.52 (dd, 2H, J=5.8, 1.3H2),
5.97-6.04 (m, 1H), 6.82-6.87 (m, 1H), 7.14 (d, 1H, J=8.5Hz), 7.79
(dd, 1H, J=8.5, 2.2Hz), 7.88 (d, 1H, J=2.2Hz) ppm. *C NMR
(100 MHz, DMSO-dg) 6 =51.6, 923, 121.5, 1245, 1298, 1304,
138.7, 139.6, 146.7 ppm. Anal. Calcd for CgH7105S: C, 33.56; H, 2.19.
Found: C, 33.55; H, 2.21.

8-Bromo-3H-1,2-benzoxathiepine 2,2-dioxide (20)

Br —50,
Compound 20 was prepared acco?ding to the general procedure
from diolefine (19) (1.23g; 4.06 mmol) and ruthenium catalyst 6
(0.19g; 0.20mmol) as white solid (1.0g; 90%). Mp 144-145°C. IR
(film, cm™") vmax= 1359 (5=0), 1182 (5=0), 1165 (S=0). 'H
NMR (400 MHz, DMSO-dg) 6=4.54 (dd, 2H, J=5.8 1.0Hz),
5.95-6.05 (m, 1H), 6.87 (d, TH, J=114Hz), 742-747 (m, 1H),
7.58-7.66 (m, 2H) ppm. *C NMR (100 MHz, DMSOQ-dg) 6=51.9,
120.9, 122.0, 125.2, 127.5, 130.1, 130.3, 133.0, 147.1 ppm. Anal.
Calcd for CgH;BrO55: C, 39.29; H, 2.56. Found: C, 39.28; H, 2.59.

9-Bromo-3H-1,2-benzoxathiepine 2,2-dioxide (29)

0-50,

Compound 29 was prepared Ba:ccording to the general procedure
from diolefine (28) (2.20g; 7.26 mmol) and ruthenium catalyst 6
(0.34 g; 0.36 mmol) as yellowish solid (1.55g; 78%). Mp 113-114°C.
IR (film, cm™") vma= 1364 (5=0), 1177 (5=0). 'H NMR
(400 MHz, CDCl5) 6 =4.10 (dd, 2H, J=6.0, 1.2Hz), 5.95-6.03 (m,
1H), 6.82-6.87 (m, 1H), 7.18 (t, 1H, J=7.8Hz), 7.24-7.28 (m, 1H),
766 (dd, 1H, J=7.9, 1.6Hz) ppm. *C NMR (100MHz, CDCls)
6=>51.8, 117.7, 120.1, 128.0, 130.0, 130.1, 132.2, 134.2, 144.9 ppm.
Anal. Calcd for CgH;BrOsS: C, 39.29; H, 2.56. Found: C, 39.28;
H, 2.58.
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General method for 3H-1,2-benzoxathiepine 2,2-dioxide aril
derivative (8-12, 21-25 and 30-34) synthesis

In a pressure tube corresponding 3H-1,2-benzoxathiepine 2,2-diox-
ide halogen derivative (7, 20, 29) (1.0 eq) was dissolved in dry
toluene (6 mL/1 mmol corresponding 3H-1,2-benzoxathiepine 2,2-
dioxide halogen derivative), degassed water was added (5% from
toluene volume), corresponding boronic acid (1.5 eq), K3PO, (2.0
eq) and Pd(PPhs)s (0.1 eq). Reaction mixture was bubbled with
argon 5min, tube was sealed and heated for 16h at 100°C tem-
perature. Reaction mixture was cooled to r.t, filtered through cel-
lite was washed with EtOAc (40 mL). Mixture was evaporated and
crude product was purified by column chromatography on silica
gel (EtOAC/PE 1:3). Products were re-crystallised from EtOH.

7- Phenyl-3H-1,2-benzoxathiepine 2,2-dioxide (8)

Y0

Compound 8 was prepared according to the general procedure
from 7-iodo-3H-1,2-benzoxathiepine  2,2-dioxide (7) (0.20g;
0.62 mmol) phenylboronic acid (0.11g; 0.93 mmol), K3PO, (0.26g;
1.24mmol) and Pd(PPhs)s (72mg; 0.062mmol) as white solid
(95mg; 56%). Mp 144-145C. IR (film, cmM™") vma=1366 (S=0),
1363 (5=0), 1172 (S=0), 1164 (S=0). 'H NMR (400 MHz, CDCl5)
0=4.06 (dd, 2H, J=6.2, 0.8Hz), 5.99-6.07 (m, 1H), 6.95 (d, 1H,
J=11.0Hz), 7.38-7.43 (m, 2H), 7.44-7.52 (m, 3H), 7.54-7.58 (m,
2H), 7.62 (dd, 1H, J=84, 2.2Hz) ppm. *C NMR (100 MHz, CDCl5)
6=51.4, 119.8, 123.3, 1273, 128.1, 1285, 129.1, 129.3, 1294,
132.9, 1394, 140.6, 147.1 ppm. Anal. Calcd for C;5H,,055: C, 66.16;
H, 4.44.Found: C, 66.06; H, 4.45.

7-(4-Methoxyphenyl)-3H-1,2-benzoxathiepine 2,2-dioxide (9)

/O\.\(j
‘ o-50;

Compound 9 was prepared according to the general procedure
from 7-iodo-3H-1,2-benzoxathiepine  2,2-dioxide (7) (0.20g;
0.62mmol) 4-methoxyphenylboronic acid (0.14g; 0.93 mmol),
K3PO, (0.26g; 1.24mmol) and Pd(PPhs), (72mg; 0.062 mmol) as
yellowish solid (115 mg; 61%). Mp 162-163 C. IR (film, cam ™) Vnax=
1395 (5=0), 1375 (5=0), 1179 (5=0), 1156 (5=0). 'H NMR
(400 MHz, DMSO-dg) & = 3.80 (s, 3H), 4.50 (dd, 2H, J=5.8, 1.0 Hz),
5.98-6.06 (m, 1H), 6.97 (d, TH, J=11.2Hz), 7.02-7.07 (m, 2H), 7.38
(d, 1H, J=8.4Hz), 7.62-7.67 (m, 2H), 7.69 (dd, 1H, /=84, 2.4 Hz),
773 (d, 1H, J=24Hz) ppm. C NMR (100MHz, DMSO-dg)
d=51.6, 55.2, 114.5, 120.5, 122.7, 127.9, 128.0, 128.4, 129.0, 130.8,
131.2, 138.7, 145.8, 159.3 ppm. Anal. Calcd for Cy6H40,S: C, 63.56;
H, 4.67. Found: C, 63.38; H, 4.68.

7-(4-Fluorophenyl)-3H-1,2-benzoxathiepine 2,2-dioxide (10)
F.

Sy

Compound 10 was prepared according to the general procedure
from 7-iodo-3H-1,2-benzoxathiepine  2,2-dioxide (7) (0.20g;
0.62 mmol) (4-fluorophenyl)boronic acid (0.13 g; 0.93 mmol), KsPO,
(0.26 g; 1.24mmol) and Pd(PPhs), (72mg; 0.062 mmol) as white
solid (79 mg; 44%). Mp 117-118°C. IR (film, em™) Vmax—=1373
(5=0), 1181 (5=0), 1168 (5=0). 'H NMR (400 MHz, CDCls)
6=4.06 (dd, 2H, J=6.2, 1.2Hz), 5.99-6.06 (m, 1H), 6.93 (d, TH,
J=11.0Hz), 7.12-7.18 (m, 2H), 7.39 (d, 1H, J=8.4Hz), 7.45 (d, 1H,
J=23Hz), 749-7.55 (m, 2H), 7.57 (dd, 1H, J=8.4, 2.3Hz) ppm.

¥C NMR (100MHz, CDCl3) =514, 116.1 (d, J=21.6Hz), 1199,
123.4, 1286, 128.9, 129.0, 129.2, 129.3, 132.8, 135.6 (d, J=3.4Hz),
139.6, 147.1, 163.0 (d, J=247.0Hz) ppm. Anal. Calcd for
CysH11FO5S: C, 62.06; H, 3.82. Found: C, 62.34; H, 3.83.

7-(4-(Trifluoromethyl)phenyl)-3H-1,2-benzoxathiepine 2,2-dioxide (11)

O
Compound 11 was prepared according to the general procedure

from  7-iodo-3H-1,2-benzoxathiepine  2,2-dioxide (7) (0.20g;
0.62 mmol) (4-(trifluoromethyl)phenyl)boronic acid (0.18¢g;
093 mmol), K;PO, (0.26g; 1.24mmol) and Pd(PPhs), (72mg;

0.062 mmol) as white solid (140 mg; 66%). Mp 166-168 °C.

IR (film, cm™") vma=1357 (5=0), 1332 (S=0), 1166 (S=0).
'H NMR (400MHz, DMSO-dg) 6 =456 (dd, 2H, J=5.8, 1.0Hz),
6.00-6.08 (m, 1H), 6.99 (d, 1H, J=11.4Hz), 7.47 (d, 1H, J=8.4Hz),
7.81-7.86 (m, 3H), 7.88 (d, 1H, J=2.2Hz), 7.94 (d, 2H, J=8.2Hz)
ppm. *C NMR (100 MHz, DMSO-dg) §=51.8, 120.8, 123.0, 124.3
(q, J=273.0Hz), 125.9 (q, J=3.7Hz), 127.7, 128.3 (q, /= 32.0Hz),
128.6, 128.9, 130.3, 130.8, 137.4, 1425, 146.9 ppm. Anal. Calcd for
Cy6H11F303S: C, 56.47; H, 3.26. Found: C, 56.46; H, 3.28.

7-(4-(Ethoxycarbonyl)phenyl)-3H-1,2-benzoxathiepine 2,2-dioxide (12)
C

0-50,

Compound 12 was prepared according to the general procedure

from  7-iodo-3H-1,2-benzoxathiepine  2,2-dioxide (7) (0.20g;
0.62 mmol) (4-(ethoxycarbonyl)phenyl)boronic  acid (0.18g;
0.93mmol), KsPO,; (0.26g; 1.24mmol) and Pd(PPhs); (72mg;

0.062mmol) as yellowish solid (96 mg; 44%). Mp 141-142°C. IR
(film, cm™") Vmax= 1701 (C=0), 1380 (S=0), 1184 (S=0), 1170
(S=0). "H NMR (400 MHz, DMSO-dg) 0=1.34 (t, 3H, J=7.1Hz),
434 (g, 2H, J=7.1Hz), 455 (dd, 2H, J=5.8, 1.2Hz), 6.00-6.08 (m,
1H), 6.99 (d, 1H, J/=11.5Hz), 7.46 (d, 1H, /=8.5Hz), 7.83 (dd, 1H,
J=8.5, 2.3 Hz), 7.85-7.90 (m, 3H), 8.03-8.08 (m, 2H) ppm. 3C NMR
(100 MHz, DMSO-dg) 6 =14.2, 51.7, 60.8, 120.8, 123.0, 127.1, 128.6,
128.8, 129.2, 129.8, 130.1, 130.8, 137.7, 1429, 146.9, 165.4ppm.
Anal. Calcd for CigH,6055: C, 62.78; H, 4.68. Found: C, 62.76;
H, 4.71.

8-Phenyl-3H-1,2-benzoxathiepine 2,2-dioxide (21)
el
Compound 21 was prepared according to the general procedure
from 8-bromo-3H-1,2-benzoxathiepine 2,2-dioxide (20) (0.25g¢;
0.91 mmol) phenylboronic acid (0.17 g; 1.36 mmol), K3PO, (0.39g;
1.82 mmol) and Pd(PPhs)4 (105 mg; 0.091 mmol) as yellowish solid
(109 mg; 44%). Mp 103-104°C. IR (film, cm ") vmax= 1376 (S=0),
1177 (5=0). "H NMR (400 MHz, CDCl5) 6=4.08 (dd, 2H, J=6.1,
1.2Hz), 5.94-6.01 (m, 1H), 6.88-6.93 (m, 1H), 7.36-7.43 (m, 2H),
7.44-7.50 (m, 2H), 7.55-7.63 (m, 4H) ppm. *C KMR (100 MHz,
CDCls) 6=51.6, 119.2, 121.3, 125.7, 126.8, 127.2, 128.5, 129.2,
131.3, 132.5, 138.9, 144.0, 148.1 ppm. Anal. Calcd for Cy5H;,03S: C,
66.16; H, 4.44. Found: C, 66.15; H, 4.46.
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8-(4-Methoxyphenyl)-3H-1,2-benzoxathiepine 2,2-dioxide (22)

L&
Compound 22 was prepared according to the general procedure

from 8-bromo-3H-1,2-benzoxathiepine 2,2-dioxide (20) (0.25g;
0.91 mmol) 4-methoxyphenylboronic acid (0.21g; 1.36 mmol),
K5PO, (0.39g; 1.82mmol) and Pd(PPhs), (105mg; 0.091 mmol) as
yellowish solid (121 mg; 44%). Mp 142-143°C. IR (film, ecm™)
Vinax= 1369 (5=0), 1177 (5=0), 1164 (5=0). "H NMR (400 MHz,
CDCl3) 6 =3.86 (s, 3H), 4.07 (dd, 2H, J=6.1, 1.1 Hz), 5.92-5.99 (m,
1H), 6.88 (d, 1H, J=11.1Hz), 6.97-7.02 (m, 2H), 7.32-7.36 (m, 1H),
7.50-7.58 (m, 4H) ppm. >C NMR (100 MHz, CDCl;) 6 =51.6, 55.5,
114.6, 118.8, 120.6, 125.2, 126.1, 128.3, 131.3, 1326, 143.6, 148.2,
160.1 ppm. Anal. Calcd for Cy6H1404S: C, 63.56; H, 4.67. Found: C,
63.20; H, 4.69.

8-(4-Fluorophenyl)-3H-1,2-benzoxathiepine 2,2-dioxide (23)

O -
- O 0-50;

Compound 23 was prepa;ed according to the general procedure
from 8-bromo-3H-1,2-benzoxathiepine 2,2-dioxide (20) (0.25g;
0.91 mmol) (4-fluorophenyl)boronic acid (0.19g; 1.36 mmol), K5;PO,
(0.39g; 1.82mmol) and Pd(PPh3), (105mg; 0.091 mmol) as white
solid (108 mg; 41%). Mp 111-112°C. IR (film, MY vma= 1371
(S=0), 1168 (S=0). '"H NMR (400 MHz, CDCl3) 6=4.08 (dd, 2H,
J=6.1, 1.2Hz), 5.94-6.01 (m, 1H), 690 (d, 1H, J=11.0Hz),
7.12-7.19 (m, 2H), 7.35-7.40 (m, 1H), 7.50-7.53 (m, 2H), 7.54-7.60
(m, 2H) ppm. C NMR (100MHz, CDCls) 6=51.7, 1162 (d,
J=21.6Hz), 1193, 121.2, 1256, 126.9, 1289, 129.0, 131.5, 1324,
135.0 (d, J=3.3Hz), 142.9, 148.1, 163.2 (d, J=248.0 Hz) ppm. Anal.
Calcd for Cy5H11FO5S: C, 62.06; H, 3.82. Found: C, 62.04; H, 3.86.

8-(4-(Trifluoromethyl)phenyl)-3H-1,2-benzoxathiepine 2,2-dioxide (24)

FC ‘

Compound 24 was prepared according to the general procedure

0-50,

from 8-bromo-3H-1,2-benzoxathiepine 2,2-dioxide (20) (0.25g;
0.91 mmol) (4-(trifluoromethyl)phenyl)boronic acid (0.26g;
1.36 mmol), KzPO, (0.39g; 1.82mmol) and Pd(PPhs), (105mg;

0.091 mmol) as white solid (142 mg; 46%). Mp 121-122°C. IR (film,
M ") Vmme= 1366 (S=0), 1324 (S=0), 1172 (S=0). '"H NMR
1H), 6.90 (d, 1H, J=11.2Hz), 7.40-7.44 (m, 1H), 7.55-7.60 (m, 2H),
7.70-7.75 (m, 4H) ppm. >C NMR (100 MHz, CDCl3) 6=51.8, 119.7,
1216, 1242 (g, J=273.0Hz), 1259, 1262 (q, J=3.8Hz), 12756,
127.8, 130.5 (q, J=32.9Hz), 131.7, 132.2, 142.3, 1424, 148.1 ppm.
Anal. Calcd for CygHq1F305S: C, 56.47; H, 3.26. Found: C, 56.23;
H, 3.23.

8—(4-(Ethoxycarbonyl)phenyl)-3H-1,2-benzoxathiepine 2,2-dioxide (25)

®
J
E10,C

Compound 25 was prepared according to the general procedure
from 8-bromo-3H-1,2-benzoxathiepine 2,2-dioxide (20) (0.25g;
0.9Tmmol)  (4-(ethoxycarbonyl)phenyl)boronic  acid  (0.26g;
1.36mmol), KzPO, (0.39g; 1.82mmol) and Pd(PPhs), (105mg;
0.091 mmol) as white solid (119 mg; 38%). Mp 151-152°C. IR (film,
cm™") vmax—= 1703 (C=0), 1366 (5=0), 1175 (5=0). 'H NMR
(400 MHz, CDCl3) 6 =142 (t, 3H, J=7.1Hz), 410 (dd, 2H, J=6.1,

0-50;
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1.2Hz), 441 (q, 2H, J=7.1Hz), 596-6.03 (m, 1H), 6.90 (d, 1H,
J=112Hz), 7.39-743 (m, 1H), 7.57-762 (m, 2H), 7.65-7.70
(m, 2H), 8.11-8.16 (m, 2H) ppm. "*C NMR (100 MHz, CDCls)
5=145, 51.7, 61.3, 119.6, 121.5, 125.9, 127.1, 127.7, 130.4, 1316,
132.3, 142.7, 143.0, 148.1, 166.3 ppm. Anal. Calcd for C;gH1605S: C,
62.78; H, 4.68. Found: C, 62.50; H, 4.70.

9- Phenyl-3H-1,2-benzoxathiepine 2,2-dioxide (30)

O 0-50,

Compound 30 was prepared according to the general procedure
from 9-bromo-3H-1,2-benzoxathiepine 2,2-dioxide (29) (0.25¢;
0.91 mmol) phenylboronic acid (0.17g; 1.36 mmol), K3PO, (0.39g;
1.82mmol) and Pd(PPhs), (105mg; 0.091 mmol) as white solid
(104 mg; 42%). Mp 135-136°C. IR (film, cm™") ¥max= 1370 (S=0),
1162 (S=0). "H NMR (400 MHz, CDCl3)  =4.08 (dd, 2H, /=538,
1.3 Hz), 5.87-5.94 (m, TH), 6.85-6.90 (m, 1H), 7.29 (dd, 1H, /=7.6,
1.8Hz), 7.35-7.42 (m, 2H), 7.43-7.49 (m, 3H), 7.51-7.55 (m, 2H)
ppm. *C KMR (100MHz, CDCl3) d=52.1, 118.9, 127.1, 128.1,
1285, 1286, 129.6, 130.5, 1321, 1325, 136.3, 136.5, 144.7 ppm.
Anal. Calcd for CysH;503S: C, 66.16; H, 4.44. Found: C, 66.15;
H, 4.46.

9-(4-Methoxyphenyl)-3H-1,2-benzoxathiepine 2,2-dioxide (31)

8}
J

0\
Compound 31 was prepared according to the general procedure
from 9-bromo-3H-1,2-benzoxathiepine 2,2-dioxide (29) (0.25g;
0.91 mmol) 4-methoxyphenylboronic acid (0.21g; 1.36 mmol),
K3PO,4 (0.39g; 1.82mmol) and Pd(PPhs), (105mg; 0.091 mmol) as
white solid (110mg; 40%). Mp 113-114°C. IR (film, cnh) Vinax—
1369 (S=0), 1181 (S=0), 1154 (S=0). "H NMR (400 MHz, CDCl3)
J=3.85 (s, 3H), 4.08 (dd, 2H, J=5.8, 1.3Hz), 5.86-5.94 (m, 1H),
6.84-6.89 (m, 1H), 6.97-7.02 (m, 2H), 7.23-7.27 (m, 1H), 7.34 (t, TH,
J=7.6Hz), 7.42 (dd, 1H, J=7.6, 1.8Hz), 7.45-7.50 (m, 2H) ppm.
C NMR (100MHz CDCls) 6=520, 554, 1140, 1189, 127.1,
128.6, 128.7, 130.1, 130.8, 132.0, 1326, 136.2, 144.7, 159.5 ppm.
Anal. Calcd for CigH14045: C, 63.56; H, 4.67. Found: C, 63.58;

9-(4-Fluorophenyl)-3H-1,2-benzoxathiepine 2,2-dioxide (32)

Compound 32 was prepared a:ccording to the general procedure
from 9-bromo-3H-1,2-benzoxathiepine 2,2-dioxide (29) (0.25g;
0.91 mmol) (4-fluorophenyl)boronic acid (0.19g; 1.36 mmol), K3PO,
(0.39g; 1.82mmol) and Pd(PPh3)s (105mg; 0.091 mmol) as white
solid (103mg; 39%). Mp 130-131°C. IR (film, cm™") max=1370
(S=0), 1154 (S=0). "H NMR (400 MHz, CDCl;) 6 =4.08 (dd, 2H,
J=15.8, 1.3Hz), 5.88-5.95 (m, TH), 6.85-6.90 (m, 1H), 7.10-7.18 (m,
2H), 7.30 (dd, 1H, J=7.5, 20Hz), 7.37 (t, 1H, J=7.5Hz), 741 (dd,
1H, J=7.5, 2.0Hz), 7.47-7.53 (m, 2H) ppm. *C NMR (100 MHz,
CDCl3) 6=52.1, 115.5 (d, J=21.6Hz), 119.1, 127.2, 128.7, 130.6,
131.3, 131.4, 132.0, 1323 (d, J=3.3Hz), 132.5, 135.6, 144.7, 162.8

0-50;
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(d, J=247.0Hz) ppm. Anal. Calcd for Cy5H,1FO3S: C, 62.06; H, 3.82.
Found: C, 62.05; H, 3.84.

9-(4-(Trifluoromethyl)phenyl)-3H-1,2-benzoxathiepine 2,2-dioxide (33)

0-50,

.

CFy
Compound 33 was prepared according to the general procedure

from 9-bromo-3H-1,2-benzoxathiepine 2,2-dioxide (29) (0.25¢;
091 mmol)  (4-(trifluoromethyl)phenyl)boronic  acid  (0.26g;
1.36 mmol), K3PO4 (0.39g; 1.82mmol) and Pd(PPha3); (105mg;

0.091 mmol) as white solid (136 mg; 44%). Mp 115-116°C.

IR (film, cm™") vmax= 1333 (5=0), 1166 (5=0). '"H NMR
(400MHz, CDCl3) 6=4.10 (dd, 2H, J=5.8, 1.3Hz), 5.90-5.97 (m,
1H), 6.86-6.91 (m, 1H), 7.35 (dd, 1H, J=7.0, 2.6 Hz), 7.38-7.45 (m
2H), 7.62-7.67 (m, 2H), 7.70-7.74 (m, 2H) ppm. '>*C NMR (100 MHz,
CDCl3) =522, 119.2, 124.5 (g, J=273.0Hz), 125.5 (g, /=3.8Hz),
127.3, 1289, 130.0, 130.2 (g, /= 32.0Hz), 131.3, 131.9, 132.3, 135.2,
140.0 (g, J=1.5Hz), 144.6ppm. Anal. Calcd for C,gH;,F305S: C,
56.47; H, 3.26. Found: C, 56.21; H, 3.29.

9-(4-(Ethoxycarbonyl)phenyl)-3H-1,2-benzoxathiepine 2,2-dioxide (34)

€O, Bt
Compound 34 was prepared according to the general procedure

0-50,

from 9-bromo-3H-1,2-benzoxathiepine 2,2-dioxide (29) (0.25g;
091 mmol)  (4-(ethoxycarbonyl)phenyl)boronic  acid (0.26g;
1.36 mmol), K3PO, (0.39g; 1.82mmol) and Pd(PPh;), (105mg;

0.091 mmol) as white solid (113 mg; 36%). Mp 105-106°C.

IR (film, cm™") vax= 1714 (C=0), 1375 (S=0), 1157 (S=0).
"H NMR (400 MHz, CDCl3) =141 (t, 3H, J=7.1Hz), 408 (dd, 2H,
J=58, 1.1Hz), 440 (q, 2H, J=7.1Hz), 5.89-5.97 (m, 1H), 6.88 (d,
1H, J=11.4Hz), 7.31-7.46 (m, 3H), 7.58-7.63 (m, 2H), 8.11-8.16 (m
2H) ppm. >C NMR (100 MHz, CDCl3) 6=14.5, 52.1, 61.1, 119.2,
127.2, 1288, 129.6, 129.7, 130.1, 131.1, 131.8, 1324, 135.6, 1409,

©f e o

SRR
0—502 0-S0;
7 8-12
8 (56%) 9 (61%) 10 (44%)

144.6, 166.5ppm. Anal. Calcd for CigH.60sS: C, 62.78; H, 4.68.
Found: C, 62.28; H, 4.69.

2.2. CA inhibitory assay

An Applied Photophysics stopped-flow instrument has been used for
assaying the CA catalysed CO, hydration activity'>. Phenol red (at a
concentration of 0.2mM) was used as indicator, working at the
absorbance maximum of 557 nm, with 20mM Hepes (pH 7.5) as buf-
fer and 20mM Na,SO, (for maintaining constant the ionic strength),
following the initial rates of the CA-catalysed CO, hydration reaction
for a period of 10— 100s. The CO, concentrations ranged from 1.7
to 17mM for the determination of the kinetic parameters and inhib-
ition constants. For each inhibitor, at least six traces of the initial

— 10% of the reaction have been used for determining the initial
velocity. The uncatalysed rates were determined in the same manner
and subtracted from the total observed rates. Stock solutions of
inhibitor (0.1 mM) were prepared in distilled — deionised water, and
dilutions up to 0.01 nM were done thereafter with the assay buffer.
Inhibitor and enzyme solutions were preincubated together for 6 h at
room temperature prior to assay in order to allow for the formation

of the E—1 complex. The inhibition constants were obtained by non-
linear least-squares methods using PRISM 3 and the Cheng — Prusoff

equation, as reported earlier'®'?, and represent the mean from at
least three different determinations. All CA isoforms were recombin-
ant ones obtained in-house as reported earlier'*?°,

3. Results and discussion
3.1. Chemistry

The synthesis of desired compounds is partly based on the strat-
egy previously developed by our groups'®. The synthesis of 7-aryl
3H-1,2-benzoxathiepine 2,2-dioxides starts with the iodination of
salicylaldehyde (1) by iodine monochloride and corresponding
iodo derivative 2 was isolated in good yield (Scheme 1)"". Under
Wittig reaction conditions aldehyde 2 was converted to olefin 3,
which was treated by sulphonyl chloride 4 thus providing bis-ole-
fin 5 in 83% yield. To obtain the key intermediate 7, the ring clos-
performed in olefin metathesis

ure in compound 5 was

sozu
(m) \@ V4 (w)
/, \\
Cl/
Cc1” ‘
PCy,
O
11 (66%) 12 (44%)

Scheme 1. Reagents and conditions for the preparation of derivatives 8-12: (i) ICl, AcOH, 40°C, 24h, 84%; (i) KOtBu, CH3P(CgHs);Br, THF, RT, 18h, 83%; (jii) NEt3,
CH,Cl,, 0°C to RT, 4h, 83%; (iv) toluene, 70°C, 4h, 89%; (v) Ar-B(OH),, Pd(PPhs),, K3PO,, toluene/H,0, 100°C, 16 h.
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conditions, using Ru-catalyst 6. The key intermediate 7 was
reacted with a series of aryl boronic acids under Suzuki reaction
conditions and the desired 7-aryl 3H-1,2-benzoxathiepine 2,2-diox-
ides 8-12 were isolated in acceptable yields (44-66%) (Scheme 1).

In an attempt to prepare 6-aryl 3H-1,2-benzoxathiepine 2,2-diox-
ides, the commercially available bromo salicylaldehyde 13 was first
converted to olefin 14 under Wittig reaction conditions, followed
by treatment with sulphonyl chloride 4, thus providing bis-olefin 15
for olefin metathesis ring closure reaction (Scheme 2). Utilisation of
the Ru-catalyst 6 as described above did not provide the formation
of the desired key intermediate 6-bromo 3H-1,2-benzoxathiepine
2,2-dioxide (16) even at prolonged reaction times. By doubling cata-
lyst 6 amount (10mol%) only traces of compound 16 were
observed after 40 h. No product formation was observed also when
using Schrock and Schrock-Hoveyda Mo-catalysts. Probably olefin
metathesis ring closure reaction did not take place due to sterical
constraints due to the bulky Br atom at 3-positon of bis-olefin 15.

The synthesis of 8-bromo intermediate 20 was started from
commercially available aldehyde 17, when under Wittig reaction
conditions olefin 18 was obtained, which was thereafter treated
with sulphonyl chloride 4 and provided the bis-olefin 19 in good
yield (Scheme 3). Ru-catalysed olefin metathesis afforded the key
intermediate 20 which in turn, by reaction with a series of aryl
boronic acids under Suzuki reaction condition, provided the
desired compounds 21-25.

The same strategy was successfully utilised for the synthesis of
a series of 9-aryl 3H-1,2-benzoxathiepine 2,2-dioxides starting by

Br O Br ‘
—_— e
OH OH
13 14

CF,

FiC
)"o

rcrO
F,C

Schrock catalyst

Scheme 2. Reagents and conditions: (i) KOtBu, CH3P(CgHs)sBr, THF, RT, 18 h, 82%; (ii) 4, NEtz, CH,Cl,, 0°C to RT, 4h, 66%; (iii) a)
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the treatment of aldehyde 26 with methyltriphenylphosphonium
bromide under Wittig reaction conditions (Scheme 4). The
obtained phenol 27 was reacted with sulphonyl chloride 4 and
ring closure of isolated 28 was successfully performed in Ru-cata-
lysed olefin metathesis conditions, providing bromide 29. Further
reaction of compound 9 with aryl boronic acids provided the
desired derivatives 30-34 in moderate yields.

3.2. Carbonic anhydrase inhibition

The obtained homosulfocoumarins 7-34 were investigated for
their CA inhibitory properties by using a stopped-flow CO,
hydrase assay'® and four human CA isoforms (hCA I, II, IX and XII)
known to be drug targets1 (Table 1).

The following structure-activity relationship
observed from the inhibition data of Table 1.

(i) as the previously reported homosulfocoumarins'® and similar
to sulfocoumarins’™®, also the derivatives reported here did not
significantly inhibit the cytosolic isoforms hCA | and II, unlike the
sulphonamide acetazolamide (used as standard CAl), which has a
very good affinity (in the nanomolar range) for hCA Il and a
micromolar one for hCA | (Table 1).

(i) the transmembrane, tumour-associated isoforms hCA X and
XIl were effectively inhibited by derivatives 7-29 reported here (in
the low - medium nanomolar arneg) and were poorly inhibited, in
the micromolar range by the 9-substituted-homosulfocoumarins
30-34 (Ks in the range of 16.4-60.9 uM against hCA IX and >100 uM

(SAR) can be

Br ‘ Br

4 (D) —
—
0850 050,

—S
i
(6]

15 16

iPr

MQ T,
0
\ N
N Moi/ iPr

Ny L
iPr
}V[o\ /

L
tBu

Schrock- Hoveyda
catalyst

6 (5mol% and 10 mol%), toluene,

70°C, 40h, 0%; b) Schrock catalyst [Mo] (10 mol%), toluene, 70°C, 16 h, 0%; c) Schrock-Hoveyda [Mo] (10 mol%), toluene, 70°C, 16 h, 0%;

i |
Br OH Br OH Br

17 18 19

|
e O, O
0-Ss 050, 050,

S
1
(0]

o]

20 21-25

Do e e Oreon

21 (44%) 22 (44%) 23 (41%)

24 (46%)

25 (38%)

Scheme 3. Reagents and conditions: (i) KOtBu, CH3P(CgHs)3Br, THF, RT, 18h, 76%; (i) 4, NEt;, CH,Cl,, 0°C to RT, 4h, 54%; (iii) 6, toluene, 70°C, 4h, 90%; (iv) Ar-

B(OH)5, Pd(PPhy)., K3PO,, toluene/H,0, 100°C, 16 h.
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(1) (n)
0-

26 27 28

(m)

29 30-34

R A e e e W]

30 (42%) 31 (40%) 32 (39%) 33 (44%) 34 (36%)
Scheme 4. Reagents and conditions: (i) KOtBu, CHsP(CgHs)sBr, THF, RT, 18h, 80%; (i) 4, NEts, CHCl, 0°C to RT, 4h, 86%; (iii) 6, toluene, 70°C, 4h, 78%; (iv) Ar-

B(OH), Pd(PPhs)s, K3PO4, toluene/H;0, 100°C, 16h.

Table 1. Inhibition data of human CA isoforms CA |, Il, IX and Xl with 3H-1,
benzoxathiepines 2,2-dioxide 7-34 using AAZ as a standard drug.

6
7= — 7= —
) VE
8 Xy 8 g

2. 2934nM against hCA XIl. On the contrary, for the 8- substituted
homosulfocoumarins, the K;s were in the range of 44.0 - 104.8 nM
against hCA IX and in the range of 77.9 - 473.2nM for hCA XII
(Table 1). The 8-(4-trifluoromethyl)phenyl-substituted homosulfocou-
marin 24 was the most effective hCA IX inhibitor (potency in the
same range as AAZ), whereas the corresponding 4-fluorophenyl
derivative 23 was the best hCA XIl inhibitor in the new series of com-
pounds investigated here but it was an order of magnitude less

g9 O ?\\O 9 0730
0 o}
7,20, 29 8-12, 21-25, 30-34
K (nM)*

Cmpd 7/8/9 R CAl CAll CA IX CA XlI
7 7 I >100 pM >100 uM 6.2 455.5
8 7 H >100 uM  >100 yM 654.8 1376
9 7 OCH3 >100 uM >100 uM ~ 407.6 2934
10 7 F >100 pM >100 uM ~ 330.8 890.5
11 7 CFy >100 pM >100 uM 2214 4017
12 7 CO,CH,CH;  >100 uM >100 uM 6208 2398
20 8 Br >100 pM - >100 uM 475 1329
2T 8 H >100 pM >100 uM 104.8 4732
22 8 OCH; >100 pM - >100 pM 63.1 1686
23 8 F >100 uM >100 uM 952 77.9
24 8 CFy >100 pM >100 uM  44.0 24738
25 8 CO,CH,CH;  >100 uM >100 uM 798 2893
29 9 Br >100 pM >100 uM ~ 754.8 3824
30 9 H >100 uM >100 uM 211 pM >100 uM
31 9 OCH; >100 uM >100 uM 60.9 pM 100 uM
32 9 F >100 gM >100 g™ 337 pM >100 M
33 9 CFy >100 uM >100 uM~ 47.1 gM >100 uM
34 9 CO,CH,CH; 100 pM - >100 uM - 164 pM 100 pM
AAZ - - 250 12 25 5.7

“Mean from three different assays, by a stopped flow technique (errors were in
the range of + 5-10% of the reported values).

against hCA XII). Thus, although weak inhibitors, these sulfocoumarins
are anyhow highly selective for the inhibition of hCA IX, whereas
their activity against hCA |, Il and XII is absent (Table 1). As already
anticipated above, the most important factors associated with CA IX/
XIl inhibitory activity are the position and the nature of the moieties
present on the six-membered ring of the homosulfocoumarin.
Indeed, for 9-substituted derivatives, the presence of bulky, substi-
tuted aryls as in 30-34 leads to low activity, as mentioned above.
Only the 9-bromo-derivative 29 had a medium potency inhibitory
action against the two isoforms, with Ks in the range of 754.8 -
3824nM. On the contrary, the 8-substituted derivatives 20-25
showed a much better inhibitory power against both isoforms, being
generally more potent than the corresponding 7-substituted deriva-
tives 7-12. Indeed, for the 7-substituted homosulfocoumarins the Ks
were in the range of 66.2 - 620.8 nM against hCA IX and of 4555 -

effective compared to acetazolamide.

4. Conclusions

A new series of homosulfocoumarins (3H-1,2-benzoxathiepine 2,2-
dioxides) possessing various moieties in the 7, 8 or 9 position of
the heterocylic ring were prepared by original procedures and
investigated for the inhibition of four physiologically relevant CA
isoforms, hCA I, Il, IX and XII. The 8-substituted homosulfocoumarins
were the most effective hCA IX/XIl inhibitors followed by the 7-sub-
stituted derivatives, whereas the substitution pattern in position 9
led to less effective inhibitors for these transmembrane, tumour-
associated isoforms. The cytosolic isoforms hCA | and Il were not
inhibited by these compounds, similar to the sulfocoumarins/cou-
marins investigated earlier. As hCA IX and XII are validated anti-
tumour targetss, with one sulphonamide (SLC-0111) in Phase Ib/ll
clinical trials, finding derivatives with a better selectivity for inhibit-
ing the tumour-associated isoforms over the cytosolic ones, as the
homosulfocoumarins reported here, is of crucial importance.
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ABSTRACT

A series of 3H-1,2-benzoxathiepine 2,2-dioxides incorporating 7-acylamino moieties were obtained by an
original procedure starting from 5-nitrosalicylaldehyde, which was treated with propenylsulfonyl chloride
followed by Wittig reaction of the bis-olefin intermediate. The new derivatives, belonging to the homosul-
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focoumarin chemotype, were assayed as inhibitors of the zinc metalloenzyme carbonic anhydrase (CA, EC

4.2.1.1). Four pharmacologically relevant human (h) isoforms were investigated, the cytosolic hCA | and Il
and the transmembrane, tumour-associated hCA IX and XIl. No relevant inhibition of hCA | and Il was
observed, whereas some of the new derivatives were effective, low nanomolar hCA IX/XIl inhibitors, mak-
ing them of interest for investigations in situations in which the activity of these isoforms is overex-
pressed, such as hypoxic tumours, arthritis or cerebral ischaemia.

1. Introduction

Sulfocoumarins (1,2-benzoxathiine 2,2-dioxides) and homosulfo-
coumarins (3H-1,2-benzoxathiepine 2,2-dioxides)'™ are among the
most investigated new classes of carbonic anhydrase (CA, EC
4.2.1.1) inhibitors, which have been designed considering the
structurally similar coumarins®® as lead molecules. Indeed, Cas are
widely spread enzymes in organisms of all types, from simple to
complex ones®'®, and are involved in crucial physiological proc-
esses, among which carbon fixation in diatoms and other marine
organisms in which several genetic families of such metalloen-
zymes were reported”. In protozoans, Cas are involved in biosyn-
thetic reactions® whereas in bacteria, where at least three genetic
families were described (u-, fi-, and y-Cas) these enzymes play cru-
cial roles related both to metabolism but also virulence and sur-
vival in various niches'®. In vertebrates, including humans, a high
number of different CA isoforms belonging to the a-CA class were
described'""?, which by hydrating CO, to a weak base (bicarbon-
ate) and a strong acid (hydronium ions), are involved in a multi-
tude of processes, starting with pH regulation and ending with
metabolism'>'4. As thus, Cas are drug targets for decades, with
their inhibitors having pharmacological applications in a multitude
of fields''™'®. The primary sulphonamides were discovered as CA
inhibitors (CAls) in the ‘40s, and most of the drugs that were
launched in the next decades as diuretics, antiepileptics, or anti-
glaucoma agents belonged to this class of compounds or to their
isosteres such as the sulfamates and sulfamides™. An important
drawback of such first generation CA inhibitors (CAls) was their
lack of isoform selectivity, considering the fact that in humans at
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Carbonic anhydrase;
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sulfocoumarin; homosulfo-
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least 12 catalytically active and three acatalytic isoforms are pre-
sent'"'2. However, the new generation CAls to which coumarins
and sulfocoumarins belong, show significant isoform-selective
inhibition profiles, as demonstrated in a considerable number of
studies'™®. This is principally due to the fact that these com-
pounds possess a distinct inhibition mechanism compared to the
sulphonamides, which coordinate to the zinc ion from the CA
active site as anions''2. In fact, coumarins and sulfocoumarins
act as prodrug inhibitors, undergoing an active site mediated
hydrolysis, which leads to the formation of 2-hydroxy-cinnamic
acids in the case of the coumarins, and ethane-sulphonates in the
case of the sulfocoumarins, which subsequently bind in different
active site regions, different of those where the classical sulphona-
mide CAls bind'™®. As shown by X-ray crystallography, the hydro-
lysed coumarins occlude the entrance of the CA active site
cavity®, whereas the sulfocoumarins bind deeper within the active
site, but still do not coordinate to the metal ion. Instead, the
formed sulphonates anchor to the zinc-coordinated water mol-
ecule, as shown again by means of X-ray crystallographic techni-
ques?. As these regions of the CA active site are the most variable
ones, a straightforward explanation of the isoform selectivity of
these new generation CAls was furnished by using a combination
of crystallographic and kinetic studies, which also allowed the
development of compounds showing a higher degree of selectiv-
ity'>6, This allowed for the development of inhibitors useful for
new pharmacological applications such as antitumor/antimeta-
static compounds'?, CAls useful for the management of arthritis'’,
neuropathic pain'®, and cerebral ischaemia'®.
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Considering our interest in designing non-sulphonamide CAls
with various potential applications, we report here a new series of
homosulfocoumarins and their inhibitory profiles against the
major human (h) CA isoforms, hCA 1, II, IX, and XlI, involved in
many pathologies, including cancer.

2. Experimental part
2.1. Chemistry

Reagents, starting materials/intermediates 1-7 and solvents were
obtained from commercial sources (Sigma-Aldrich, St. Louis, MO)
and used as received. Anhydrous CH,Cl, and toluene were
obtained by passing commercially available solvents through acti-
vated alumina columns. Thin-layer chromatography was per-
formed on silica gel, spots were visualised with UV light (254 and
365nm). Melting points were determined on an OptiMelt auto-
mated melting point system. IR spectra were recorded on
Shimadzu FTIR IR Prestige-21 spectrometer. NMR spectra were
recorded on Bruker Avance Neo (400 MHz) spectrometer with
chemical shifts values (5) in ppm relative to TMS using the
residual DMSO-ds signal ("H 2.50; *C 39.52) or CDCl; signal (‘H
7.26; '>C 77.16) as an internal standard. High-resolution mass
spectra (HRMS) were recorded on a mass spectrometer with a Q-
TOF micro mass analyser using the ESI technique.

General procedure for synthesis of acyl compound 8-17

To a solution of amino derivative 7 (1.0 eq.) in dry CH,Cl, (20 ml
per mmol of compound 7) at 0°C appropriate acyl chloride (1.1
eq.) and Netz (1.1 eq.) were added. The resulting mixture was
stirred at room temperature under an argon atmosphere for 2h.
Water was added (20 ml per mmol of compound 7). Layers were
separated, water layer was washed with EtOAc (2 x 40ml).
Combined organic layers were washed with brine, dried over anh.
Na,SQ,, filtered, evaporated. The crude solids were recrystallised
form EtOAc/petrol ether mixture to afford product.

N-(2,2-Dioxido-3H-1,2-benzoxathiepin-7-yl)acetamide (8).

E Compound 8a was prepared according to
\n/ m the general procedure from amino deriva-
o] 0~50, tive 7 (150 mg; 0.71 mmol), acetyl chloride
© (56uL; 0.78mmol) and Et;N (110uL;

0.78 mmol) as white solid (127 mg; 70%). Mp 164-165°C.

IR (film, cm™") v 3276 (N-H), 1670 (C=0),1370 (S=0),
1361 (S=0), 1166 (S=0), 1162 (S=0);

"H NMR (400 MHz, DMSO-dg) 6 = 2.06 (s, 3H), 4.37-4.41 (m, 2H),
5.96-5.6.04 (m, 1H), 6.89 (d, 1H, J=113Hz), 728 (d, TH,
J=8.9Hz), 758 (dd, 1H, J=8.9, 2.5Hz), 7.69 (d, 1H, J=2.5Hz),
10.16 (s, TH) ppm.

3C NMR (100 MHz, DMSO-dg) 6 =24.0, 51.0, 120.6, 120.8, 122.7,
1284, 131.5, 138.0, 142.2, 168.6 ppm.

HRMS (ESI) [M+HI*: m/z caled for (Cy4H,,NO,S) 254.0487.
Found 254.0498.

N-(2,2-Dioxido-3H-1,2-benzoxathiepin-7-yl)benzamide (9).
Compound 9 was prepared according
to the general procedure from amino

H
N =
0 \C(\> derivative 7 (150 mg; 0.71 mmol), ben-

07302 zoyl chloride (90uL; 0.78 mmol) and
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EtzN (110 pL; white  solid 72%).
Mp 174-175°C.

IR (film, €m™") vmax= 3289 (N-H), 1652 (C=0),1370 (S=0),
1363 (5=0), 1163 (5=0);

'"H NMR (400 MHz, DMSO-dg) 6 =4.43 (dd, 2H, J=6.0, 0.9Hz),
5.99-6.06 (m, 1H), 6.93 (d, TH, J=11.2Hz), 7.35 (d, 1H, J=8.8H2),
7.52-7.58 (m, 2H), 7.59-7.64 (m, 1H), 7.82 (dd, 1H, J=838, 2.5Hz),
7.91 (d, 1H, J=2.5Hz), 7.94-7.99 (m, 2H), 10.46 (s, TH) ppm.

3C NMR (100MHz, DMSO-dg) d=51.1, 1209, 122.0, 122.1,
1226, 127.7, 1283, 1285 1314, 1318, 1346, 1379,
142.7, 165.7 ppm

HRMS (ESI) [M+HI": m/z caled for (CigHiaNO,S) 316.0644.

Found 316.0654.

0.78 mmol) as (162 mg;

N-(2,2-Dioxido-3H-1,2-benzoxathiepin-7-yl)-4-methy benzamide (10).
Compound 10 was prepared
according to the general procedure

H
N =
o m from amino derivative 7 (150 mg;
072 0,71 mmol), 4-methylbenzoyl chlor-
ide (103 puL; 0.78 mmol) and EtsN (110 puL; 0.78 mmol) as white crys-
tals (170 mg; 73%). Mp 197-198°C.

IR (film, cm™") vmax = 3324 (N-H), 1646 (C=0),1378 (S=0),
1363 (5=0), 1177 (5=0), 1169 (S=0);

"H NMR (400 MHz, DMSO-dg) 0 =239 (s, 3H), 4.41-4.45 (m, 2H),
5.99-6.06 (m, 1H), 6.92 (d, TH, J=11.2Hz), 7.32-7.37 (m, 3H), 7.82
(dd, TH, J=8.9, 2.6 Hz), 7.86-7.92 (m, 3H), 10.37 (s, TH) ppm

2C NMR (100 MHz, DMSO-de) 6 =21.0, 51.1, 120.8, 121.9, 122.1,
1226, 127.7, 1283, 129.0, 1314, 1316, 138.0, 1419,
142.6, 165.5 ppm

HRMS (ESI) [M+HI": m/z calcd for (Ci7Hi6NQ4S) 330.0800.
Found 330.0815.

N-(2,2-Dioxido-3H-1,2-benzoxathiepin-7-yl)4-bromobenzamide (11).

e

o}

Compound 11 was prepared
according to the general proced-
ure from amino derivative 7
07502 (150 mg; 0.71 mmol), 4-bromoben-
zoyl chloride (171 mg; 0.78 mmol) and EtsN (110 uL; 0.78 mmol) as
white solid (166 mg; 59%). Mp 185-186 °C.

IR (film, cm™") ppma= 3260 (N-H), 1653 (C=0),1375 (5=0),
1363 (5=0), 1167 (S=0);

'"H NMR (400 MHz, DMSO-dg) 6 =4.42-4.46 (m, 2H), 5.99-6.06
(m, 1H), 6.92 (d, 1H, J=11.3Hz), 7.35 (d, 1H, J=8.8Hz), 7.74-7.83
(m, 3H), 7.88-7.94 (m, 3H), 10.52 (s, TH) ppm

*C NMR (100MHz, DMSO-dg) 8=51.2, 1209, 1220, 122.2,
1227, 1256, 1283, 129.8, 1314, 131.5, 1336, 1377,
142.8, 164.7 ppm

HRMS (ESI) [M +HI": m/z caled for (CigH13BrNO,S) 393.9749.
Found 393.9736.

N-(2,2-Dioxido-3H-1,2-benzoxathiepin-7-yl)-2-iodobenzamide (12).

H
N =
| o m from amino derivative 7 (150 mg;
S0,

o~ 0.71 mmol), 2-iodobenzoyl chloride
(208 mg; 0.78 mmol) and EtsN (110uL; 0.78 mmol) as white solid
(276 mg; 88%). Mp 188-189°C.
IR (film, cm™") vpma=3240 (N-H), 1641 (C=0),1374 (S=0),
1362 (S=0), 1156 (S=0);

Compound 12 was prepared
according to the general procedure
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"H NMR (400 MHz, DMSO-dg) 6 = 4.41-4.45 (m, 2H), 6.00-6.08
(m, TH), 6.94 (d, TH, J=11.2Hz), 7.22-7.28 (m, 1H), 7.36 (d, 1H,
J=88Hz), 7.47-7.55 (m, 2H), 7.72 (dd, 1H, /=88, 2.5Hz), 7.87 (d,
1H, J=2.5Hz), 7.9-7.97 (m, 1H), 10.67 (s, 1H) ppm

13C NMR (100 MHz, DMSO-dg) 6 =51.0, 93.6, 121.0, 121.2, 1213,
1229, 1281, 1282, 1285, 1312, 131.5, 137.7, 139.1, 1427,
142.8, 167.7 ppm

HRMS (ESI) [M+HI™: m/z caled for (CygH;3INO,S) 441.9610
Found 441.9609.

N-(2,2-Dioxido-3H-1,2-benzoxathiepin-7-yl)-2-bromobenzamide (13).
Compound 13 was prepared accord-
ing to the general procedure from

H
S Ps
Y \©(\> amino derivative 7 (150 mg;

0-502 71 mmol), 2-bromobenzoyl chloride
(102 uL; 0.78 mmol) and EtsN (110uL; 0.78 mmol) as white solid
(230 mg; 82%). Mp 177-178°C.

IR (film, cm™") ra= 3288 (N-H), 1653 (C=0),1371 (5=0),
1176 (S=0), 1156 (S=0);

"H NMR (400 MHz, DMSO-dg) d=4.43 (dd, 2H, J=6.0, 0.9 Hz),
6.00-6.07 (m, TH), 6.94 (d, TH, J=11.2Hz), 7.36 (d, TH, J=8.9 Hz),
741-7.47 (m, TH), 7.51 (dt, 1H, J=74, 1.1Hz), 7.55-7.59 (m, TH),
7.69-7.76 (m, 2H), 7.87 (d, TH, J=2.6Hz), 10.73 (s, TH) ppm

3C NMR (100MHz, DMSO-dg) §=51.0, 1189, 121.1, 121.2,
1229, 127.8, 1286, 1289, 1314, 131.5 13238, 137.6 1388,
142.8, 166.0 ppm

HRMS (ESI) IM+HI": m/z calcd for (CigH13BINO,S) 393.9749
Found 393.9766.

N-(2,2-Dioxido-3H-1,2-benzoxathiepin-7-yl)-2-fluorobenzamide (14).

F
H Compound 14 was prepared accord-
N = ing to the general procedure from
o m amino derivative 7 (150 mg;
0-S0; 0.71 mmol), 2-fluorobenzoyl chloride

(93 uL; 0.78 mmol) and EtzN (110puL; 0.78 mmol) as white solid
(188 mg; 79%). Mp 173-174°C.

IR (film, cm™") vmax= 1671 (C=0),1371 (S=0), 1365 (5=0),
1164 (S=0) 1156 (S=0);

"H NMR (400 MHz, DMSO-dg) & = 4.41-4.45 (m, 2H), 6.00-6.07
(m, TH), 6.93 (d, 1H, J=11.2Hz), 7.32-7.40 (m, 3H), 7.56-7.63 (m,
1H), 7.65-7.71 (m, TH), 7.74 (dd, 1H, J=8.8, 2.5Hz), 7.86 (d, 1H,
J=25Hz), 10.65 (s, TH) ppm

1. '3C NMR (100 MHz, DMSO-dg) 6= 51.1, 116.2 (d, J=21.7Hz),
1210, 1214, 1215, 122.8, 1246 (d, J=55Hz), 1247 (d,
J=63Hz), 1285, 1299 (d, J=26Hz), 1314, 1328 (d,
J=85Hz), 137.5, 142.8, 159.9 (d, J =249 Hz), 163.0 ppm

2. HRMS (ESI) [M+HI": m/z calcd for (CygHi3FNO,S) 334.0549
Found 334.0554.

N-(2,2-Dioxido-3H-1,2-benzoxathiepin-7-yl)-2-(trifluoromethyl)ben-
zamide (15).
Compound 15 was prepared accord-
H — ing to the general procedure from
amino  derivative 7 (150 mg;
CF3 O mg 0.71mmol), 2-(trifluoromethyl)ben-
zoyl chloride (115puL 0.78 mmol)
and EtzN (110uL; 0.78mmol) as white solid (236 mg; 87%).
Mp 192-193°C.
IR (film, cm™") vmax= 3195 (N-H), 1666 (C=0),1377 (S=0),
1316 (S=0), 1164 (5S=0);

"H NMR (400 MHz, DMSO-dg) & =4.42-4.45 (m, 2H), 6.00-6.08
(m, 1H), 6.94 (d, TH, J=11.2Hz), 7.36 (d, 1H, J=8.8 Hz), 7.67-7.76
(m, 3H), 7.78-7.89 (m, 3H), 10.81 (s, TH) ppm

3C NMR (100MHz, DMSO-dg) §=51.0, 121.1, 121.3, 1225,
123.8 (q, J=274Hz), 1258 (q, J=31.2Hz), 1264 (q, J=4.6Hz),
1285, 1286, 1303, 1314, 1327, 1358 (q, J=2.3Hz), 13756,
142.8, 165.8 ppm

HRMS (ESI) [M+H]": m/z caled for (Ci7Hi3NO, F3S) 384.0517
Found 384.0519.

N-(2,2-Dioxido-3H-1,2-benzoxathiepin-7-yl)thiophene-2-carboxa-
mide (16).
Compound 16 was prepared accord-

4
\ H — ing to the general procedure from
s m amino  derivative 7 (150 mg;
o 0-S0; 0.71 mmol), 2-thiophenecarbonyl

chloride (84 uL; 0.78 mmol) and EtzN
(110 uL; 0.78 mmol) as white solid (185 mg; 81%). Mp 162-163°C.

IR (film, ecm™") vmax= 3357 (N-H), 1648 (C=0), 1372 (S=0),
1356 (S=0), 1178 (S=0), 1165 (S=0);

"H NMR (400 MHz, DMSO-dg) & =4.44 (dd, 2H, J=6.0, 1.1Hz),
5.99-6.06 (m, 1H), 6.92 (d, 1H, J=11.2Hz), 7.23-7.26 (m, 1H), 7.35
(d, 1H, /=88Hz), 7.78 (dd, 1H, /=88, 26Hz), 7.84 (d, 1H,
J=26Hz), 7.88 (dd, 1H, J=5.0, 1.1Hz), 8.04 (dd, 1H, J=3.38,
1.1Hz), 1043 (s, 1H) ppm

3C NMR (100MHz, DMSO-dg) d=51.2, 1209, 1219, 122.1,
122.7, 1282, 1284, 129.5, 1313, 1323, 1375 1395,
142.7, 160.0 ppm

HRMS (ESI) [M+HI": m/z caled for (CiqH12NO,S;) 322.0208
Found 322.0221.

N-(2,2-Dioxido-3H-1,2-benzoxathiepin-7-yl)furan-2-carboxamide (17).

J \ Compound 17 was prepared according

H — to the general procedure from amino
o m derivative 7 (150mg; 0.71 mmol), 2-
o ~S0, furoyl chloride (84 uL; 0.78 mmol) and

© EtsN (110 uL; 0.78 mmol) as white solid
(185 mg; 81%). Mp 162-163°C.

IR (film, cm™") Vmax— 3299 (N-H), 1663 (C=0),1367 (S=0),
1363 (S=0), 1165 (S=0), 1158 (S=0);

"H NMR (400 MHz, DMSO-dg) 6 =4.41-4.45 (m, 2H), 5.98-6.06
(m, TH), 6.70-6.74 (m, 1H), 6.90 (d, 1H, J=11.2Hz), 7.32-7.38 (m,
2H), 7.80 (dd, 1H, /=8.8, 2.6 Hz), 7.87 (d, 1H, J=2.6Hz), 7.95-7.97
(m, TH), 10.41 (s, 1H) ppm

3C NMR (100MHz, DMSO-dg) =512, 1123, 1152, 1209,
1220, 1222, 1226, 1283, 1314, 1373, 1427, 1460,
147.2, 156.3 ppm

HRMS (ES) [M+HI™: m/z caled for (Ci4H;5NOsS) 306.0436
Found 306.0463.

2.2. CA inhibitory assay

An applied photophysics stopped-flow instrument has been used
for assaying the CA catalysed CO, hydration activity’®. Phenol red
(at a concentration of 0.2 mM) was used as indicator, working at
the absorbance maximum of 557 nm, with 20mM Hepes (pH 7.5)
as buffer and 20mM Na,SO, (for maintaining constant the ionic
strength), following the initial rates of the CA-catalysed CO; hydra-
tion reaction for a period of 10— 100s. The CO, concentrations
ranged from 1.7 to 17mM for the determination of the kinetic
parameters and inhibition constants. For each inhibitor, at least six
traces of the initial 5—10% of the reaction have been used for
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EtOH, H,0, 75°C, 1h, 98%; (v) RCOCI, Nets, CH,Cl, 0°C to RT, 4h.

determining the initial velocity. The uncatalysed rates were deter-
mined in the same manner and subtracted from the total
observed rates. Stock solutions of inhibitor (0.1 mM) were pre-
pared in distilled — deionised water, and dilutions up to 0.01 nM
were done thereafter with the assay buffer. Inhibitor and enzyme
solutions were preincubated together for 6 h at room temperature
prior to assay in order to allow for the formation of the E — I com-
plex. The inhibition constants were obtained by nonlinear least-
squares methods using PRISM 3 and the Cheng — Prusoff equa-
tion, as reported earlier?™ 3, and represent the mean from at least
three different determinations. All CA isoforms were recombinant
ones obtained in-house as reported earlier?'**,

3. Results and discussion
3.1. Chemistry

Starting from the benzaldehyde derivative 1, the synthesis of the
key intermediate 7 was reported earlier by our groups'. Briefly,
the synthesis of 7-amino-3H-1,2-benzoxathiepine 2,2-dioxide (7)
was started with a Wittig reaction in which 5-nitro-salicylic alde-
hyde 1 was converted to the corresponding mono-olefin 2 in 65%
yield (Scheme 1). Treatment of compound 2 with allyl sulphonyl
chloride (3) provided the bisolefin 4 in 65% yield. In the next
step, the olefin metathesis reaction with Ru-catalyst 5 was
employed, leading to the conversion of compound 4 to 7-nitro-
3H-1,2-benzoxathiepine 2,2-dioxide 6 in 96% yield. The nitro
derivative 6 was thereafter reduced with iron in acidic medium to

Table 1. Inhibition data of human CA isoforms CA |, II, IX and XII with 3H-1,2-
benzoxathiepines 2,2-dioxide 8-17 using acetazolamide (AAZ) as a standard
drug.

T

© O’%:

o

8-17
K, (nM)*®

Cmpd R hCA | hCA I hCA IX hCA XII
8 CH; >100 uM >100 uM 61.8 162.5
9 CeHs >100 puM >100 uM 208.6 370.1
10 4-CH3-CeHa >100 uM >100 uM 83.0 3093
n 4-Br-CgH, >100 uM >100 uM 3533 140.7
12 2-1-CgHy >100 puM >100 uM 45.4 6437
13 2-Br-CeHa >100 uM >100 pM 66.8 96.2
14 2-F-CgHy >100 uM >100 uM 74.6 403
15 2-CF3-CeHa >100 puM >100 uM 19.7 8.7
16 thien-2-yl >100 uM >100 pM 177.5 732
17 furan-2-yl >100 uM >100 uM 210.1 1344
AAZ - 250 12 25 57

®Mean from three different assays, by a stopped flow technique (emors were in
the range of +5-10% of the reported values).
PIncubation time 6 h.

the corresponding amine 7 in nearly quantitative yield (98%). The
key intermediate 7 was subsequently reacted with a series of acyl
chlorides to afford the desired compounds 8-17 in good to

88



654 (&) A.PUSTENKO ET AL.

excellent yields (see Experimental for details). The nature of moi-
eties R was chosen in such a way to assure chemical diversity.
Apart R=Me in compound 8, the remaining derivatives 9-17
incorporated aromatic or heterocyclic moieties, such as phenyl, 2-
or 4-substituted phenyls, thienyl and furyl. We found out in previ-
ous papers' > that aryl or hetaryl moieties on the sulfocoumarin,
homosulfocoumarin or coumarin ring® systems lead to com-
pounds with an effective inhibition profile against CA isoforms of
pharmacologic interest, such as the tumour-associated ones CA IX
and XII.

3.2. Carbonic anhydrase inhibition

The obtained homosulfocoumarins 8-17 were investigated for
their CA inhibitory properties by using a stopped-flow CO;
hydrase assay20 and four human CA isoforms (hCA |, 1I, IX, and XII)
known to be drug targets1 (Table 1).

As seen from data of Table 1, derivatives 8-17 did not signifi-

cantly inhibit the cytosolic isoforms hCA | and I, similar to other
homosulfocoumarins, sulfocouamrins or coumarins investigated
earlier' ™. On the other hand, the transmembrane, tumour-associ-
ated isoforms hCA IX and XIl were inhibited by all these com-
pounds in the nanomolar range. For hCA IX the K;s were in the
range of 19.7-353.3nM whereas for hCA XIl in the range of
8.7-643.7nM (Table 1). The nature of the R moiety on the carbox-
amide functionality greatly influenced the inhibitory power. For
hCA IX/XIl the optimal substitution was that present in compound
15, 2-trifluoromethylphenyl, whereas the one leading to the least
effective inhibitor was the one with 4-bromophenylcarboxamide
moiety (compound 9) for hCA IX and 2-iodophenylcarboxamide
(compound 12) for hCA XIl. Overall, all these new homosulfocou-
marins act as isoform IX/XIl selective CAls over hCA | and Il, which
is highly desirable for these new chemotypes with enzyme inhibi-
tory properties.

4, Conclusions

A series of 3H-1,2-benzoxathiepine 2,2-dioxides incorporating 7-
acylamino moieties were obtained by an original procedure start-
ing from 5-nitrosalicylaldehyde which was treated with propenyl-
sulfonyl chloride followed by cyclisation through a Wittig reaction
of the bis-olefin intermediate. The new derivatives, belonging to
the homosulfocoumarin chemotype, were assayed as inhibitors of
the zinc metalloenzyme CA. Four pharmacologically relevant
human (h) isoforms were investigated, the cytosolic hCA | and I,
and the transmembrane, tumour-associated hCA IX and XIl. No
relevant inhibition of hCA | and Il was observed, whereas some of
the new derivatives were effective, low nanomolar hCA IX/XII
inhibitors, making them of interest for investigations in situations
in which the activity of these isoforms is overexpressed, such as
hypoxic tumours, arthritis or cerebral ischaemia.
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ABSTRACT

The clinically used antibiotic Furagin and its derivatives possess inhibitory activity on human (h) carbonic
anhydrases (CA, EC 4.2.1.1), some of which are highly expressed in various tissues and malignancies (hCA
IX/XII). Furagin exhibited good hCA IX and XlI inhibition with Kis of 260 and 57 nM, respectively. It does
not inhibit off-target CA | and poorly inhibited CA Il (K, = 9.6 uM). Some synthesised Furagin derivatives
with aminohydantoin moieties as zinc binding group exhibited weak inhibition of CA I/1l, and good inhib-
ition of CA IX/XIl with Ks ranging from 350 to 7400 and 150 to 5600nM, respectively. Docking and
molecular dynamics simulations suggest that selectivity for the cancer-associated CA IX/XIl over CA Il is
due to strong H-bond interactions in CA IX/XIl, involving the tail orientated towards hydrophobic area of
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the active site. These results suggest a possible drug repurposing of Furagin as anti-cancer agent.

1. Introduction

Carbonic anhydrases (CAs, EC 4.2.1.1) are ubiquitous metalloen-
zymes, being encoded by at least eight different genetic families,
which have been found in organisms all over the phylogenetic
tree' . CAs catalyse a crucial physiologic reaction, where by
hydratation of CO, is formed a weak base (bicarbonate) and a
strong acid (hydronium ions). These enzymes are involved in a
multitude of physiclogic processes, starting with pH regulation
and ending with metabolism'~7-10.11-22,

CAs are also involved in various pathological processes and
therefore are drug targets for decades, with their inhibitors having
pharmacological applications in many fields'>7""°. The primary
sulphonamides were discovered as CA inhibitors (CAls) already in
the 40s, and most of the drugs that were launched in the next
decades as diuretics, antiepileptics, or antiglaucoma agents target-
ing CAs belonged to this class of compounds'7""%, Although
highly potent as CAls'~, the sulphonamides generally non-select-
ively inhibit most o-CA isoforms present in humans and mammals
in general'™ as well as CAs from the other genetic families (f-, y-,
o-, (-, -, 0- and 1-CAs)*'°, therefore alternative, isoform selective
CAl classes were searched. A multitude of new chemotypes as
well as novel CA inhibition mechanisms were reported in the last
decade1'3'11'14’23'30.

That has highly enriched our understanding of these enzymes
and also allowed obtaining of isoform-selective CAls targeting
physiologically relevant isoforms’'='*?*%’ Among the new che-
motypes, which also exhibited the highest levels of isoform

selectivity, were the coumarins®, the sulfocoumarins®*2® and

their congeners, homosulfocoumarins (3H-1,2-benzoxathiepine 2,2-
dioxides)®', and saccharin derivatives®**. Considering the fact
that this last chemotype was somewhat chemically similar to
hydantoin (imidazolidine-2,4-dione) that may serve as zinc binding
group (ZBG) we investigated clinically used antibiotic Furagin
(Figure 1), also known under names Furazidine, Furamags or
Furazidin®®, that contains hydantoin moiety, as well as newly pre-
pared its derivatives.

2. Materials and methods
2.1. Chemical syntheses - general

Reagents, starting materials and solvents were obtained from
commercial sources and used as received. Thin-layer chromatog-
raphy was performed on silica gel, spots were visualised with UV
light (254 and 365nm). Melting points were determined on an
OptiMelt automated melting point system. IR spectra were
recorded on Shimadzu FTIR IR Prestige-21 spectrometer. NMR
spectra were recorded on Bruker Avance Neo (400 MHz) spectrom-
eter with chemical shifts values (6) in ppm relative to TMS using
the residual DMSO-dg signal ("H 2.50; *C 39.52) or CDCl; signal
("H 7.26; '3C 77.16) as an internal standard, or D,O signal and
dioxane ('H 4.79; *C 67.19). High-resolution mass spectra (HRMS)
were recorded on a mass spectrometer with a Q-TOF micro mass
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Figure 1. Structure of Furagin.

analyser using the ESI technique. Examples of spectral data are
furnished in the Supporting Information to the aricle.

2.2. General procedure for compound 2-17 synthesis

To a solution of 1-amincimidazolidine-2,4-dione hydrochloride (1)
(1.0 eqg.) in EtOH (15ml per 1 mmol of compound 1) appropriate
aldehyde (1.05 eq.) was added. The resulting mixture was stirred
at room temperature overnight.

The solvent was removed under vacuum and the crude prod-
uct was re-crystallized form EtOH to afford product.

2.2.1. 1-(Benzylideneamino)-imidazolidine-2,4-dione (2)%°

e
.
s
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Compound 2 was prepared according to the general procedure
from compound 1 (0.5g; 3.30mmol) and benzaldeyde (0.35ml;
346 mmol) as white solid (0.60g; 90%). Mp 252 - 253°C. IR (film,
€M) Umax=1778 (C=0), 1717 (C=0); "H NMR (400 MHz, DMSO-
dg) 6=4.36 (s, 2H), 7.38-7.48 (m, 3H), 7.68-7.72 (m, 2H), 7.80 (s,
1H), 11.25 (5, TH) ppm '3C NMR (100 MHz, DMSO-dg) 6=48.9,
126.8, 128.8, 129.8, 1343, 143.0, 153.4, 169.0 ppm HRMS (ESI)
M+ HI™: m/z calcd for (CygH1oN305) 204.0773. Found 204.0783.

2.2.2. 1-((4-Methoxybenzylidene)amino)imidazolidine-2,4-dione (3)

Compound 3 was prepared according to the general procedure
from compound 1 (0.5g; 3.30 mmol) and 4-methoxybenzaldehyde
(0.42 ml; 3.46 mmol) as white solid (0.62 g; 80%). Mp 242 — 244°C.
IR (film, €M ") max= 1768 (C=0), 1718 (C=0); '"H NMR (400 MHz,
DMSO-dg) 6=3.80 (s, 3H), 4.33 (s, 2H), 6.99-7.04(m, 2H), 7.62-7.66
(m, 2H), 7.75 (s, 1H), 11.18 (s, 1TH) ppm '3C NMR (100 MHz, DMSO-
dg) 0=489, 553, 1143, 126.9, 1284, 1429, 1534, 1606,
169.1 ppm HRMS (ESI) [M+H]": m/z caled for (Cqy9Hi2N305)
234.0879. Found 234.0885.

2.2.3. 1-((4-Nitrobenzylidene)amino)imidazolidine-2,4-dione (4)*”

NO,

5
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Compound 4 was prepared according to the general procedure

from compound 1 (0.5g; 3.30 mmol) and 4-nitrobenzaldehyde
(0.52 g; 346 mmol) as yellowish solid (0.68 g; 82%). Mp 280°C dec.
IR (film, cm™") ¥max= 1780 (C=0), 1714 (C=0); "H NMR (400 MHz,
DMSO-dg) 0=4.38 (s, 2H), 7.90-7.96 (m, 3H), 8.28-8.33 (m, 2H),
11.39 (s, 1H) ppm "*C NMR (100 MHz, DMSO-dg) 6=49.1, 124.2,
127.7, 140.6, 140.7, 147.6, 153.4, 168.9 ppm HRMS (ESI) [M+H]":
m/z caled for (C,gHoN4O,4) 249.0624. Found 249.0616.

2.2.4. Methyl
zoate (5)

4-(((2,4-dioxoimidazolidin-1-yl)imino)methyl)ben-
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Compound 5 was prepared according to the general procedure
from compound 1 (0.5g; 3.30 mmol) and methyl 4-formylbenzoate
(0.57 g; 346 mmol) as white solid (0.82 g; 95%). Mp 280 °C dec. IR
(film, cM™") vmax=1763 (C=0), 1717 (C=0); 'H NMR (400 MHz,
DMSO-dg) 6 =3.86 (s, 3H), 4.37 (s, 2H), 7.80-7.87 (m, 3H), 8.00-8.05
(m, 2H), 11.33 (5, TH) ppm '*C NMR (100 MHz, DMSO-dg) 6 =49.0,
52.2, 127.0, 129.7, 130.2, 138.8, 141.6, 153.4, 165.9, 168.9 ppm

HRMS (ES) [M+HI": m/z caled for (CioHioN3Qs) 262.0828.
Found 262.0834.

2.2.5. 1,1-((Pentane-1,5-diylidene)bis(azaneylylidene))bis(imidazoli-
dine-2,4-dione) (6)
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Compound 6 was prepared according to the general procedure
from compound 1 (0.5g; 3.30 mmol) and glutaraldehyde 50 wt %
solution in H,O (0.31ml; 3.46 mmol) as white solid (0.49 g; 50%).
Mp 237°C dec. IR (film, cm™") vpma= 1768 (C=0), 1734 (C=0); 'H
NMR (400 MHz, DMSO-dg) 6= 1.72 (p, 2H, J=7.4Hz), 2.28-2.36 (m,
4H), 417 (s, 4H), 7.06 (t, 2H, J="5.2 Hz), 11.07 (s, 2H) ppm *C NMR
(100 MHz, DMSO-dg) 6=23.1, 31.3, 48.5, 146.7, 1534, 169.1 ppm
HRMS (ESI) [M+Nal*: m/z calcd for (CyiHi4NgO4Na) 317.0974.
Found 317.0978.

2.2.6. 1-((Furan-3-ylmethylene)amino)imidazolidine-2,4-dione (7)

b
N ==

Compound 7 was prepared according to the general procedure
from compound 1 (0.5g; 3.30mmol) and 3-furaldehyde (0.33g;
346 mmol) as yellowish solid (0.57g; 89%). Mp 235°C dec. IR
(film, €M ™) Vpax= 1780 (C=0), 1714 (C=0);

"H NMR (400 MHz, DMSO-dg) 8 =4.30 (s, 2H), 6.74-6.76 (m, TH),
7.73-7.77 (m, 2H), 8.05-8.07 (m, 1H), 11.18 (s, 1H) ppm 3¢ NMR
(100 MHz, DMSO-dg) =488, 107.0, 122.5, 136.1, 144.8, 144.9,
153.3, 169.1 ppm HRMS (ESI) [M+H]": m/z calcd for (CgHgN;05)
194.0566. Found 194.0570.
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2.2.7. 1-((4-(Benzyloxy)benzylidene)amino)imidazolidine-2,4-dione (8)
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Compound 8 was prepared according to the general procedure
from compound 1 (0.5g; 3.30mmol) and 4-benzyloxybenzalde-
hyde (0.73g; 346mmol) as white solid (0.92g; 90%). Mp
258-260°C. IR (film, cm ') vmax=1790 (C=0), 1730 (C=0); H
NMR (400 MHz, DMSO-dg) 6=4.33 (5, 2H), 5.15 (s, 2H), 7.07-7.12
(m, 2H), 7.31-7.36 (m, 1H), 7.37-743 (m, 2H), 7.44-7.49 (m, 2H),
762-7.67 (m, 2H), 7.75 (s, 1H), 11.19 (s, 1H) ppm '>C NMR
(100 MHz, DMSO-dg) 6=489, 694, 115.1, 127.1, 127.8, 127.9,
1284, 128.5, 136.8, 1428, 153.4, 159.7, 169.1 ppm HRMS (ESI)
[M+HI": m/z caled for (Ci7H;6N303) 310.1192. Found 310.1194.

2.2.8. Ethyl (2E)-4-((2,4-dioxoimidazolidin-1-yl)imino)but-2-enoate (9)

Compound 9 was prepared according to the general procedure
from compound 1 (0.5g; 3.30mmol) and ethyl trans-4-oxo-2-bute-
noate (0.42ml; 3.46mmol) as white solid (0.60g; 81%). Mp
210-211°C. R (film, cm ") vpmax= 1772 (C=0), 1721 (C=0); H
NMR (400 MHz, DMSO-dg) 6=1.24 (t, 3H, J=7.1Hz), 4.17 (g, 2H,
J=7.1Hz), 427 (s, 2H), 737 (d, 1H, J=15.6 Hz), 7.16-7.24 (m, TH),
760 (d 1H, J=93Hz), 11.39 (5, 1H) ppm '*C NMR (100 MHz
DMSO-ds) 6=14.1, 49.0, 60.4, 126.5, 140.3, 141.7, 153.2, 1654,
1687 ppm HRMS (ESI) [M+H]": m/z caled for (CoHyoN304)
226.0828. Found 226.0834.

2.2.9. 1-{(3-Methylbut-2-en-1-ylidene)amino)imidazolidine-2,4-dione (10)
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Compound 10 was prepared according to the general procedure
from compound 1 (0.5g; 3.30mmol) and 3-methyl-2-butenal
(0.33 ml; 3.46mmol) as white solid (0.43g; 72%). Mp 186-187°C.
IR (film, cm ") V= 1768 (C=0), 1717 (C=0); "H NMR (400 MHz,
DMSO-dg) 6= 1.84-1.89 (m, 6H), 4.28 (s, 2H), 5.93-5.99 (m, 1H),
757 (d, 1H, J=9.5Hz), 11.11 (s, 1H) ppm 'C NMR (100 MHz,
DMSO-dg) 5= 187, 262, 48.9, 121.9, 142.4, 1443, 153.3, 169.2 ppm
HRMS (ESI) [M-+HI*: m/z caled for (CgHiaNs05) 182.0930.
Found 182.0938.

2.2.10 1-(((2e)-3-(4-methoxyphenyl)allylidene)amino)imidazolidine-
2,4-dione (11)
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Compound 11 was prepared according to the general
procedure from compound 1 (0.5g; 3.30mmol) and
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trans-4-methoxycinnamaldehyde (0.56 g; 3.46 mmol) as white solid
(0.61g; 71%). Mp 250°C dec. IR (film, cm "} vpa= 1770 (C=0),
1731 (C=0); '"H NMR (400 MHz, DMSO-dg) 6=3.78 (s, 3H), 4.29 (s,
2H), 6.85-7.00 (m, 4H), 7.51-7.59 (m, 3H), 11.18 (s, 1H) ppm *C
NMR (100 MHz, DMSO-dg) 6 =48.8, 55.2, 114.3, 123.1, 128.5, 128.6,
138.5, 1455, 153.3, 159.9, 169.1ppm HRMS (ESI) [M+H]": m/z
caled for (Cy3H,4N305) 260.1035. Found 260.1047.

2.2.11. 1-((2,4-Dihydroxybenzylidene)lamino)imidazolidine-2,4-dione (12)

OH
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Compound 12 was prepared according to the general procedure
from compound 1 (0.5g; 3.30mmol) and 2,4-dihydroxybenzalde-
hyde (0.48 g; 3.46 mmol) as white solid (0.72g; 93%). Mp >300°C.
IR (film, cm™") max=3260 (OH), 3188 (OH), 1780 (C=0), 1717
(C=0): "H NMR (400 MHz, DMSO-dg) §=4.34 (s, 2H), 631 (d, TH,
J=23Hz), 635 (dd, 1H, J=8.5, 23Hz), 733 (d, 1H, J=85H2),
7.90 (s, TH), 9.90 (br s, 1H), 10.73 (s, 1H), 11.23 (br s, 1H) ppm "C
NMR (100MHz, DMSO-dg) 6=48.5, 1026, 107.8, 110.7, 130.5,
144.0, 1533, 1586, 160.5, 169.1ppm HRMS (ESI) [M+H]": m/z
caled for (CyoH,oN3Oy4) 236.0671. Found 236.0677.

2.2.12. 4-(((2,4-Dioxoimidazolidin-1-ylJimino)methyl)phenyl)boronic
acid (13)

B(OH),

Compound 13 was prepared according to the general procedure
from compound 1 (0.5g; 3.30mmol) and 4-formylphenylboronic
acid (0.52g; 346 mmol) as white solid (0.72 g; 88%). Mp >300°C.
IR (film, cm ") vmae=3349 (OH), 3173 (OH), 1780 (C=0), 1716
(C=0); "H NMR (400 MHz, DMSO-dg) 6 = 4.37 (s, 2H), 7.64-7.68 (m,
2H), 7.79 (s, 1H), 7.83-7.87 (m, 2H), 8.12 (s, 2H), 11.26 (5, TH) ppm
3C NMR (100 MHz, DMSO-dg) 6 =48.9, 125.8, 134.5, 135.7, 136.0
(br) 143.0, 1534, 169.1 ppm HRMS (ESI) [M+HI": m/z calcd for
(CyoH11BN30,4) 248.0843. Found 248.0847.

2.2.13. 1-((Pyridin-2-ylmethylene)amino)imidazolidine-2,4-dione (14)
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Compound 14 was prepared according to the general procedure
from compound 1 (0.5g; 3.30mmol) and pyridine-2-carbaldehyde
(0.33 ml; 3.46 mmol) as white solid (0.64 g; 95%). Mp 280°C dec. IR
(film, cm ") Vmax=1770 (C=0), 1730 (C=0); 'H NMR (400 MHz,
DMSO-dg) 6 =4.43 (s, 2H), 7.61-7.66 (m, TH), 7.89 (s, 1H), 8.02-8.06
(m, 1H), 8.16 (dt, 1H, J=7.7, 1.4Hz), 8.68-8.72 (m, 1H), 11.50 (s,
1H) ppm '3C NMR (100MHz, DMSO-dg) 6=49.0, 121.6, 1252,
139.3, 140.6, 146.8, 150.5, 153.3, 168.7 ppm HRMS (ESI) M+ H]*:
m/z calcd for (CgHgN4O5) 205.0726. Found 205.0732.
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2.2.14. 1-((Pyridin-3-ylmethylene)amino)imidazolidine-2,4-dione (15)
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Compound 15 was prepared according to the general procedure
from compound 1 (0.5g; 3.30mmol) and pyridine-3-carbaldehyde
(0.33 ml; 3.46 mmol) as white solid (0.60g; 90%). Mp 280 °C dec. IR
(film, cm™") Y= 1764 (C=0), 1722 (C=0); 'H NMR (400 MHz,
D,0+ NaOH + dioxane) 6=7.46-751 (m, 1H), 7.56 (s, 1H), 8.18
(td, 1H, /=8.0, 1.8Hz), 848 (dd, 1H, J=4.9, 1.6Hz), 8.74 (d, 1H,

J=18Hz) ppm '3C NMR (100MHz, D50+ NaOH + dioxane)
5=493 (br), 1251, 1316, 135.1, 1389, 1481, 1497, 170.0,
1863 ppm HRMS (ESI) [IM+HI": m/z caled for (CoHgN4O3)

205.0726. Found 205.0731.

2.2.15. 1-((Pyridin-4-ylmethylene)amino)imidazolidine-2,4-dione (16)
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Compound 16 was prepared according to the general procedure
from compound 1 (0.5g; 3.30mmol) and pyridine-4-carbaldehyde
(0.33 ml; 3.46 mmol) as white solid (0.61g; 91%). Mp 280 °C dec. IR
(film, €M ") Vmax= 1750 (C=0), 1723 (C=0); 'H NMR (400 MHz,
D,0+ NaOH + dioxane) 6=7.46 (s, 1H), 7.62-7.66 (m, 2H),
847-851 (m, 2H) ppm "*C NMR (100 MHz, D,0 + NaOH + dioxane)
0=493 (br), 121.9, 139.2, 143.5, 149.7, 170.0, 186.4ppm HRMS
(ES)  [M+HI*: m/fz caled for (CoHgN40,)  205.0726.
Found 205.0730.

2.2.16.  1-(((1 h-Imidazol-5-yl)methylene)amino)imidazolidine-2,4-
dione (17)
TN\)
.N“*/hN
_N H
0%1}):0

Compound 17 was prepared according to the general procedure
from compound 1 (0.5g; 3.30 mmol) and 1H-imidazole-5-carbalde-
hyde (0.33g; 3.46 mmol) as white solid (0.62g; 97%). Mp 270°C
dec. R (film, ecm™") wpa=1764 (C=0), 1715 (C=0); 'H NMR
(400 MHz, D,0O + NaOH + dioxane) 6 =7.45-7.48 (m, 1H), 7.67 (s,
1H), 7.72-776 (m, 1H) ppm '*C NMR (100MHz
D,0 + NaOH + dioxane) 6=49.5 (br), 125.1, 134.2, 136.5, 14038,
170.3, 186.7 ppm HRMS (ESI) [M+H]": m/z calcd for (C;HgNsO5)
194.0678. Found 194.0687

2.3. Ca inhibitory assay

An Applied Photophysics stopped-flow instrument has been used
for assaying the CA catalysed CO2 hydration activity, as reported
earlier’®*®. The inhibition constants were obtained by non-linear
least-squares methods using PRISM 3 and the Cheng-Prusoff equa-
tion as reported earlier®® and represent the mean from at least

three different determinations. The four tested CA isoforms were

recombinant ones obtained in-house as reported earlier*' 3,

2.4. Computational studies

The crystal structure of CA Il (pdb 5LIT)*, CA IX (pdb 5FL4)** and
CA Xl (pdb JLD0)** were prepared using the Protein Preparation
Wizard tool implemented in Maestro - Schrédinger suite, assigning
bond orders, adding hydrogens, deleting water molecules, and
optimising H-bonding networks*®. Energy minimisation protocol
with a root mean square deviation (RMSD) value of 0.30 was
applied using an Optimised Potentials for Liquid Simulation
(OPLS3e) force field. 3D ligand structures were prepared by
Maestro®® and evaluated for their ionisation states at pH 7.4+0.5
with Epik?®®. Additionally, the imidic nitrogen of the hydantoin
nucleus was negatively charged in simulations. OPLS3e force field
in Macromodel*® was used for energy minimisation for a max-
imum number of 2500 conjugate gradient iteration and setting a
convergence criterion of 0.05kcal mol~'A~". The docking grid
was centred on the centre of mass of the co-crystallized ligands
and Glide used with default settings. Ligands were docked with
the standard precision mode (SP) of Glide*® and the best 5 poses
of each molecule retained as output. The best pose for each com-
pound, evaluated in terms of coordination, hydrogen bond inter-
actions and hydrophobic contacts, was refined with Prime®® with
a VSGB solvation model considering the target flexible within 3 A
around the ligand’ ™.

The best poses of Furagin and 12 to CA Il, CA IX and CA XII
were submitted to a MD simulation using Desmond® and the
OPL3e force field. Specifically, the system was solvated in an
orthorhombic box using TIPAPEW water molecules, extended 15 A
away from any protein atom. It was neutralised adding chlorine
and sodium ions. The simulation protocol included a starting
relaxation step followed by a final production phase of 100ns. In
particular, the relaxation step comprised the following: (a) a stage
of 100ps at 10K retaining the harmonic restraints on the solute
heavy atoms (force constant of 50.0 kcal mol TA?) using the NPT
ensemble with Brownian dynamics; (b) a stage of 12ps at 10K
with harmonic restraints on the solute heavy atoms (force con-
stant of 50.0kcal mol "A7?), using the NVT ensemble and
Berendsen thermostat; () a stage of 12ps at 10K and 1atm,
retaining the harmonic restraints and using the NPT ensemble
and Berendsen thermostat and barostat; (f) a stage of 12ps at
300K and 1atm, retaining the harmonic restraints and using the
NPT ensemble and Berendsen thermostat and barostat; (g) a final
24ps stage at 300K and 1atm without harmonic restraints, using
the NPT Berendsen thermostat and barostat. The final production
phase of MD was run using a canonical NPT Berendsen ensemble
at temperature 300K. During the MD simulation, a time step of 2
fs was used while constraining the bond lengths of hydrogen
atoms with the M-SHAKE algorithm. The atomic coordinates of the
system were saved every 100 ps along the MD trajectory. Protein
and ligand RMSD values, ligand torsions evelution and occupancy
of intermolecular hydrogen bonds and hydrophobic contacts were
computed along the production phase of the MD simulation with
the Simulation Interaction Diagram tools implemented in Maestro.

3. Results and discussion
3.1. Chemistry

A series of Furagin derivatives 2-17 were prepared in reaction
between 1-aminohydantoin hydrochloride (1) and various
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Scheme 1. Reagents and conditions: i. RCHO, EtOH, RT, 16h

Table 1. Inhibition data of human CA isoforms CA |, Il, IX, and XII with aminchydan-
toines (2-17, Furagin) using AAZ as a standard inhibitor.

J R <
© _/
_ Ne= 0 ™

N N Na NN
I oﬁq.)ao s N
o N b
Furagin 1-5, 717 6
Ki (nMy*
Comp. R CA 'l CAll CA IX CA XII
2 CeHs 39 600 900 3500 5600
3 4-0CH;-CgH, 57 600 6400 1200 4700
4 4-NO;-CgHa >100 000 11 100 7400 2800
5 4-(CO,CH3)-CeHa >100 000 8300 4900 930
6 - 19 100 4000 1100 160
7 3-furanyl 16 800 710 850 1700
8 4-(0CH,CgHs)-CH, =100 000 540 350 910
9 CHCH(CO,CoHs) 45 900 23 600 810 440
10 CHC(CH;), 28 800 16 500 2900 880
11 CHCH(4-0CH;-CgHa) >100 000 3100 400 360
12 2,4-(0OH),-CgHs >100 000 59 900 5800 150
13 4-(B(OH),)-CgH, 90 700 14 200 7300 230
14 2-pyridyl 51 800 4200 4500 1300
15 3-pyridyl 45 600 620 2300 3200
16 4-pyridyl 26 600 3300 1600 810
17 5-imidazolyl 9600 12 400 560 350
Furagin - >100 000 9600 260 57
AAZ - 250 12 25 6

*Mean from 3 different assays, by a stopped flow technique (errors were in the
range of + 5-10% of the reported values).

aldehydes (Scheme 1). Compounds 2-17 were isolated in good to
excellent yields, all new structure were proven by 'H and *C NMR
and IS spectroscopy as well as high-resolution mass spectra. The
purity of all compounds was greater than 95% according
UPLC analysis.
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3.2. Biological evaluation

The CA inhibitory profiles of Furagin and synthesised aminohydan-
toin derivatives were evaluated by applying a stopped flow car-
bon dioxide hydrase assay’', in comparison to acetazolamide
(AAZ) as a standard CAl against four physiologically significant iso-
forms CA I, II, IX, and XII. The following structure-activity relation-
ship (SAR) can be concluded from the inhibition data presented in
Table 1.

a. All the tested aminchydantoins exhibited weak inhibitory
effect on the slow cytosolic isoform, hCA |, where the binding
affinity constant (K) values fluctuating in the thousands nM
range (K; 16 800->100 000 nM).

b.  The physiologically relevant isoform, hCA I, was better inhib-
ited by most of the tested compounds (K;s: 620-59 000 nM). It
is observed that, the aminohydantoin compounds (2, 7, 8
and 15) were more potent hCA Il inhibitors with Kis in range
from 540-900 nM. These compounds have unsubstituted Ph
or hetaryl moieties. Rest of the compounds showed weaker
inhibitory effect of CA Il with Ks in range from 3100-59
900nM. It is interesting to note, that compound 12 having
dihydroxyphenyl substituent stood out by nearly three times
weaker inhibition compare to the second weakest inhibitor 9.

c.  The tumour associated isoform hCA IX was inhibited in nano-
molar range by compounds 7-9, 11, 17 and Furagin (Ks:
260-850nM), where the strongest inhibition was observed
for Furagin. Rest of the aminohydantoin derivatives showed
one order weaker inhibition with Ks in range from 1100-7
300nM. Certain pattern can be observed, where better CA IX
inhibition can be observed for compounds with vinyl sub-
stituents (9, 11, 17 and Furagin) or small hetaryl substituents
(7 and 17), with exception in case of compound 8, contain-
ing ester moiety on phenyl ring.
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Figure 2. Predicted docking orientations of 7 (green) and Furagin (pink) to (A) CA II, (B) CA IX and (C) CA XI.
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Figure 3. RMSD analysis of Furagin heavy atoms and (A) CA II, (B) CAIX and (C) CA XII backbone over the 100ns MD simulation. The ligand colour darkens over the

dynamic simulation.

d. The other tumour associated isoform hCA Xl was best inhib-
ited among all isoforms studied. The best compound of this
series was Furagin with K; = 57 nM. It was followed by vinyl
substituted aminchydantoin derivatives 6, 9 and 10 with Ks
160, 360 and 880nM, respectively. One order weaker CA XII
inhibition compare to Furagin was also observed for aryl (5,
8 and 12) and hetaryl (16 and 17) derivatives ranging Kis
from 150 to 930 nM.

In general good selectivity against cancer associated CA iso-
forms (CA IX and CA XIl) compare to off-target ones (CA | and CA
1) was observed for three compounds Furagin, 9 and 12.

3.3. Computational studies

Docking studies were used to investigate the binding mode of
Furagin and aminohydantoines 2-17 within the active site of CA Il
(pdb 5UT)*, IX (pdb SFL4)** and Xl (pdb JLDO)*. Similarly to
benzenesulfonamides (pKa 10.1) which binds to the CA Zn ion in
the deprotonated form, the imidic nitrogen of the hydantoin
nucleus as well was considered negatively charged (pKa 9.16)** in
the docking experiments and resulted to coordinate the zinc ion
in all the obtained poses with CAs I, IX and XII. Furthermore, the
oxygen atom of the CO in position 4 of the hydantoin core acts
as a bifurcated acceptor establishing two H-bonds with T199, that
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Figure 4. Dynamics evolution of the binding mode of Furagin to (A) CA I, (B) CA IX and (C) CA XII over the course of 100ns. Water molecules are represented as red

spheres. The ligand colour darkens over the dynamic simulation.
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Figure 5. RMSD analysis of 12 heavy atoms and (A) CA II, (B) CAIX and (C) CA Xl backbone over the 100ns MD simulation. The ligand colour darkens over the

dynamic simulation.

is, O (H-N, HG1-0), whereas overall the heterocycle forms Vdw
contacts with residues H94, H96, H119, L198, T200 and W209
(Figure 2).

In CA 1l and CA IX, the N; pendants of all ligands are oriented
towards a hydrophilic cleft defined by H4, W5, N62, N67 and H64,
except 8 and 9, whose N; tails are housed, in CA I, into a hydro-
phobic pocket formed by 191, V121 and F131 (Figure 2(A-B)).
Amino acids T91, Q92, A131, S132 and S135 are instead targeted
by the pendants on the aminohydantoin of the ligands in all
docking solutions with CA XII (Figure 2(C)). The docking procedure
was complemented with 100ns long molecular dynamic (MD)
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simulations on the predicted binding conformations of Furagin
and 12, the most potent CA XlI inhibitors also showing significant
CA XII over CA Il selectivity. The structure of the three investigated
CA isoforms was stable during the computation with the back-
bone atom RMSDs exhibiting small fluctuations over the 100 ns
(Figures 3 and 5). Additionally, the ZBG of the ligands remains sta-
bly anchored to the metal ion all over the MD, with the hydantoin
core receiving H-bonds by the amidic NH and side chain OH of
Thr199 (Figures 4 and 6).

After an initial equilibration, mainly occurring in CA Il and IX,
the molecular tail of Furagin undergoes minor conformational
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Figure 6. Dynamics evolution of the binding mode of 12 to (A) CA II, (B) CA IX and (C) CA XII over the course of 100ns. Water molecules are represented as red

spheres. The ligand colour darkens over the dynamic simulation.

fluctuations during simulation approaching to stable binding con-
formations within the three CA isoforms (Figures 3 and 4). In CA
IX and Xll, the ligand accommodates the N1-pendant in the
hydrophilic half of the active sites where it makes VdW contacts
and both direct and water mediated H-bond interactions with the
enzymes (Figure 4(B,C)). In the CA II, the ligand-bound conform-
ation of Furagin orients the tail towards the hydrophobic area of
the target and does not form persistent H-bond interactions over
the 100 ns (Figure 4(A)). The hydrogen bond persistence within
the three CA isoforms is in good agreement with the inhibitory
profile of the ligand (CAXIl > CA IX> CA II).

An ensemble of few conformations is representative of the
binding of 12 within CA Il and IX (Figures 5 and 6). Here, the lig-
and approaches the hydrophobic regions of the enzymes and,
coming next to the end of the simulation, the N; tails lose direct
or water-bridged H-bonds with glutamine and asparagine resi-
dues, progressively moving towards T199 or T200, that is, the area
of the enzyme that undergoes to the greatest residue displace-
ment. In CA XlI, the docked pose of 12 remains firmly anchored
to the residues of the hydrophilic portion of the enzyme through-
out the dynamic. A wide network of direct and water mediated H-
bonds stabilise the binding of the ligand. This is consistent with
the inhibition profile exhibited by 12 in CA XII as compared with
the other two CA isoforms.

4, Conclusions

In summary, we have demonstrated that clinically used antibiotic
- Furagin and its derivatives 2-17 are potential CA inhibitors.
Furagin and all newly synthesised hydantoin derivative were
examined for their inhibitory activities towards hCA |, II, IX and XII.
The four studied hCA isoforms were inhibited by Furagin apd its
derivatives at various degrees. In particular, Furagin and prepared
compounds 2-17 did not inhibit or poorly inhibited off-target hCA
I with Kis ranging from >100 uM (compounds 4, 5, 8, 11, 12 and
Furagin) to 9.6 M. Ubiquitous hCA Il was poorly inhibited by
compounds 3-6, 9-14, 16, 17 and Furagin (Kis from 59.9 to
3.1 uM). Rest of the compounds significantly inhibited hCA Il (Ks
from 900nM to 540 nM). Remarkable inhibition of cancer associ-
ated hCA IX was observed for Furagin (K=260nM) and com-
pounds 7-9, 11 and 17 with Ks ranging from 350 to 850 nM. The
rest of compounds exhibited slightly weaker inhibition of hCA IX
with Kis ranging from 1100 to 7400 nM. Other cancer associated
isoform - hCA Xl also was significantly inhibited by Furagin
(K,=57 nM) and compounds 5, 6, 8-13, 16 and 17 (Ks from 160 to

910nM). The rest of the compounds exhibited slightly weaker
inhibition with Ks ranging from 1300 to 5600 nM. Docking and
molecular dynamics simulations shed light on the ligands selectiv-
ity for the cancer-associated CAs over ubiquitous CA Il. The signifi-
cant inhibition activity and especially selectivity of Furagin against
hCA IX and Xl was attributed due to the strong H-bond interac-
tions, whereas in case of hCA Il no persistent H-bond interactions
are formed due to Furagin's tails orientation towards hydrophobic
area of the enzyme.

The knowledge obtained gives the solid base for both - inves-
tigation of drug repurposing of clinically used antibiotic Furagin
for anti-cancer therapy and further studies of new chemotype of
inhibitors of CAs.
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